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Abstract: The integration of distributed generation (DG) into the decentralized access of the distribu-
tion network transforms the existing structure into an active distribution network. The alteration in
fault characteristics poses significant challenges to the coordinated operation of relay protection. Fault
location within the distribution network plays a vital role in facilitating fault recovery and enhancing
the resilience of the power system. It proves instrumental in improving the network’s ability to
withstand extreme disasters, thereby enhancing the reliability of power distribution. Therefore, this
paper provides a detailed analysis of the voltage fault components occurring during various fault
types within an active distribution network. Building upon the identified characteristics of voltage
fault components, a novel approach for the longitudinal protection of active distribution networks
is proposed. This method involves comparing the calculated values of voltage fault components
with their actual values. The proposed approach is applicable to various fault scenarios, including
short-circuit faults, line break faults, and recurring faults. It exhibits advantages such as insensitivity
to the penetration of distributed power supplies and robustness in withstanding transition resistance.
The simulation results validate the effectiveness of the proposed method, affirming its applicability
to diverse protection requirements within active distribution networks.

Keywords: active distribution network; short-circuit fault; line break fault; fault location;
pilot protection

1. Introduction

The increasing demands for reliability in distribution networks align with the ongoing
development of society. Under normal operating conditions, distribution networks can
swiftly identify fault components, isolate faults, and restore power supplies [1,2]. Neverthe-
less, in recent years, the occurrence of high-impact and low-probability (HILP) events has
increased, resulting in catastrophic failures in power systems [3]. These events adversely
affect numerous power components, thereby severely compromising the safe and reliable
operation of distribution networks. The occurrence of power outages due to disasters,
both domestically and internationally, has emphasized the urgent necessity to enhance
the reliability of power grids [4,5]. For example, in September 2016, severe storms and
lightning struck Australia, causing overnight power losses for 1.6 million residents in
South Australia [6]. Similarly, in February 2021, Texas faced a cold wave of ice and snow,
compelling the shutdown of 40,000 MW generating units. The maximum power limit load
exceeded 20% of the pre-incident load, leaving approximately 5 million users without
power [7].

Catastrophic failures resulting from extreme disasters continue to pose significant
threats to the uninterrupted and stable power supply provided by distribution networks. To
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evaluate the power system’s ability to withstand extreme disasters and recover from fault
states, scholars have introduced the concept of ‘resilience’ [8,9]. Resilience encompasses
not only the system’s capacity to enhance its ability to recover but also emphasizes the
system’s reliable absorption and adaptation to external disturbances. This enables it to
maintain operational functionality to the greatest extent possible and promptly return to
normal operation [10]. In the event of a fault in the distribution network, a highly resilient
distribution network can not only swiftly prevent fault propagation and facilitate fault
removal but also expeditiously restore normal and stable operational states. This ensures
the reliability of the power supply within the distribution network [11,12].

Active distribution networks (ADNs) play a crucial role in the integration of large-scale
intermittent renewable energy sources and in enhancing the reliability of users’ power
consumption [13]. It is evident that ADNs will shape the future development of distribu-
tion networks. Compared to transmission networks, distribution networks have lower
redundancy, aging equipment, outdated protection methodologies, and limited resilience
against extreme disasters [14,15]. Consequently, distribution networks are significantly im-
pacted by extreme disasters. In such scenarios, fast and accurate fault localization becomes
a prerequisite for enhancing the resilience and power supply reliability of distribution
networks [16].

Considerable research has been conducted by many scholars on active distribution net-
work protection. Table 1 provides a horizontal comparison between the method proposed
in this paper and other existing methods. The comparison indicates that the proposed
method exhibits strong functionality and adaptability, enabling the identification of short-
circuit and open-circuit faults even in scenarios with high fault resistance and penetration
rates. Existing protection schemes for distribution networks can be categorized as follows:

1. Enhancement of Traditional Current Protection and Distance Protection: Traditional
current and distance protection methods have been improved to accommodate the integra-
tion of distributed generation. Proposed adaptations include adaptive current protection
or combinations with other protection methods. While directional current protection can
adapt to power flow changes resulting from DG integration, traditional directional overcur-
rent protection schemes suffer from lengthy operation times. To address this, a directional
overcurrent protection scheme utilizing double renormalization was proposed in [17] using
double renormalization. Each protection setting included two inverse-time overcurrent
protection settings based on fault direction.

In [18], a distance protection scheme suitable for highly permeable active distribution
networks was proposed. Compared to traditional distance protection, this approach
incorporated additional parameters, such as distribution transformer parameters and
upstream system zero-sequence impedance, effectively enhancing protection performance.
A novel directional relay protection scheme based on post-fault current was introduced
in [19]. By defining a new fault current vector, this scheme succeeded in detecting power
direction and determining fault location solely based on post-fault current, independent of
power direction, fault transition resistance, and fault starting angle. This method, relying
solely on local information, reduced the dependence on communication, enabling easy
implementation and rapid response.

However, due to its reliance on local information, this approach faces challenges in
fully adapting to the complex fault conditions in distribution networks. This is particularly
true with the increasing penetration of distributed power sources and the influence of
extreme disasters. Consequently, there is a need to further enhance active distribution
network protection schemes;

2. Centralized Protection Scheme: The centralized protection scheme utilizes multi-
point information, where measurement information from various points is transmitted
to the distribution terminal. The master station utilizes this multi-point measurement
information to identify the fault area [5].

In [20], a centralized intelligent protection scheme based on communication was pro-
posed, and the communication model and hardware architecture of the protection scheme
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were given. The protection scheme employed various protection criteria to guarantee
protection selectivity. In [21], an intelligent protection scheme for complex distribution
networks based on the wireless token ring protocol (WTRP) was introduced. By leveraging
a wireless token ring network protocol for relay data sharing, stations no longer require
direct connections to each other or to the main station. This approach effectively enhanced
the accuracy and reliability of distribution network protection.

Compared to local protection that uses local information, centralized protection using
multi-point information can adapt to complex distribution network faults, leading to more
accurate fault identification. However, centralized protection often relies on the availability
of multi-point information, demanding high communication and data processing capabili-
ties at the master station. Additionally, because the centralized protection scheme relies
on the master station for decision making, it becomes vulnerable to failure in the event of
communication or a master station malfunction;

3. Based on the pilot protection of communication: A pilot protection can be con-
structed using various fault characteristics such as phase current amplitude, current fault
component amplitude, and current phase angle change direction.

In [22], an active distribution network protection scheme was proposed using the
positive sequence current mutation at both ends of the line. The protection scheme repre-
sents the positive sequence current mutation in the form of a binary to extract the current
direction information. This information acquisition method is simple and has low re-
quirements for data communication synchronization. In addition, the scheme has good
anti-interference to harmonics, noise, and measurement errors generated using power
electronic devices, nonlinear loads, and switching operations. To enhance protection sensi-
tivity and mitigate the influence of load, a new longitudinal current differential protection
scheme was constructed. This scheme, detailed in [23], utilizes the positive sequence fault
component. The realization of the scheme involved the utilization of both the data synchro-
nization scheme and point-to-point communication technology. In addition, a protection
prototype was developed to test the proposed method.

