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Abstract

Aim: The access of the medium-voltage (MV) microgrid changes the radial structure of traditional distribution
networks, causing the distribution network to operate in a closed-loop manner. The closed-loop operation
complicates the fault characteristics of the distribution network, and the traditional single-phase grounding (SPG)
line selection method is no longer applicable. Therefore, it is necessary to propose a new targeted SPG line
selection method.

Methods: This paper analyzes the network structure of MV microgrids and MV distribution networks and
establishes a multi-level closed-loop operation distribution network model with MV microgrid access. Then, the
SPG fault characteristics of the closed-loop operation distribution system under the small current grounding mode
are analyzed from the perspective of two-level bus nodes. Furthermore, based on the analysis of fault
characteristics, a closed-loop operation distribution network line selection method suitable for microgrid access is
proposed, and a detailed design is carried out in terms of equipment configuration and communication schemes,
forming a relatively complete automatic line selection system. At the same time, the proposed line selection
scheme is based on the two-level bus nodes, which can be analogously applied to the multi-level closed-loop

adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as
long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and ;,,,
indicate if changes were made. E_-:] T

OCE www.segcjournal.com

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 L,];‘.‘.bg-?ggiﬁ
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, "': ji'#
. | !



https://creativecommons.org/licenses/by/4.0/
https://segcjournal.com/
https://orcid.org/0000-0002-1030-4708
https://dx.doi.org/10.20517/jsegc.2023.13
https://dx.doi.org/10.20517/jsegc.2023.13
http://crossmark.crossref.org/dialog/?doi=10.20517/jsegc.2023.13&domain=pdf

Page 67 Lu et al. J Smart Environ Green Comput 2023;3:66-86 | https://dx.doi.org/10.20517/jsegc.2023.13

operation distribution network.

Results: The simulation results show that the proposed line selection scheme can be effectively applied to the
closed-loop operation distribution network with MV microgrid access.

Conclusion: The traditional SPG line selection method will have misjudgment problems after the MV microgrid is
integrated into the distribution network, but the line selection method proposed in this paper has good adaptability.

Keywords: Medium voltage microgrid, closed-loop operation network, single-phase grounding fault, fault line
selection

INTRODUCTION

Microgrids play a key role in improving the reliability of distribution networks, supporting the high
penetration rate of renewable energy, and improving the efficiency of power generation"”. With the
development of power electronics technology and the optimization of micro-power control technology, the
microgrid with large capacity has gradually developed into the form of access to the distribution network
through medium-voltage (MV) levels, such as 10 kV or 20 kV'**. It cooperates with the large power grid to
provide effective power support for all loads in distribution networks.

Single-phase grounding (SPG) fault is a frequent fault type in the distribution system. In small current
grounding systems, the fault line is often allowed to run for a period of time when the SPG fault occurs.
However, in order to prevent further deterioration of the fault and ensure the safety of both personnel and
equipment, it is important to detect the fault line in time and carry out isolation maintenance. Similar to the
MYV distribution network, the MV microgrid also has two small current grounding modes: the neutral point
ungrounded and the neutral point grounded by arc suppression coil (ASC)". Adapted to the MV
distribution network, two small-current grounding systems will be formed after the MV microgrid access to
the distribution network. On the other hand, the distribution network in China usually adopts the “closed-
loop design, open-loop operation” power supply mode, which is essentially a radial structure. The access of
the MV microgrid changes the traditional topology of the distribution network, causing it to operate in a
closed-loop manner. The closed-loop distribution network can further improve the power supply reliability
of the system, but it also complicates its fault characteristics and further increases the difficulty of fault line
detection*.

At present, most research on SPG fault line selection of distribution networks is based on the radial network
topology. There are few studies on SPG fault line selection for microgrids and for closed-loop operation
networks formed after microgrids are incorporated into the distribution network. In engineering, the SPG
fault line selection for the traditional radial distribution network usually adopts the method of group
amplitude comparison and phase comparison' (neutral point ungrounded system) and the method of zero-
sequence current (ZSC) active component!” (neutral point grounded by ASC system). In addition, there are
various line selection methods, such as the traveling wave method"", injection method"”, and information
fusion method"”. However, these methods are all based on the radial network, which is difficult to apply to
the closed-loop operation network formed after the MV microgrid access to the distribution network. In
order to meet the increasing demand for power supply, Singapore and some developed areas in China have
established petal-shaped distribution networks with closed-loop operation. However, the petal-shaped
distribution network adopts the small resistance grounding method, and differential protection is usually
used to cut off the fault line instantaneously when a single-phase ground fault occurs"**. Therefore, the
petal-shaped distribution network under closed-loop operation actually has no specific grounding fault line
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selection problem. In"", it is envisaged to transform the existing distribution network into closed-loop
operation, and an SPG comprehensive line selection method based on complex distribution network
structures is proposed, but it can only be applied to the proposed specific grid structure.

The microgrid usually has multiple micro-power sources, so it is often in the state of closed-loop operation,
and it may even form a multi-level closed-loop operation system structure after its access to the distribution
network. In the research of SPG fault protection in microgrids, based on the idea of combining control and
protection, a distance protection scheme with a high ability to resist transition resistance is proposed for
adapting to island scenarios under SPG faults, as outlined in"*. A zero-sequence non-power frequency
component injection microgrid grounding fault protection scheme is proposed in"”, which can be applied
to both grid-connected and islanded operation modes of microgrids. In fact, SPG faults are usually
instantaneous, and the fast-tripping method is not conducive to improving the reliability of the microgrid
operation. The microgrid should first choose the small current grounding method. In"”, it is found that the
islanded microgrid with the neutral point ungrounded mode and ring network topology has a virtual
terminal point (ZSC is zero) when an SPG fault occurs, and a fault line selection method based on the
skewness signs of high-frequency zero-sequence voltage and zero-sequence current is proposed. However,
this method is only applicable to microgrids with islanded operation and ring network topology and cannot
be applied to multi-microgrid clusters and the microgrid-distribution network coupling system under grid-
connected conditions.

In this paper, a complete line selection scheme is proposed for the closed-loop operation network under the
small current grounding mode formed after the MV microgrid access to the distribution network. Firstly, a
closed-loop operation distribution network model with MV microgrid access is established based on the
grid structure of the MV microgrid and distribution network. The SPG fault characteristics of the closed-
loop operation distribution network are analyzed by taking the fault occurring in the connecting feeder and
non-connecting feeder, respectively. On this basis, a closed-loop operation distribution network line
selection scheme suitable for MV microgrid access is designed. Finally, the fault simulation model is built by
Matlab/Simulink, and the effectiveness of the proposed scheme is verified.

SYSTEM DESCRIPTION

Topology of MV microgrid

The capacity of the microgrid connected at the voltage level of 10 kV and above is mostly at the megawatt
level. In terms of the connection form of the power generation unit, unlike the direct integration of multiple
distributed power sources that are complementary in the low-voltage microgrid, the MV microgrid has
higher voltage and capacity, and the power generation unit usually needs to be connected to the microgrid
bus through the boost transformer®'. The common connection forms of photovoltaic power generation and
wind power generation in medium voltage microgrids are shown in Figure 1. Limited by the capacity of the
inverter, the megawatt photovoltaic power station usually designs the photovoltaic module into multiple
0.5 MW power generation units. Two 0.5 MW power generation units are combined with a 1 MVA double
split step-up transformer to form a 1 MW power generation unit and then connected to the 10 kV bus, as
shown in Figure 1A. Megawatt wind turbines usually use unit wiring; that is, a wind turbine is equipped
with a transformer, and the wind turbine connects to a 10 kV bus through a step-up transformer, as shown
in Figure 1B.

The microgrid can operate in both grid-connected mode and island mode and access to the large power grid
through the public coupling point (PCC) switch. In addition, the distributed power supply in the microgrid
has various forms, such as wind turbines, photovoltaic cells, diesel generators, and micro gas turbines. It can
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Figure 1. Common distributed power supply wiring forms. (A) Photovoltaic power generation unit; (B) wind power unit.

usually be divided into two types: inverter interfaced micro-distributed generation (IIDG) and rotating
motor micro-distributed generation (RMDG)"”. According to the microgrid structure proposed by the
Consortium for Electric Reliability Technology Solutions and the actual wiring form of the MV microgrid
in Dongao Island of China***, the typical topology of a generally representative MV microgrid is shown in
Figure 2.