The pilot protection can accurately identify the fault in the feeder area only by us-
ing the information on both sides of the line. It has the advantages of both centralized
protection and local protection. It can reflect any point fault in the line area and has abso-
lute selectivity [24]. At present, many scholars have studied the pilot protection of active
distribution networks;

4. Protection against line break faults: The treatment of short-circuit faults in distri-
bution networks has received substantial attention in current research. However, studies
addressing line break faults remain limited. Most research focused on fault detection and
fault section location in traditional distribution networks, identifying faults by analyzing
the voltage at both ends of the line.

In [25], an analysis was conducted on the voltage characteristics of various types of
single-phase line break faults in resonant grounding systems. Considering factors such
as fault point location, unbalanced load impedance, and grounding resistance, a detailed
mathematical model was established. This model enables accurate identification of single-
phase line break faults and single-phase grounding faults.

In [26], a technique was introduced to differentiate between line break faults and
medium-voltage side short-circuit faults. This method involved analyzing the voltage
amplitude and phase on the low-voltage side of the distribution transformer (DT) using the
symmetrical component method. The amplitude was used to distinguish two-phase faults
with line breaks (TPFs-LBs) and two-phase short-circuit faults (TPFs-SCs). The phase was
used to distinguish single-line-to-ground faults with line breaks (SLGFs-LBs) and single-
line-to-ground faults (SLGFs). This method demonstrated robustness under extreme operat-
ing conditions, considering different network topologies and radial distribution networks.
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Table 1. Comparison between different fault location methods.

Ref. Techniques Equipment ! Measured Parameters Fault Types 2 Results 3 Contributions
[27] Distance relay, PT, CT, Current and Iph-g 3p. 2ph-g. 2 Fault distance, fault type, Strf.;?;j;i tziﬁlgy gﬁefiult
Improved current Phase selector voltage phasor Pirg, °b, 2Ps, <P fault phase . ye
protection and distance operating conditions
protection Relay, PT, CT, Current and . Simple calculation and not affected
28] Circuit breaker voltage phasor Iph-g, 2ph-g Fault distance by fault resistance
Relay, CIU, VIU, BIU, VT, . Fast fault clearing time; high
[20] CPU, CB, Current ar}d voltage 2p FaUI.t section, fault reliability and suitable for high
Directional element magnitude region, fault type permeability network
Centralized protection High adaptability to
[29] Relay, IED Current magnitude Pole-to-ground fault Fault sectilon, commu ru'catlon' delay,
fault region communication failure, and
fault resistance
Low requirements for data
Relay, Communication . communication and great
[22] system Current phasor 1ph-g 3p, 2p Fault section anti-interference to different
Pilot protection reactive currents and load switching
Fault region Does not depend on communication
[23] STU, WLAN Current phasor 2p, 3p glor, channel or external GPS clock;
fault section . 1
high reliability
Keeping high accuracy and
PMU, Wireless Distinguishing 1ph g robustness even in extreme cases,
(301 ) communication Voltage phasor SLGE-LB, 1ph-g and SLGF-LB such as frequency fluctuation and
Line break fault power factor
protection — - ——
SLGF-LB, 1ph-g Distinguishing 1ph-g, Effective and robust in different
[26] TTU Voltage phasor TPF—L],S 2 / SLGF-LB, TPF-LB, topologies and under extreme cases
' <p and 2p of radial distribution networks
Proposed a distribution network
[31] Elastic mapping PMU at bifurcations Voltage phasor All types Fault region, fault location and severity

fault severity

assessment method with
99% accuracy
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Table 1. Cont.

Ref. Techniques Equipment ! Measured Parameters Fault Types 2 Results 3 Contributions
All types (including line Short-circuit and line break faults
This paper Pilot protection PMU Current ar}d break fault and Fault regl.on, can be detectgd; high adapt'ablhty to
voltage magnitude . fault section fault resistance and high
multiple fault)

permeability network

1PT: potential transformer; CT: current transformer; CIU: current interface unit; VIU: voltage interface unit; BIU: circuit breaker interface units; CB: circuit breaker; CPU: central
protection unit; PMU: phasor measurement unit; LAN: local area network; IED: intelligent electronic devices; TTU: transformer supervisory terminal units; WLAN: wireless local area
network; and STU: smart terminal unit. 2 1ph-g: one-phase ground fault; 2p: two-phase short-circuit faults; 2ph-g: two-phase ground faults; and 3p: three-phase short-circuit faults.
3 SLGF-LB: single-line-to-ground faults with line breaks; TPF-LB: two-phase faults with line breaks.
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The distributed energy access power system disrupts the traditional one-way power
flow and radial network structure of the distribution network [32]. This transformation
gradually shifts the traditional distribution network from a passive mode to an active
mode known as active distribution networks. Figure 1 provides an illustrative structure
diagram of an active distribution network [1,32]. The aforementioned algorithms serve as a
foundational framework for facilitating the extensive integration of DG into the distribution
network, both in theory and technology. However, these algorithms face certain limitations,
including the following: (a) weak resilience against transition resistance; (b) predominantly
considering scenarios with DG penetration below 25%, which does not adequately address
high-penetration DG integration; and (c) the inability to simultaneously meet the protection
requirements for both short-circuit faults and disconnection faults.

i Unidirectional power flow
1

i ——————p

1

{ Bidirectional power flow
i

1

i

|

. Intelligent Intelligent
E measurement measurement

4
'
.
.
.
i .
.
'
.
.
.
4

-
Distributed . . . . : Distributed
kmgy T Active Distribution Network energy sth

Figure 1. Structure diagram of active distribution network [1,23,32].

Hence, it becomes imperative to explore enhanced protection methodologies to ad-
dress these challenges. Recognizing the advantageous characteristics of fault components,
specifically their insensitivity to load states and transition resistance at fault points, as
well as their high sensitivity. This paper proposes a pilot protection method for active
distribution networks based on the fault component coefficient.

The proposed method leverages the ratio between the estimated and measured voltage
fault components to identify internal and external faults in the line. Solely through mea-
suring three-phase current and voltage. It caters to the protection requirements of active
distribution networks in various fault scenarios, such as short-circuit and open-circuit
faults, eliminating the need for fault phase identification. The method boasts advantages,
including minimal susceptibility to the penetration of distributed energy sources and strong
tolerance to transient resistances. Firstly, in Section 2, through the analysis of the mech-
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anisms of short-circuit and line break faults in the distribution network, it is concluded
that a disparity exists between the measured and calculated values of the voltage fault
component during the fault occurrence. A method of measuring the measured value and
the calculated value by using the voltage fault component is proposed. Then, using the
conclusion of Section 2, the fault criterion is designed in Section 3. Fault detection is carried
out via the fault mutation quantity, which improves the sensitivity of the algorithm. Finally,
Section 4 verifies the correctness of the proposed algorithm by considering the simulation
of short-circuit faults, line break grounded /ungrounded faults, high penetration, and
transition resistance.

2. Analysis of Fault Component Characteristics of Active Distribution Network

Figure 2 presents a simplified diagram illustrating line faults in an active distribution
network. In the diagram, DG represents distributed power supply, f1 denotes the internal
fault point, f, represents the external fault point, and Z; denotes the line impedance.
Additionally, the fault location parameter, d, is introduced to represent the distance ratio
from the fault point to bus M to the total length of the feeder MN. The value range for d
is [0, 1].

Distributed generation in an active distribution network can be broadly classified
into two main types: motor-type distributed generators (MTDG) and inverter-interfaced
distributed generators (IIDG) [23,33]. Regarding MTDG, the additional fault network can
be described in Figure 3 [34].