In Figure 2, the line where the PCC is located is the connecting line for the energy interaction between the
microgrid and the distribution network. The microgrid mainly contains three feeders: feeder L1 access to
the RMDG, feeder L2 access to the non-sensitive load, and feeder L3 access to the IIDG and equipped with a
sensitive load.

Topology of MV distribution network

According to the power grid structure recommended by China’s Technical Guidelines for Distribution
Network Planning and Design, MV overhead lines mostly adopt multi-segment and multi-connection,
multi-segment and single-connection, and multi-segment and single-radiation grids. MV cable lines
generally adopt ring network structures, including single-ring networks and double-ring networks. Some
common MYV distribution network wiring is shown in Figure 3.

In fact, although the MV distribution network adopts a closed-loop structure, the connecting switch is
disconnected during normal operation; that is, the distribution network operates in an open-loop mode.
Therefore, the MV distribution network in normal operation is often a single-source radial structure.

Closed-loop operation distribution network with multi-level nodes

Based on the topology of the MV microgrid and MV distribution network analyzed in Sections 2.1 and 2.2,
the closed-loop operation distribution network after microgrid access is established, as shown in Figure 4.
The closed-loop operation distribution network is composed of the original open-loop operation
distribution network and two connected microgrids. The 10 kV busbar of the original open-loop operation
distribution network has three feeders: L1 and L2 are normal load feeders, and L3 is a connecting feeder
with the three-section two-connection structure. In addition to connecting the two microgrids, L3 also
undertakes certain loads. It can be seen that after the microgrid access to the traditional open-loop
distribution network, the original single-power radial structure of the distribution network is changed; that
is, the distribution network becomes a closed-loop operation network powered by multi-terminal power
supplies.
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Figure 2. Wiring diagram of medium voltage microgrid. IIDG: Inverter interfaced micro-distributed generation; PCC: public coupling
point; RMDG: rotating motor micro-distributed generation.
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Figure 3. Common medium voltage distribution network wiring. (A) Multi-section single-connection wiring; (B) Single-ring network
wiring.

In fact, the microgrid itself has multiple power supplies, so it is in a closed-loop operation state, and the
closed-loop operation structure of the system after the microgrid access to the distribution network will be
more complicated. As shown in Figure 4, the system will have multi-level bus nodes after the MV microgrid
access to the distribution network. If the bus node M, of the distribution network is the first-level node, the
two microgrid bus nodes M, and M, connected by the feeder L3 are the second-level nodes. Obviously, M, ,
and M, are the next-level nodes of M, and M,, respectively, and the more complex structures can be
deduced by analogy. Due to the nesting relationship between different busbar nodes, it is only necessary to
analyze the fault problem of the closed-loop operation network from the perspective of two-level busbar
nodes. For example, M, , and M, , can be regarded as loaded feeders to analyze the fault characteristics of
the closed-loop operation between the distribution network and the two microgrids. It should be noted that
in order to simplify the analysis, the influence of the power winding (transformer winding) and its
connecting line with the 10kV busbar on the ground capacitance will not be considered in the following.
Therefore, there are a total of 9 feeder lines in the closed-loop operation system shown in Figure 4, L1~L9,
among which L3, L4, and L9 are connecting feeders. Under normal operation, the PCC switch is closed, and
the system is in a closed-loop operation state. Hereinafter, the system after the MV microgrid access to the
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Figure 4. Closed-loop operation distribution network with medium voltage microgrid access. [IDG: Inverter interfaced micro-distributed
generation; PCC: public coupling point; RMDG: rotating motor micro-distributed generation.

distribution network shown in Figure 4 is called the closed-loop operation distribution network.

METHODS

Single-phase grounding fault characteristics of closed-loop distribution network

Neutral point ungrounded system

Neutral point ungrounded is a common small current grounding method in distribution networks.
Adapting to the grounding mode of the connected distribution network, the MV microgrid also adopts the
neutral point ungrounded mode, thus forming a neutral point ungrounded closed-loop operation network.
Considering the same production model and working environment of each phase conductor used in each
outgoing line, the three-phase conductors have the same capacitance C; to the ground. Under normal
operation, each phase has a capacitive current to the ground, and the phase is ahead of the phase voltage. At
the same time, because the three-phase voltage and line parameters are symmetrical, the sum of the three-
phase capacitance current is 0; that is, there is no ZSC. It is stipulated that the direction of the ZSC flowing
from the busbar to the feeder is positive. The fault characteristics of the distribution network with neutral
point ungrounded closed-loop operation are analyzed by taking the SPG faults occurring in the non-
connecting feeder (L2 fault as an example) and in the connecting feeder (L3 fault as an example),
respectively.

Non-connecting feeder fault, taking L2 as an example

When the fault occurs in L2, the ZSC distribution of each line of the system is shown in Figure 5. Among
them, the zero-sequence current of all non-fault non-connecting feeders (L1, L5, L6, L7, L8) is the capacitive
current of the line itself to the ground, and the direction is from the bus to the line.

I,, =3U,joC,(i =1,5~8) (1)

For the connecting feeder, if it does not belong to the same busbar as the fault line, (L4, L9), its ZSC is the
sum of the non-connecting feeders at the same bus node, and the direction is from the feeders to the busbar.
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If it and the fault line belong to the same busbar (L3), its ZSC is the sum of the ZSC of this line and the ZSC
of the downstream line, and the direction is from the busbar to the feeder.

I,,=3U,jo(C,+C,+C;+C,+C, + G, + () 3)

The ZSC of the fault line L2 is the sum of the ZSC of all non-fault lines in the system, and the direction
flows from the feeders to the busbar.

9
Io.2:_3Uoij Cz' (4)

i=2

From the above analysis, when the fault occurs in non-connecting feeder L2, the ZSC of the fault line L2 is
the largest, and the current direction is opposite to other feeders at the same bus node M,. Therefore, the
traditional amplitude and phase comparison method can be used to select the fault line in the node feeder.
However, for the connecting feeders of other bus nodes (M,, M), the current direction is the same as the
ZSC direction of the fault line, and the amplitude is large, which will be misjudged as the fault line.

Connecting feeder fault, taking L3 as an example

When the fault occurs in L3, the ZSC flow of each line of the system is shown in Figure 6. At this time, the
ZSC of all non-fault non-connecting feeders (L1, L2, L5, Ls, L7, L8) is still the capacitance current of the line
itself to the ground, and the direction is from the busbar to the feeder. For the non-fault connecting feeders
(L4, L9), the ZSC is still the sum of the non-connecting feeders in the same bus, and the direction is from
the feeder to the busbar. However, the magnitude of the ZSC of the fault connecting feeder L3 becomes the
sum of the ZSC of the non-connecting feeder of the busbar where it is located, and the direction flows from
the feeder to the busbar.

I, =3V, jo(C, +C) = =Ty, +1y,) (5)

Therefore, when the fault occurs in the connecting feeder, the fault condition is the same as that when the
bus nodes are not connected to each other and operate in an independent radial manner and the faults
occur in the connecting feeders (L3, L4, L9) at the same time. At this time, the traditional amplitude and
phase comparison method will mistake all the connecting feeders as fault feeders.

The simulation results of the above two cases are shown in Figure 7A and B, respectively. In the above two
figures, the connecting lines L3, L4, and L9 are respectively represented by imaginary lines. It can be seen
that the current directions of connecting lines L4 and L9 are the same as those of fault lines, which is easy to
cause misjudgment of line selection.
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Figure 5. ZSC distribution diagram of closed-loop distribution network under L2 fault. ZSC: Zero-sequence current.
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connecting feeder L2; (B) fault occurs in the connecting feeder L3. ZSC: Zero-sequence current.

Neutral point grounded by arc suppression coil system
When the grounding current of the distribution system is too large and the arc cannot be extinguished by
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itself, the method of installing ASC at the neutral point is often used to compensate for the capacitive
current of the power grid to greatly reduce the grounding current. In China, 110 kV/10 kV or 220 kV/10 kV
transformers use the YNd11 connection, so there is no grounded neutral point for 10 kV lines. Generally,
the grounded transformer with a Z-type connection method is used to form the artificial neutral point, and
then the grounded system through ASC is formed by arc suppression devices. The capacity of the MV
microgrid is larger, the line is longer, and the capacitance current to ground is also larger. At the same time,
to adapt to the grounding method of the connected distribution network, the MV microgrid should also
adopt the grounding method through the ASC, thus forming a closed-loop operation network whose
neutral point is grounded through the ASC. The traditional ASC grounding system usually adopts the zero-
sequence active component method to select the line. Therefore, this section discusses the zero-sequence
active current distribution of the system in the closed-loop operation. In the same way, the fault
characteristics of the distribution network with the neutral point grounded by ASC and closed-loop
operation are analyzed by taking the SPG faults occurring in the non-connecting feeder (L2 fault as an
example) and in the connecting feeder (L3 fault as an example), respectively.