M N
dz, (1-d)Z,

@ |P — - —— — | R el
i

Power supply 5
parameter d DG

Position

Figure 2. Simplified line fault diagram of an active distribution network [33,35,36].

AUn

Figure 3. Distribution network of additional short-circuit fault network with MTDG.

Figure 3 shows the additional short-circuit fault network of the distribution network.
The fault is located at point f; Z,, = —(AU,,/ Al,,) is the equivalent impedance of the M-

terminal back-side system of the line, Z,, = — (AU, /Al,) is the equSSivalent impedance of
the N-terminal back-side system of the line; Z; is the line impedance; AZ is the transition

resistance of the fault point; AlUyis the additional fault voltage source; Al,; and Al are the

measured values of the current fault components at both ends; and AU, and AU, are the
actual values of the voltage fault components at both ends.

As a nonlinear power supply, the output current of an IIDG undergoes abrupt changes
following a fault occurrence. It is crucial to highlight that IIDG exclusively generates
positive sequence current and has no impact on the negative sequence network [37,38].
Consequently, IIDG can be effectively represented as a controlled positive sequence current
source [39,40]. The additional fault network for IIDG is shown in Figure 4.
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AU,

| Z,
N| ) I,
— VAL&
Al

Figure 4. Distribution network of additional short-circuit fault network with IIDG [22,23].

As shown in Figure 4, Z,, is the equivalent impedance of the downstream line and load
of the distributed power supply; Z, is an infinite equivalent impedance, which is used to

L]
limit the maximum short-circuit current of [IDG. Al is the current fault component of the
IIDG output.
For the convenience of subsequent analysis, the additional fault network shown in
Figure 5 is used. For the positive sequence additional fault network, the N-terminal back-

end system is equivalent to the impedance Z, = —(AUn/Aln) = —Zy1.(Algg — Aln)/ Al =
—ZnL(Dl g/ AL, — 1) that changes with the current fault component output using IIDG, and

the changing impedance Z,, is used to reflect the influence of IIDG on the fault compo-
nent [41]. For the negative sequence network, Z,, is a fixed impedance.

AUn AU,

Z, | dz, 1z (1-d)z, | Z,
e | 1 1 1
— — —_— —_—

M| f N|

rend —

Aln AZ Al
AU,

Figure 5. Simplified additional short-circuit fault network of distribution network with IIDG [36].

Similarly, the additional fault network of the distribution network with line break fault
is shown in Figure 6.

AU AU,
Z, | dz, (1-d)z, Z,
— Ml ) N
e f Aly «—
Al Al

Figure 6. Distribution network with additional network of line break fault [25].

The fault point of the line break fault in the circuit shown in Figure 6 is the f point; Al

[ ] [ )
is an additional fault current source; Al,;, and Al, are the measured values of the current

fault components at both ends; AU, and AU, are the actual values of the voltage fault
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components at both ends; d is the ratio of the distance from the fault point to the M-terminal
to the full length of the line MN; and the value range is [0, 1].

2.1. Analysis of Short-Circuit Fault Characteristics of Active Distribution Network

Figure 7a,b depict the additional fault network for external and internal distribution
line short-circuit faults, respectively. In the case of a fault occurring outside the line, the
actual voltage and current fault component values can be measured at one end of the line,
and the line impedance can be obtained using Ohm’s law. The voltage fault component
value on the opposite side of the line can be calculated using the following equation [42]:

AUy | | AUy —ALZL )
AU, AU, — ALy Zp
Z AT'/m A?]“ , AU AU,
. 2z . Z, dz, n 092 Z
—L____| M| N| I T — 1 M| —1 7 I } N| I }
Aln Al AZ Aln AZ Al
AU_/ AI.J/
(a) External fault 7 (b) Internal fault

Figure 7. Additional fault network of short-circuit fault in distribution network [42,43].

Based on Equation (1), the calculation formula of the terminal voltage fault component
is defined as the following;:

AU | | AU, — ALz o
Au’n Aum - AImZL

where AL’ m and AU n are the estimated values of the voltage fault components at both
ends of the line. Obviously, when an external fault occurs, the measured value of the
voltage fault component at both ends of the line is consistent with the calculated value.

When an internal fault occurs in the line, the measured value of the voltage fault
component at both ends of the line can be expressed using Equation (3) [23]:

S s _ A&f Zy+(1-d)Z
AUy = —BlmZm = AZA(Zy+dZ ) [[Zu+ A —d)Z] Zn1+z11+ZLL “Zm 3)
AU, = —ALZ, = Ay ZutdZ 7

AZ+(Zn1+dZL)H [Zn+(1 _d)ZL] ’ Zm"!‘zn“"ZL

To assess the deviation between the calculated and actual values of the voltage fault
component on both sides of the line, a comparison is conducted. This is achieved by
introducing the voltage fault component ratio, as depicted in Equation (4):

Ky = AUy,

Alf,’” 4)
Ky = |25

AU,

The ratio of voltage fault components on both sides of the line can be obtained from
Equations (2)—(4), as expressed using Equation (5):
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_ o] | z+2, AZ +Zm | _ az z
K = AL | ‘ zn+f17d)zL = ‘(1 Tz fd)zL) ' (1 + sz)’ )
Al}’n _ Z1+Zm (A=DZ+Zun| _ dz (1-d)Z
Ko = Al | ’ L0z L | '(l + Zm+(15d)ZL) ' (1 Tz L)’

From Equation (5), it can be seen that if a short-circuit fault occurs, regardless of the
size of Z;;, and Z,,, the values of K;; and K;, are greater than 1, so the change of system
impedance Z,, and Z, on both sides of the line does not affect the effectiveness of the
proposed method. Therefore, the proposed method is less affected by the change in DG
penetration. When d = 0, K;, is equal to 1, and K, is greater than 1, when d = 1, K, is equal
to ], and Ky, is greater than 1; when 0 < d < 1, the fault component ratio coefficients on both
sides of the line are greater than 1. From the above analysis, it can be concluded that the
maximum value of the ratio of voltage fault components on both sides of the line is greater
than 1 when a short-circuit fault occurs.

2.2. Analysis of Fault Characteristics of Active Distribution Network Line Break Fault

In the event of a line break fault in the distribution network, it is typical to encounter a
line break grounding fault on one or both sides of the fault point. Depending on whether
the power supply side or the load side is grounded, line break faults can be categorized
into two cases: line break faults without grounding and line break faults accompanied by
grounding. This section provides an analysis of these two types of line break faults.

2.2.1. Analysis of Ungrounded Fault Characteristics of Line Break Fault

Figure 8a,b depict the additional networks that emerge when the external and internal

feeders of the distribution network experience a breakage at fault point f. Al indicates
an additional fault current source. The fault component of the terminal voltage can be
calculated using Equation (2). For an external fault, the relationship between the estimated
value and the actual value of the voltage fault component is elucidated using Equation (6):

AU, AU, AU, — Al Z;

AU AU,

(a) External fault ' (b) Internal fault

Figure 8. Additional fault network of distribution network with line break fault [26].