Non-connecting feeder fault, taking L2 as an example

The zero-sequence active current distribution is shown in Figure 8. The zero-sequence active current
flowing into the fault point is composed of three parts, which are respectively the zero-sequence active
current formed by the ASCs connected to the bus nodes M,, M, and M.,.

I

Op.2

= Re[g—o] + Re[%] + Re[%] (6)

1 2 3

Due to the closed-loop operation of the system, zero-sequence active current will also appear on the
connecting feeder. If the connecting feeder and the fault line do not belong to the same bus node, that is, L4
and L9, the zero-sequence active current is the active current to the ground of the bus node where it is
located.

v )

If the connecting feeder and the fault line belong to the same bus node, namely L3, its zero-sequence active
current is the sum of the zero-sequence active current of the downstream line.

U U
I,,, =Re[-%]+Re[=2] =1, , +1,, (8)
Z Z,

2
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Figure 8. Zero-sequence active current distribution diagram of closed-loop distribution network under L2 fault.

Based on the above analysis, when the non-connecting feeder has an SPG fault, in addition to the fault line,
the zero-sequence active current will also appear on the connecting feeder, and the zero-sequence active
current of the connecting feeder at the same bus node is the sum of the zero-sequence active current of the
downstream line. At this time, the line selection scheme based on the zero-sequence active component
method will be misjudged. At this time, in addition to the faulted feeder, the zero-sequence active
component will also appear on the three connecting feeders. The zero-sequence active component
generated by the connecting feeders (L4, L9) of the two non-fault bus nodes is large and will be mistaken for
the fault line.

Connecting feeder fault, taking L3 as an example

The zero-sequence active current distribution at this time is shown in Figure 9. The zero-sequence active
current of the fault line is the active current generated by the zero-sequence voltage (ZSV) of the bus to the
ground through the ASC. Since the system is connected by the connecting line, zero-sequence active current
will also be generated on other connecting feeders, and the magnitude is the active current generated by the
ZSV of the bus through the ASC. At this time, zero-sequence active current components appear on all
connecting feeders, and the large amplitude can trigger the zero-sequence active component method line
selection device of each node. According to the principle of maximum amplitude of zero-sequence active
component, all connecting lines will be judged as fault lines. Therefore, it is impossible to select the line by
the zero-sequence active component method.

The simulation results of the above two cases are shown in Figure 10A and B, respectively. It can be seen
that, except for the fault line, all connecting lines will be judged as fault lines.

Single-phase grounding line selection method for closed-loop distribution network

In the previous analysis, various line selection schemes applied to the traditional distribution network
cannot show good adaptability when applied in the closed-loop operation system. Therefore, based on the
analysis of Section 3, this section proposes corresponding reliable line selection schemes for the closed-loop
distribution network under two small current grounding modes.

Line selection scheme for neutral point ungrounded system
Since the traditional group amplitude and phase comparison method will misjudge the connecting line, it is
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Figure 10. The relationship diagram of zero-sequence active current of each feeder under different line faults. (A) fault occurs in non-
connecting feeder L2; (B) fault occurs in connecting the feeder L3.

proposed to use the zero-sequence current direction at both ends of the connecting line to preliminarily
judge the fault location of each bus node to lock the fault area.

In Figure 11, the red part represents the distribution automation feeder terminal unit (FTU) installed on the
line, which is used to judge the occurrence of faults and measure ZSV and ZSC. FTUs are installed at the
head of each feeder and the ends of the connecting line. It is stipulated that the direction of the ZSC of the
feeder flowing from the busbar to the feeder is positive, and the direction of the ZSC on the connecting line
flowing from the busbar or feeder to the connecting line is positive. The following gives the direction of
zero-sequence steady-state current at both ends of the connecting line when an SPG fault occurs in each
line.

From the Figure 12, general conclusions can be drawn: (1) If the direction of the ZSC at terminal b of the
connecting line is positive, there must be an SPG fault on the feeder at node M,; (2) If the direction of the
ZSC at terminal d of the connecting line is positive, there must be an SPG fault on the feeder at node M,; (3)
Only when the direction of ZSC at the terminal a and terminal ¢ of the connecting line is positive at the
same time can it be judged that an SPG fault on the feeder at node M,; (4) When the ZSC at the terminal a
and terminal b of the connecting line is negative at the same time, there must be a SPG fault on the
connecting line L4. In the same way, when the ZSC at terminal ¢ and terminal d of the connecting line is
negative at the same time, there must be an SPG fault on connecting line L9. The above conclusions also
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Figure 12. The zero-sequence steady-state current direction table at both ends of the connecting line when faults occur on different
lines.

constitute the logical basis for our preliminary determination of the fault location.
The specific line selection scheme is as follows:

(1) For each busbar node, set up a microcomputer line selection device (MLSD), set up a master station
(M,), and two slave stations (M,, M,). Each MLSD operates independently during the line selection work;
the slave station only selects the feeder line of its own node, and the master station is not only responsible
for the feeder line of its own node but also selects the connecting line.

(2) Set the sampling frequency and the ZSV setting value U,,, of FTU at each node. The setting value should
be greater than the unbalanced voltage under normal conditions. When the two Uo sampling values are
greater than the set value, it can be determined that the SPG fault has occurred on the line, and the fault
data will be sent to the corresponding MLSD.
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(3) The FTU measurement data of each node feeder is directly transmitted to the node MLSD, and the zero-
sequence current direction of each feeder is judged by it. The FTU measurement data at both ends of each
connecting line are transmitted to the corresponding MLSD, and the MLSD judges the direction of the ZSC
at each end of the connecting line. For the slave, only the signal from the FTU at the head of the connecting
line connected to the node is received, and the master receives the signal from the FTU at both ends of all
the connecting lines, as shown in Figure 11.

(4) The MLSD of each node judges the node where the fault occurs according to the above logic judgment
information or directly obtains the connecting line where the fault occurs by the master station.

(5) If it is determined that the fault occurs at a certain node, the fault feeder or node bus is further
determined by the amplitude-phase comparison method.

Combined with the above description, the line selection process of a closed-loop distribution network with
neutral point ungrounded mode is shown in Figure 13.

Line selection scheme for neutral point grounded by arc suppression coil system

Due to the influence of ASC compensation, the direction of the fault line may become the same as that of
the normal line, and the amplitude is uncertain according to the change of compensation degree. In
addition, considering the misjudgment of zero-sequence active components in the closed-loop distribution
network and the complexity of zero-sequence active component extraction, a ZSC difference method line
selection scheme based on ASC tuning is proposed.

Different from Section 3.1, the MLSD of each node in Figure 14 needs to communicate to cooperate with
the line selection, and the slave station no longer receives the connecting line signal. Figure 15 shows the
change of the zero-sequence steady-state current at both ends of the connecting line after adjusting the
tuning degree of the ASC at node M, of the master station when an SPG fault occurs on each line. In order
to prevent the influence of errors, it is stipulated that the change of ZSC of each line is greater than 5% of
the ZSC of the neutral point of the bus node to the ground fault, which can be considered as a significant
change in the ZSC.

AL,
— > 59 9)

N.j

Where Al is the variation of the ZSC amplitude of the i feeder or at some end of the connecting line, and
Iy, is the ZSC amplitude of the neutral point to ground fault under the initial rated compensation degree
(110%) of the j busbar.

The general conclusions can be drawn from Figure 15: (1) If the ZSC at terminal b of the connecting line
changes significantly, it must be an SPG fault in the feeder of node M,; (2) If the ZSC at terminal d of the
connecting line changes significantly, it must be an SPG fault in the feeder of node M,; (3) Only when the
ZSC at the terminal a and terminal c of the connecting line does not change at the same time can it be
judged that an SPG fault has occurred in the feeder of node M;; (4) Only when the ZSC at end a of the
connecting line changes and the ZSC at end b does not change can it be judged that a SPG fault has
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Figure 15. Table of zero-sequence steady-state current changes at both ends of the connecting line when faults occur on different lines.

occurred on connecting line L4. Similarly, only when the ZSC at terminal ¢ of the connecting line changes
and the ZSC at terminal d does not change can it be judged that an SPG fault has occurred on connecting
line L9. The above conclusions also constitute the logical basis for our preliminary determination of the
fault location.