When an internal fault occurs, the measured value of the voltage fault component on
both sides of the line is calculated as shown in Equation (7):

AU, ~AyZp| | MfZy

. = . . (7)
Aun _AInZn _AIfZVl
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The calculated values of the voltage fault components on both sides of the line can be
calculated from Equations (2)—(7), as shown in Equation (8):

AU, _ —AIf(Zn+ZL) (®)
Au/n AIf(Zn+ZL)

By substituting Equations (7) and (8) into Equation (4), the ratio of voltage fault
components on both sides of the line can be obtained, as shown in Equation (9):

Km — Au,m — ZLZ-‘rZy,
m
Al.lm (9)
Kn _ AU, —_ Zi+Zn
AU, “n

It can be seen from Equation (9) that the change in DG penetration and the output fault
component of IIDG will lead to a change in Z,, which will affect the ratio of the voltage
fault component. With the change of Z,, there will be three impedance relationships:
Zyn>Zy, Zy =2y, and Z,, < Zy,. The analysis is as follows:

(1) Zy>Zy, thenZ, + Z; > Zy, Ky, > 1; K;; is affected by the values of Z,, + Z; and Z,
in the following three cases: Z;, + Z > Z,,, Kn > 1, Ziy + Z; = Zy, Ky = 1; and Zy, +
Z;, < Zy, Ky < 1. From the above analysis, the maximum value of the voltage fault
component ratio on both sides of the line is greater than 1.

2 Z,=Zy,thenZ,+72;>Zy, Ky >1;,Zy + Z1, > Z,y, Ky, > 1; the maximum value of the
ratio of voltage fault components on both sides of the line is greater than 1.

3 Z, < Zy, which is dual to Case (1). Similarly, the maximum value of the ratio of
voltage fault components on both sides of the line is greater than 1.

In summary, the maximum value of the voltage fault component ratio on both sides of
the line is also greater than 1 when the feeder is disconnected and ungrounded.

2.2.2. Analysis of the Characteristics of Line Break Fault Accompanied by Grounding Fault

When both sides of the disconnection points are grounded, the characteristics of the
line break fault align with those of grounding short-circuit faults [26]. Hence, this section
exclusively focuses on analyzing scenarios where grounding occurs on one side of the
disconnection point.

Figure 9a,b illustrate the additional fault networks that arise when the distribution
line experiences an external or internal line break fault accompanied by a ground fault
on one side at fault point f. In the case of an external line break fault, the relationship
between the estimated value and the actual value of the voltage fault component aligns
with Equation (6). Meanwhile, for an internal fault, the measured value of the voltage fault
component on both sides of the line can be expressed using Equation (10):

AU, ~ANlnZm | _ | kAL Zy,

. . (10)
Alln —Alnzn _Alfzn

where the coefficient k is the ratio of the M-side current Al to the fault current source
current Alf, and k = —Alm/AIf.

From Equations (2)—(10), the estimated value of the voltage fault component on both
sides of the line can be obtained, as shown in Equation (11):

AU | | AU, AlnZn | _ | =AIp(Zo+Z1)

- L ] L ] [ ] (11)
AU, AU, Al Zm kALf(Z + Z1)
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(a) External fault (b) Internal fault

Figure 9. Distribution network line break fault with one side of the additional ground fault net-
work [25].

Substituting Equations (10) and (11) into Equation (4), the ratio of voltage fault compo-
nents on both sides can be obtained, which can be expressed using Equation (12):

K — Au’m — ZL"’Zn
m — 0 - kZnm
Al (12)
Kn — All’n — ’k(ZL+an)
AU, Zn

It can be seen from Equation (12) that DG penetration and coefficient k will affect the
ratio of voltage fault components. With the change of DG penetration and k value, there
will be three impedance relationships: Z, > kZ,,, Z, = kZ,,, and Z,, < kZ,. The analysis is
as follows:

(1) Zy>kZy, thenZ, + Z1 > kZ;,, Ky, > 1; at this time, K, is affected by the value of k(Z,;,
+ Z1) and Z,, in the following three cases: k(Z,, + Z1) > Zy, Ky > L, k(Zy, + Z1) = Zy, Ky,
=1L k(Zm + Z1) < Zy, Ky < 1; from the above analysis, it can be concluded that in any
case, the maximum value of the voltage fault component ratio on both sides of the
line is greater than 1.

2) Z,=kZy,thenZ, +Z; >kZ,,, Ky, > 1; k(Zy, + Z1) > Z,, Ky, > 1; the maximum value of
the ratio of voltage fault components on both sides of the line is greater than 1.

@) Zy<kZy, thenk(Z, + Z1) > Z,,, Ky, > 1; at this time, K;, is affected by the value of
Zy + Z1 and kZ,, in the following three cases: Z, + Z; > kZ;,, Kyy > 1, Z, + Zp =kZyy,,
Kn=12Zy+ Z; <kZy < kZy, Kyy < 1: The maximum value of the voltage fault
component ratio on both sides of the line is greater than 1.

In summary, when the distribution network breaks with one side of the ground fault,
the maximum value of the voltage fault component ratio on both sides of the line is also
greater than 1.

3. Integrated Feeder Protection Scheme for Active Distribution Network
3.1. Design of Protection Action Criterion

Based on the aforementioned analysis, it is evident that the maximum value Kj;y of
the voltage fault component ratio on both sides of the line exceeds 1 when short-circuit
faults and line break faults occur within the feeder of the active distribution network.
Conversely, the maximum value K4y of the voltage fault component ratio on both sides of
the line is less than or equal to 1 in the case of external faults. Leveraging this characteristic,
the fault component coefficient Ky, representing the maximum value of the voltage fault
component ratio on both sides of the line, can serve as an action parameter for establishing
the protection criterion.
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The calculation formula of the voltage fault component on both sides of the line is
as follows:

AU AUy — AlimZn
Au.'mz _ | Alnz = AliZi (13)
AU AUy — Al Ziy
AU AU — AlypZi2

where AU m1 and ALI’ m2 are the calculated values of the corresponding M side p051tlve

sequence voltage and negative sequence voltage fault components; AU n1 and AU n2
are the estimated values of the positive sequence voltage and negative sequence voltage

L] L]
fault components on the N-side of the line. AU,,; and AU, are the measured values of
the Correspondmg M-side pos1t1ve sequence voltage and negative sequence voltage fault

components; Aum and Aun2 are the measured values of the positive sequence Voltage

and negative sequence voltage fault components on the N-side of the line. Al m1 and Al m2
are the measured values of the positive sequence current and negative sequence current

L] L]

fault components at the M end of the line. Al,;; and Al,; are the measured values of
the corresponding N-terminal positive sequence current and negative sequence current
fault components. Zy; and Zj, are the positive sequence equivalent impedance and
negative sequence equivalent impedance of the line, respectively. Correspondingly, the
fault component ratio coefficients K;;1, K1, Kinz, and K;;» on both sides of the line can be
expressed using Equation (14):

The calculation formula for the voltage fault component on both sides of the line is
as follows:

Kml — Au/ml sz — Au,mZ

Auml AUmz (14)
AU’ Alj'

K1 = L Kipp = | =2
AUy Al

The protection action criterion is shown in Formula (15):

Kiax = max(Kmll K1, K2, Kn2)

_ 4%) Kmaxy (15)
Kinax = MT > Kset

where the fault component coefficient K, represents the maximum value of the fault
component ratio, while Kinax signifies the mean value of the fault component coefficient
after the action. To capture the concentration trend of the fault component coefficient
values in the two cycles following the fault and eliminate errors stemming from sampling
synchronization and measurement, the mean value of the fault component coefficient Knax
and K are utilized as the criteria. In the simulation, a sampling frequency of 1000 Hz is
set, resulting in 400 sampling points across the two-cycle wave after 0.1 s. Each sampling
point provides a fault component coefficient, Kyuxn. Kser serves as the threshold value
for protection action, with a theoretical value of 1. It should be noted that the sampling
frequency can be adjusted based on actual conditions. The magnitude of the sampling
frequency primarily impacts the smoothness of the fault component coefficient variation
plot but does not affect the correctness of the criterion. When feasible, a higher frequency
sampling is recommended, as it enables a more accurate reflection of the fault component
ratio changes after the fault [33].