The specific line selection scheme is as follows:

(1) For each busbar node, set up an MLSD, set up a master station (M,), and two slave stations (M,, M,).
Each MLSD operates independently during the line selection work; the slave station only selects the feeder
line of its own node, and the master station is not only responsible for the feeder line of its own node but
also selects the connecting line.

(2) Set the sampling frequency and the ZSV setting value U,,, of FTU at each node. The setting value should
be greater than the unbalanced voltage under normal conditions. When the two U, sampling values are
greater than the set value, it can be determined that the SPG fault has occurred on the line, and the fault
data will be sent to the corresponding MLSD.

(3) The FTU measurement data of each node feeder is directly transmitted to the node MLSD, and the FTU
measurement data at both ends of each connecting line is transmitted to the MLSD of the master station.
The master station node MLSD obtains the steady-state current amplitude of the master station node feeder
and each connecting line under a 10% system overcompensation degree. At the same time, the steady-state
current amplitude of the feeder of the slave station node is obtained by the MLSD of the slave station node.

(4) The master station MLSD controls the master station ASC overcompensation to 15% of the whole
system after a period of fault. The FTU device returns the measured signal. The master station and the slave
station obtain the second ZSC measurement amplitude and make a difference between the two
measurement data to obtain the current amplitude variation.

(5) The master station MLSD determines the node where the fault occurs according to the above logic
judgment information or directly obtains the connecting line where the fault occurs from the master station.



Page 81 Lu et al. J Smart Environ Green Comput 2023;3:66-86 | https://dx.doi.org/10.20517/jsegc.2023.13

If it is judged that the fault occurs on the connecting line, the master station will send a no-fault signal to
each slave station, and the line selection will end. If it is judged that the fault occurred in the node feeder of
the master station, the master station will send a no-fault signal to each slave station. Afterward, the master
station selects the line with the largest difference as the faulted feeder according to the current amplitude
change of the feeder it is responsible for, or if there is no obvious change in the feeder, it is a busbar fault.
And the line selection ends.

(6) It it is judged that the fault occurs on the feeder of the non-master station node, the master station sends
the fault signal to the fault slave station and sends the no-fault signal to other slave stations. The slave
station selects the line with the largest difference as the faulted feeder according to the current amplitude
change of the feeder it is responsible for, or if there is no obvious change in the feeder, it is a busbar fault.
After the line selection is completed, each ASC returns to the 10% overcompensation state.

Combined with the above description, the line selection process of the closed-loop operation distribution
network with the neutral point grounded through the arc-suppression coil is shown in Figure 16.

RESULTS

Line selection scheme verification for neutral point ungrounded system

Aiming at the neutral point ungrounded closed-loop operation distribution network, this paper proposes an
improved amplitude and phase comparison method based on the identification of the ZSC direction of the
connecting line in Section 4.1. This section uses the Matlab/Simulink platform to verify the scheme. The
parameters of the simulation test system are shown in Table 1 (the parameters are the same as the
simulation model in Section 4.2).

Taking a single-phase ground fault on the connecting line L4 as an example, Figure 17 shows the steady-
state waveforms of the corresponding FTU data received by each MLSD. The magenta dotted line
represents the reduced ZSV waveform so that we can analyze the direction of each ZSC. It is stipulated that
the direction of ZSC leading ZSV is positive, and the direction of lagging ZSV is negative. The MLSD of
each node works independently. In the waveform of the master station M,, the direction of La is negative,
while the direction of Lc is positive, but not positive at the same time. Therefore, node M, has no fault.
Further judging whether the connecting line has a fault, it is found that the La and Lb directions are
negative at the same time, so it is concluded that the SPG fault occurs on connecting line L4. For slave M,,
the direction of Lb is negative, so node M, has no fault. For slave M3, the direction of Ld is negative, so
node M3 has no fault. After the above judgment, the microcomputer device obtains that the SPG fault
occurs on the connecting line L4, and the line selection is correct.