Consequently, the fault protection criterion is defined as follows: if the mean value
of the voltage fault component coefficient on both sides of the line satisfies the protection
criterion K,;5:> Kset, it indicates the presence of an internal fault within the line. Conversely,
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when the mean value of the fault component coefficients on both sides of the line is
Knax< Kset, it can be judged that there is no fault in the normal operation of the line or that
there is a fault outside the line.

The line parameters in the voltage fault component calculation formula are set to a
fixed value, but the actual operation of the line may be affected by temperature, meteoro-
logical factors, and other conditions so that the line parameters change within the range
of 10% [44,45]. The calculation formula for the terminal voltage fault component can be
expressed using Equation (16):

Au/m - AUn - AInZL

[ ) [ ) [ ] (16)
AU | | AUy - ALLZ;

Assuming that the line parameters change by 10%, the actual value of the terminal
voltage should be the following;:

AUy | | AU, —09A1,Z;,

L] - L] L[] (17)
AU, AUy —09A1,Z;,

From Equations (16) and (17), it can be seen that the ratio of voltage fault components
on both sides of the line during external faults can be expressed using Equation (18):

%
Kin = |25 = ’1"' Zioi09
Addn 2L (18)
/
Kn — Al{n ‘1_’_ ZmOl
AU, 7 +0.9

Because Zm >Z1,Zy > Z1 in the active distribution network, the minimum limit value
of %’" , 7+ is 1, and the ratio of voltage fault component ratio fluctuates from 0 to 5.26%
due fo the change in line parameters. According to Equation (5), the ratio of voltage fault
components on both sides of the line when the internal fault and the line parameters change
is as follows.
From Equations (16) and (17), it can be seen that the ratio of voltage fault components
on both sides of the line during external faults can be expressed using Equation (18):

Aum _ Z1+Zn . 09dZy+Z | _ (0.14094)7; 09dZL
K = Al | ‘Zn+0.9(1fd)ZL Zm - 1+Z,,+0.9(17d)zL 1+ =7,
(19)
_ Au’,, Zi+Zm  09(A-)Z1+Zn | _ 0.14Z; . (1 d)Zr
Ky = ALl Zm+09dZ; Zn =1+ Zn+09dZ;, 1+ Zn
n

Taking the minimum limit value 1 of % 7 Z , the fluctuation range of the voltage fault
component ratio caused by the change of fine parameters is 0 to 5.26%.

Therefore, considering the influence of measurement error, line parameter inaccuracies,
and transient processes during the transition of the distribution network’s operational state,
Kset can be adjusted to 1.1.

3.2. Overall Process of Fault Identification

Figure 10 illustrates the comprehensive workflow of the pilot protection scheme for
active distribution networks, which relies on the fault component coefficient. Initially, real-
time voltage and current measurements are obtained at both ends of the line. The protection
mechanism is initiated when the abrupt change in voltage and current on both sides of the
circuit exceeds a predetermined threshold. To enhance the responsiveness and sensitivity of
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the protection startup, the criteria for phase voltage mutation and phase current mutation
are utilized as triggering conditions, as depicted in Equation (20) [23,46,47]:

()] — [i(t —T)] — Ji(t = T) = i(t — 2T)|| = 011y 20)

{|uaﬂ—wa—Tn—wa—m—wa—zmuzoum
where u(f) represents the t-th sampling value of phase voltage, i(f) represents the t-th
sampling value of phase current, T represents a power frequency cycle, Uy is the rated
voltage of the line, and Iy is the rated current of the line. In order to prevent the sampling
data distortion caused by misoperation, only when the voltage and current of any phase
in the three-phase continuous sampling points meet Formula (20) is it regarded as the
mutation start.

Obtain voltage and current information

N
Mutation start ?

Y

Collect the voltage and current
information before and after the
mutation
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|
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voltage and current

Receive the
information from the
opposite end ?

Send fault information to the
opposite end

The fault component coefficient K, and the mean value of the fault
component coefficient Ky, are obtained by calculating the ratio of the
calculated value of the fault component and the fault component.

No faultin
the section

Figure 10. Flow chart of pilot protection for active distribution network based on fault component
coefficient.

The current and voltage data from two cycles before and after the fault occurrence are
gathered. Positive sequence and negative sequence fault components of voltage and current
are obtained with the fast Fourier transform and symmetrical component method. At the
same time, the fault information is sent to the opposite end, and the opposite end informa-
tion is requested. Then, the protection at both ends of the line uses Equations (13) and (14)
to calculate the calculated value of the voltage fault component on both sides of the line
and the ratio of the voltage fault component K;;1, Ky1, K2, and Ky according to the
voltage and current fault information of the end and the opposite end. When the protection
criterion is satisfied, the protection on both sides of the line is opened, the circuit breaker is
disconnected, and the fault line is removed.



Energies 2023, 16, 7547

16 of 28

4. Simulation Experiment
4.1. Network Training Process

In order to verify the effectiveness of the proposed protection and the correctness of
the analysis of the short-circuit fault and line break fault characteristics mentioned above,
the Simulink simulation software(MATLAB/Simulink R2023a) is used to build a 10 kV
neutral point ungrounded active distribution network model, as shown in Figure 11. The
transformer capacity is 50 MVA, the transformer ratio is 35/10.5 kV, and the neutral point of
the system is not grounded. Due to the tree-like multi-branch and multi-segment structure
of the distribution network, the distances between sections are generally short. In this
case, the longest line is only 3 km, allowing us to neglect the influence of line-to-ground
capacitance. The length of line K3—-K4 is 3 km, and the other line sections are 2 km. The
line parameters are (0.27 + i0.335) (2/km; the two DGs are MTDG and IIDG, respectively,
with a rated capacity of 2.5 MW; the capacity of load L; is 2 MW; and the power factor is
0.9. The capacity of loads L, and Lj is 0.5 MW, and the power factor is 0.9. The remaining
loads are 1 MW, and the power factor is 0.9. Please refer to Table 2 for detailed simulation
parameter settings.

QD=

Power suppy

1
1 »
Breaker | I I >
|

Figure 11. A 10 kV distribution line simulation model.

Table 2. Simulation parameter settings.

Parameters Value
Voltage level 10kV
Neutral ground mode Neutral point ungrounded
Fault resistance 10 Q)
Transformer capacity 50 MVA
Transformer ratio 35kV/10.5kV
Line parameter (0.27 +10.335) (3/km
Line type Overhead
Load L; capacity 2 MW
Loads Ly and L3 capacity 0.5 MW
Line K3—-K4 length 3 km
IIDG and MTDG capacity 2.5 MW
Load power factor 0.9
Fault occurrence time 0.1s
Sampling frequency 1000 Hz
Simulation platform Matlab /Simulink
Software version Matlab R2023a
Processor model Intel Core i5-13490F
Total cores 10
Total threads 16
Max turbo frequency 4.80 GHz

4.2. Simulation Results and Analysis
4.2.1. Short-Circuit Fault Test

Since most of the medium-voltage distribution networks in China use small current
grounding (neutral point ungrounded or resonant grounding), the system can continue to
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operate for a short time when a single-phase grounding short-circuit fault occurs without
the need to immediately remove the fault [48]. Therefore, the research conducted in this
paper only focuses on phase-to-phase short circuit and two-phase ground short-circuit
faults. By setting different short-circuit fault types (two-phase short circuit, two-phase
ground short circuit, and three-phase short circuit) at different positions (front end, middle
end, and back end) of section K3—-Kj, the simulation is carried out. Figure 12 illustrates the
variation diagram of the fault component coefficient Kj;;5y variation diagram of the fault
at section K3—K4 when the two-phase short-circuit fault occurs at the fault point with the
position parameter d = 0.5 at 0.1 s. It could be noted that after 0.1 s, the fault component
coefficient Ky is greater than the protection action threshold K., and the protection
determines the fault.

1.40 \— Fault component coefficient\
1.35+
£ 1.30- /\/\/\_,
1.25+
1.20 1
1.15+
10+ ==
1.05+

1.00
0.95

ient

Fault component coeffic

006 008 010 012 0.14
Time(second)

Figure 12. Variation of fault component coefficient Ky;ux of K3—K4 in two-phase short-circuit fault
section, d = 0.5.

The variation of the fault component coefficient K, of the non-fault section K1-Kj is
shown in Figure 13.

1207 \— Fault component coefficient\

1.15+

110 e

1.05 -

Fault component coefficient

1.00 4

0.95

006 008 010 012 014
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Figure 13. Variation of fault component coefficient K of non-fault section K1-Kj5, d = 0.5.

In the non-fault section K;—K3, the mean value of the fault component coefficient Kax
is 1.00531852 < 1.1 within 0.1-0.14 s, and the protection determines that the line is normal
and fault-free. The mean value of the fault component coefficient Kypax of fault section
K3-K4 in 0.1-0.14 s is 1.30553715 > 1.1, and the protection determines that the fault occurs.
Table 1 shows the simulation results of the short-circuit fault scenario, indicating that the
protection method can accurately identify the line short-circuit fault.

The following can be seen from Table 3: (a) Under different short-circuit fault condi-
tions, the protection can correctly identify the fault line section. When the Kypax is less than
the threshold value when the fault occurs outside the protection area, the protection does
not act; when the fault occurs in the protection area, the Kipax is greater than the threshold
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value, and the protection determines the fault of the line. (b) When the fault occurs at
different positions of the same fault line, Knay increases first and then decreases with the
increase in the fault location parameter 4. When the fault occurs in the middle of the line,
Kinax is the smallest, but it still meets the protection sensitivity requirements.

Table 3. Short-circuit fault simulation results.

Fault Identification

Position Parameter d Fault Type Section Knax Results
0.25 Two-phase short-circuit fault ﬁ;:ﬁi iggég;gg? I;‘:ﬁfgy

0.5 Two-phase short-circuit fault 112:[1221 }ggggégi; I_If“i?llltt};/y

0.75 Two-phase short-circuit fault IIE;:IIZ igggégggg }llgzilfgy

0.25 Two-phase ground short-circuit fault ﬁ;:ﬁi }Zgg;gggg I;:jfg,y

0.5 Two-phase ground short-circuit fault ﬁ;:ﬁi }ggggigg I_If“i;:llltt};/y

0.75 Two-phase ground short-circuit fault IIE;:II%; ig%ggg;}g I;Zﬂfgy

0.25 Three-phase short-circuit ﬁ;:ﬁz 316%2;362332955% I_II:Z?IIE;Y

0.5 Three-phase short-circuit ﬁ;:ﬁz 215;?7136090725:243 I;illltg,y

0.75 Three-phase short-circuit IIE;:IIZ 21i961;1€;€;)2()722 I;zﬂftl;y

4.2.2. Line Break Fault Test

The simulation involves introducing various line break faults (single-phase line
break fault and two-phase line break fault) at different positions along sections K3—Kj.
Figures 14 and 15 show the variation of the fault component coefficient K,y of the fault
sections K3—Kj and the non-fault sections K;—K; when the single-phase line break fault
occurs at the position parameter d = 0.5 at 0.1 s. The mean value K,y of the K1—Kj fault
component coefficient in the non-fault section is 0.99748631 < 1.1, which does not meet
the protection criterion, and the protection determines that the line is normal without
fault. The mean value K, of the fault component coefficient of the fault sections K3—Kj is
19.63649547 > 1.1, and the protection determines that the fault occurs. Table 4 presents the
simulation results for all line break fault scenarios, demonstrating the method’s accuracy in
pinpointing the line where a line break fault occurs.
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Figure 14. Variation of the fault component coefficient Ky of K3—Kj in the single-phase line break
fault section, d = 0.5.
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Figure 15. Variation of fault component coefficient K, of non-fault section K;—Kj, d = 0.5.

Table 4. Simulation results of line break fault.

Fault Identification

Position Parameter d Fault Type Section Kinax Results
0.25 Single-phase line break fault IIE;:IIZ 1%.96937;1092067987 I—}I:eazjlllttlr}l]y
05 Single-phase line break fault ﬁ;:ﬁz 1%.969376%18965?:117 I_llge::llfg,y
0.75 Single-phase line break fault ﬁ;:ﬁi 1%.96937;1295237603 I;i?llltgy
0.25 Two-phase line break fault I;;:I;i 1%.979078?:139212175 I_llqeailfg,y
0.5 Two-phase line break fault 2:%: 19)9790788;139212178 I;zifgy
0.75 Two-phase line break fault 112:;21 1%,979075533341103856 I_llzi?llltgy
0.25 Single-phase line break fault 112,:112 1%.96937;1092067987 I_Igeazjfg,y
0.5 Single-phase line break fault 2:%: 1%'969376%18965117 I;Z?llfgy
0.75 Single-phase line break fault ﬁ;:ﬁi l%.96937;1295237603 I_llgifltg,y

From Table 4 and the above analysis, the following can be seen: (a) Under different
line break faults, the proposed protection can correctly identify the fault line section. When
the external fault occurs, Ky is less than the threshold value, and the protection does not
act. When the fault occurs in the fault zone, Ky is much larger than the threshold value,
and the protection determines the fault of the line with high sensitivity. (b) Ky does not
change with the increase in fault location parameter d when the same fault line breaks at
different locations.

4.2.3. DG Penetration Adaptability Test

Varied DG penetration levels have an impact on the equivalent impedance of the
system on both sides of the line [49,50]. In order to verify the effectiveness of the protection
method proposed here under different DG penetration, by changing the DG penetration in
the model shown in Figure 11, a three-phase short-circuit fault is set at the position parame-
ter d = 0.5 of K3—-K4 lines with different DG penetrations for testing. Figures 16 and 17 are
the change curves of the fault component coefficient K,y of lines K3-K4 and K;1-Kj under
different DG penetration, respectively.
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Figure 16. Variation of the fault component coefficient Ky;;zy of K3—Kj in the three-phase short-circuit

fault section, d = 0.5.
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Figure 17. Variation of fault component coefficient values of non-fault section K;—Kj, d = 0.5.