Line selection scheme verification for neutral point grounded by arc suppression coil system

In the fault simulation model of the neutral point grounded by the ASC system, the ASC parameters are set
according to the capacitance current of all feeders of the compensation node. If the condition of complete
compensation is satisfied; that is, @L =1/(3@C; ). L is the inductance of the ASC, and C is the three-phase
ground capacitance of all feeders of the node. At the same time, taking into account the normal case of 10%
overcompensation, then

AR - 10
" 110%x30°C,, (10)
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Table 1. Table of Simulation test system parameter
Parameter Value Parameter Value
Positive sequence resistance 0.01273 Q/km Zero-sequence resistance 0.3864 Q/km
Positive sequence inductance 0.9337 mH/km Zero-sequence inductance 41264 mH/km
Positive sequence capacitance 12.74 pF/km Negative sequence capacitance 7.751 pF/km
Length of L1 20 km Length of L2 62 km
Length of L3-1 6 km Length of L3-2 6 km
Length of L3-3 6 km Length of L4 12 km
Length of L5 20 km Length of L6 2 km
Length of L7 30 km Length of L8 23 km
Length of L9 12 km Power capacity Infinite
FTU collect 2. i
Yes
M; node miaocomputer line
selection device records the first
zero sequence current amplitude
Control the master arc
suppression coil to
compensate to 15 %
of the system
Y A
The M; node micocomputer line The M; node micocomputer line The M; node miaocomputer line

selection device obtains the second
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and calaulates the difference
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selection device obains the second
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line current

4
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Figure 16. Single-phase grounding line selection flow chart. FTU: Feeder terminal unit.

When an SPG fault occurs, the ASC of the master station node M, is tuned for the first time, and the over-
compensation degree is increased to 15% of the entire closed-loop operation system. At this time, the
inductance value of the ASC of the master station should be
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1
' 115%x30°C, +5%x3a (Cy + Gy ) (1D
The series resistance in the ASC is 10% of the inductance.
R, =10%aL (12)

Figure 18 shows the change of ZSC of each line obtained according to the line selection strategy in Section
4.2 when an SPG fault occurs on feeder Ls. When the system detects an SPG fault, the overcompensation
degree of the ASC of the master station is adjusted to 15% of the system. The master station first judges the
amplitude change of the ZSC at each end of the connecting line. The ZSC at the a and b ends of the
connecting line changes significantly, as shown in Figure 18B, so it is determined that the feeder of node M,
has an SPG fault. The master station judges that there is no fault in the responsible area, sends a fault signal
to the M, slave station, and sends a no-fault signal to the M, slave station. The slave station M, receives the
fault signal and obtains the ZSC amplitude difference of each feeder, as shown in Figure 18D. Because the
fault line is first locked in the M, node area, it is judged that the SPG fault occurs in the feeder L5 according
to the maximum difference, and the line selection is correct.

CONCLUSIONS

This paper proposes a complete line selection scheme for the closed-loop operation network formed by the
MYV microgrid connected to the MV distribution network under the low-current grounding mode and
draws the following conclusions:

(1) After the medium voltage microgrid access to the distribution network, the radiation grid structure of
the traditional distribution network is changed, resulting in its closed-loop operation. The formed closed-
loop operation network has multi-level bus nodes and different bus nodes have nested relationships.

(2) The SPG fault characteristics of the closed-loop distribution network are more complicated. The
traditional SPG line selection method represented by the method of group amplitude comparison and phase
comparison (neutral point ungrounded) and the zero-sequence active component method (neutral point
grounded by ASC) has the problem of line selection misjudgment when applied in the closed-loop
distribution network.

(3) Based on the analysis of the fault characteristics of the closed-loop operation distribution network, the
grounding fault line selection method is proposed for the closed-loop operation network with the neutral
point ungrounded and the neutral point grounded by ASC. At the same time, the equipment configuration
and communication scheme are designed in detail, which constitutes a complete set of automatic line
selection systems. The simulation results show that the proposed line selection scheme can be effectively
applied to the closed-loop operation distribution network with MV microgrid access. At the same time, the
proposed line selection scheme is based on the two-level bus nodes, which can be analogously applied to the
multi-level closed-loop operation distribution network.

In the future, the line selection scheme proposed in this paper can be further improved in the experiment to
meet the needs of engineering applications.
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