According to Figure 16, it can be seen that in the case of higher permeability, the larger
the capacity of DG, the larger the fault current output of DG in case of failure, that is, the
N-terminal voltage of the line is increased. This reduces the degree of voltage dip due to

L] L]
failure, i.e., the gap between AU, and AU, is smaller. In the formula, the decrease in Kyx
is expressed, that is, the increase in the permeability of the system will lead to the decrease
in Ky

Table 5 is the mean value of fault component coefficient Kax and fault identification
results of lines K1—K; and K3-K4 when a three-phase short-circuit fault occurs at different
position parameters d of line K3—Ky under different DG penetration. The simulation results
demonstrate that the proposed method is relatively insensitive to DG penetration. The
mean value of the fault component coefficient consistently exceeds 1, allowing for accurate
identification of the fault line under different DG penetration levels.

The following can be seen from Table 5: (a) Under different DG penetrations, when a
three-phase short-circuit fault occurs at the same position of the line, Knax decreases with
the increase in DG penetration. For example, when a three-phase short-circuit fault occurs
at the head of the line when DG penetration is 25%, Kinax = 58.32904694; when the DG
penetration is 50%, Kinax = 30.18323953 when the three-phase short circuit occurs at the head
of the line; and when the DG penetration is 75%, Kmax = 20.25079176 when the three-phase
short circuit occurs at the head of the line. (b) With the increase in DG penetration, Kinax
has a downward trend. However, even if K,,;;x becomes smaller, it still meets the protection
criterion Kyay > 1.1. Therefore, the penetration rate of distributed generation will not lead
to misoperation or rejection of protection under short-circuit faults.
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Table 5. Fault simulation results under different DG penetrations.
Penetration Position Parameter d Section Konax Fault Identification Results

. KKy 1.02327159 Healthy
25% 0.25 K3—Kj 58.32904694 Faulty

25, 05 K1-K» 1.01757253 Healthy
° ’ K3-Ky 49.70675315 Faulty

o K1-K» 1.01424047 Healthy
25% 0.75 K3-K, 40.47229053 Faulty

. KKy 1.02263250 Healthy
50% 0.25 K3—K, 30.18323953 Faulty

50 05 Kq1-K» 101697544 Healthy
° ’ K3-Ky 25.73002623 Faulty

. K=K, 1.01366902 Healthy
50% 0.75 K3-K, 21.68199272 Faulty

. K1-K, 1.02196167 Healthy
75% 0.25 K3—K, 20.25079176 Faulty

50, 05 Kq1-K» 101635410 Healthy
° ’ K3-Ky 17.52670797 Faulty

. Ki-K, 1.01307602 Healthy
75% 0.75 K3-K, 14.14927281 Faulty

4.2.4. Line Break Fault Grounding Test

The simulation is carried out by setting different types of line break grounding faults
(single-phase line break fault with power side grounding, single-phase line break fault
with load side grounding, single-phase line break fault with power side and load side
grounding, two-phase line break fault with power side grounding, two-phase line break
fault with load side grounding, and two-phase line break fault with power side and load
side grounding) at the position parameter d = 0.5 of sections K3—Kj. Figure 18 shows the
change of the fault component coefficient K,y of K3—K4 in the fault section when three
single-phase line break faults occur at the position parameter d = 0.5 at 0.1 s. The mean max
of the fault component coefficients of the fault section K3—K4 are 4.19406084, 16.48615426,
and 1.28819534, respectively, which are all greater than 1.1, and the protection determines
that the fault occurs. Table 6 shows the simulation results of the line break grounding fault
scenario. The simulation results show that this method can correctly deal with the line
break grounding fault.

——— Power side is grounded
—— Load side is grounded
Both sides are grounded

60
50
40

304

Fault component coefficient
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01" i Rozid
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Figure 18. Variation of fault component coefficient K, of K3—Kj in single-phase line break fault
section, d = 0.5.
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Table 6. Simulation results of line break grounding fault.

Fault Identification

Fault Type Fault Grounding Situation Section Kinax Results
Single-phase line break fault Power-side grounding IIE;:IIZ 2232823;91 I;ifft};,y
Single-phase line break fault Load-side grounding IIE;,:IIZ 106..94987641952 49296 }llzze;lltgy
Single-phase line break fault Both thzigzzf; ;iriiigj;he load ﬁ;:ﬁi ggzzigggi I_lliifltt};y

Two-phase line break fault Power-side grounding ﬁ;:ﬁi }gggggggg I;?:llltt};,y
Two-phase line break fault Load-side grounding 112):1[2 1%,959970303224752 I;Z?lllttl;’y
Two-phase line break fault Both thzigz";’fs ;ﬁiigj;he load ﬁ;:ﬁz }gggggg;g I_llzzflt’f};’y

Based on the analysis presented in Table 6, it is evident that the proposed protection
method accurately identifies the fault line section under various complex line break fault
conditions. When the K, is less than the threshold value when the fault occurs outside
the protection area, the protection does not act; when the fault occurs in the protection area,
Kinax is greater than the threshold value, and the protection determines the fault of the line
with high sensitivity.

4.2.5. Resistance to Transition Resistance Test

In the fault simulation of transition resistance, faults are set at different positions of
lines K3—Kj4 for testing, and the fault type is a two-phase grounding short circuit. Figure 19
shows the change of the fault component coefficient K5y of K3—Ky in the fault section when
the two-phase grounding short-circuit fault occurs at the position parameter d = 0.5 at 0.1 s.
The mean Kjyqx of K3—Ky4 fault component coefficients in the fault section are 1.28764943,
1.28781090, and 1.28781841, respectively, and the protection determines that the fault occurs.
Table 7 shows the mean value of fault component coefficient Ky;x and fault determination
results of lines K3—K4 under different transition resistances. The simulation results indicate
that the proposed method is minimally impacted by transition resistance and can accurately
identify faults even in high-resistance fault scenarios.
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Figure 19. Variation of the fault component coefficient Ky of K3—Ky4 in the two-phase ground
short-circuit fault section, d = 0.5.
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Table 7. Fault simulation results under different transition resistances.
Transition Resistance () Position Parameter d Section Konax Fault Identification Results
Kq1-K» 1.00616038 Healthy
0.01 0.25 K3-K, 1.44178926 Faulty
001 05 K1-K» 1.00636571 Healthy
: ’ K3-Ky 1.28764943 Faulty
K=K, 1.00594443 Healthy
0.01 0.75 K3-K, 1.47080818 Faulty
50 025 Kq1-K» 1.00527347 Healthy
: K3-K4 144269517 Faulty
50 05 K1-K» 100571027 Healthy
: K3-Ky 1.28781090 Faulty
50 075 K=K, 1.00542349 Healthy
: K3-Ky 1.47105170 Faulty
K1-K, 1.00512056 Healthy
100 0.25 K3-K, 1.44365996 Faulty
100 05 Ki-K» 1.00560816 Healthy
: K3-Ky 1.28781841 Faulty
Kq1-K» 1.00535039 Healthy
100 0.75 K3-K, 1.47106406 Faulty

It can be seen from Table 7 that in the case of different transition resistances, Ky
increases with the increase in transition resistance when a two-phase ground short-circuit
fault occurs at the same position of the line. For example, when the transition resistance
is 0.1 Q, Kyax = 1.44178926, when the two-phase grounding short circuit occurs at the
front end of the line; when the transition resistance is 50 Q, Kyzr = 1.44269517, when the
two-phase ground short circuit occurs at the front end of the line; and when the transition
resistance is 100 Q, Kyzx = 1.44365996, when the two-phase ground short circuit occurs
at the front end of the line. With the increase in transition resistance, the sensitivity of
protection increases.

4.2.6. Protection Reliability Test When DG Has No Output When Fault Occurs

Due to the fluctuation of DG output, DG may be exactly without output or out of
operation during the fault [51]. To assess the impact of DG’s absence or shutdown on the
proposed protection method, various fault types (two-phase short circuit and single-phase
line break fault) are simulated at different positions along sections K3-Kj4 for simulation,
and DG exits when a fault occurs. Figure 20 shows the change of the fault component
coefficient Kj;qx of K3—Kj in the fault section when the two-phase short-circuit fault occurs at
the position parameters d = 0.25, 0.5, and 0.75 at 0.1 s. The mean Ky of the fault component
coefficients of the fault sections K3—Kjy are 1.42195343, 1.32007979, and 1.50114944, which
are all greater than 1.1, and the protection determines that the fault occurs. Table 8 shows
the simulation results for each fault scenario. The simulation results show that the proposed
protection scheme can still well identify the fault that DG happens to have no output or
exits from the operation.

It can be seen from Table 8 that the change trend of Kyqx with the position parameter d
is basically unchanged from the above simulation results. When the DG is out of operation
during the fault, it will lead to the increase in Kpnax, that is, the difference between the
calculated value and the measured value of the voltage fault component becomes larger,
which increases the sensitivity of the protection strategy.



Energies 2023, 16, 7547

24 of 28

=
o

=
ul

g
>
L

110 - -4 ---—-————-

=
[N
)

,_.
R
.

[
\

Fault component coefficient
=
w

=
=)
|

0.06 0.08 0.10 0.12 0.14
Time (second)

Figure 20. Variation of fault component coefficient Kjay of K3-K4 in two-phase short-circuit fault section.

Table 8. Simulation results of DG out of operation when fault occurs.

Fault Type

. . - Fault I ificati
Position Parameter d Section Kiax ault Identification

Results

Two-phase short-circuit fault 0.25 Ilg:ﬁz 122‘%2;22 I_If“i?llltt}}lzy
Two-phase short-circuit fault 0.5 112):112 iggg(z)gggg I_ll?illlttl;/y
Two-phase short-circuit fault 0.75 E;:ii iggﬁigii I;zifgy
Three-phase short-circuit fault 0.25 Ilg:ﬁz 4;3053%8;2 I_If“i?llltgy
Three-phase short-circuit fault 05 112,:112 2;(? ;(6)215;;(1)5 I‘}g?ﬂfg}’
Three-phase short-circuit fault 0.75 ﬁ;:ﬁi 1}18012223133;6 I;:llltgy
Single-phase line break fault 0.25 ﬁ;:ﬁz 3(2.9497747251%90 I;ifltgy
Single-phase line break fault 0.5 IIE;:II%L 3(294977873(;3101684 I‘}Eiﬂftl;‘/}’
Single-phase line break fault 0.75 ﬁ;:ﬁi 3(2949771153646293 I;z?llfgy

5. Conclusions and Future Work

With large-scale intermittent new energy grid-connected power generation, the active
distribution network plays a pivotal role in harnessing renewable energy and enhanc-
ing user power consumption reliability. The active distribution network, featuring high
penetration of DG, is poised to become the primary configuration of future distribution
networks. In recent years, the world has witnessed a series of blackouts triggered with
HILP extreme events. These events have resulted in substantial economic and societal
losses while significantly jeopardizing the power supply reliability of distribution networks.
These catastrophic faults, induced by disasters, differ from conventional faults consid-
ered in traditional protection schemes. The probability of line break faults in distribution
networks increases considerably during such events. Traditional protection mechanisms
struggle to address this challenge, leading to a significant surge in operational risks for
active distribution networks during extreme events. Consequently, in order to enhance the
power supply reliability of active distribution networks under disaster scenarios, this study
explores the feeder protection method tailored to catastrophic faults caused by disasters.
The main research focus and conclusions are outlined as follows:

(1) The fault additional network analysis models for MTDG and IIDG are established.
A detailed analysis is conducted on the characteristics of voltage fault components.
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This analysis specifically focuses on the occurrence of short-circuit faults and line
break faults in active distribution networks. It takes into consideration the specific
fault characteristics of catastrophic faults caused by disasters. The occurrence of
different fault types in the feeder leads to changes in the line topology. This results in
discrepancies between the measured voltage fault component values at the protection
installation points on both ends of the line and the calculated values obtained from
the corresponding formulas;

(2) A novel active distribution network feeder protection method based on voltage fault
components is proposed. The method takes into account the discrepancy between the
calculated and measured values of the voltage fault component at both ends of the
line. The proposed method utilizes the voltage fault component calculation formula,
along with the measured voltage fault component and current fault component at one
end of the line, to estimate the voltage fault component at the other end of the line.
By comparing the calculated and measured voltage fault components, the ratio of the
voltage fault component is obtained. This ratio is then utilized to identify internal
and external faults in the line, effectively addressing the protection requirements
of the active distribution network in various fault scenarios, including short-circuit
faults and line break faults. Finally, a simulation model of the active distribution
network is developed using the Matlab/Simulink R2023a to validate the reliability
and effectiveness of the proposed protection scheme. However, under the HILP
events, the distribution network protection should not only deal with the single fault
but also deal with the complex fault. In this paper, the complex fault is not analyzed
and studied. In the future, the adaptability of the protection proposed in this paper
under multiple repeated faults will be further analyzed to improve the shortcomings
and construct a more perfect active distribution network protection criterion.
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Nomenclature

Symbols and abbreviations

DG Distributed generation

HILP High impact and low probability

ADNs Active distribution networks

WTRP Wireless token ring protocol

DT Distribution transformer

TPFs-LBs Two-phase faults with line breaks

TPFs-SCs Two-phase short-circuit faults

SLGFs-LBs Single-line-to-ground faults with line breaks

SLGFs Single-line-to-ground faults

MTDG Motor-type distributed generators

1IDG Inverter-interfaced distributed generators

d Fault location parameter

Zy Line impedance

Zm Equivalent impedance of the M-terminal back-side system of the line
Zn Equivalent impedance of the N-terminal back-side system of the line
ANZ Transition resistance of the fault point

AUf Fault additional voltage source
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ALy, AL Measured values of the current fault components at both ends
AU, AU, Actual values of the voltage fault components at both ends
Zyg Infinite equivalent impedance
Alyq Current fault component of the IIDG output
Kiax Fault component coefficient
Kinax Mean value of the fault component coefficient
Aly Additional fault current source
AU, AU, Estimated values of the voltage fault components at both ends
k Ratio of the Al to Aly
AU 1, AUy M-side positive and negative sequence voltage fault components
AU’ 41, AUy N-side positive and negative sequence voltage fault components
Zr1,Z1n Positive and negative sequence equivalent impedance
Koot Threshold value for protection action
u(t) The t-th sampling value of phase voltage
T Power frequency cycle
Un Rated voltage
In Rated current
i(t) The t-th sampling value of phase current
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