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Topology searching algorithm for
multi-port hybrid circuit breakers
based on graph theory

Songming He'?, Jin Zhu'*, Qingpeng Zeng'?, Xinming Guo'?,
Jingyuan Yin' and Tongzhen Wei*?

Institute of Electrical Engineering, Chinese Academy of Sciences, Beijing, China, ?University of Chinese
Academy of Sciences, Beijing, China

Due to the significant advantages of low cost, integrated multi-port hybrid DC
circuit breakers (M-HCBs) with a reduced number of devices have attracted
extensive attention for fault blocking in multi-terminal VSC-HVDC system.
However, the current topology exploration by researchers is random,
uncertain, and time-consuming. In order to provide more new cost-effective
topologies, this paper innovatively proposes a topology searching algorithm for
the IGBT-type M-HCB and uses the concept of ‘roadblock’ to simplify the
adjacency matrix. It can be used to significantly save time spent on proposing
a new M-HCB topology because viable topologies can be quickly and rigorously
carried out from a large number of directed graphs using computers. Performance
characteristics of all derived topologies are simultaneously obtained, and a
comparison can be easily conducted to meet the needs of actual application
scenarios. A three-port M-HCB example-specific application is given, along with
some detailed output topologies that prove the validity and feasibility of the
proposed method.

KEYWORDS

hybrid DC circuit breaker, graph theory, topology searching algorithm, HVDC, circuit
fault

1 Introduction
1.1 Motivation and literature review

The multi-terminal VSC-HVDC system plays an important role in the integration of
renewable energy sources due to the advantages of decoupled active and reactive power
control, lower power losses, high flexibility, and redundancy (Meah and Ula, 2007; Debnath
et al,, 2015). This has been reflected by recent practical projects (Tang et al., 2015; Li et al,
2017). The system is also efficient in meeting the growing demands in electric vehicle
charging (Oubelaid et al., 2022a; Oubelaid et al., 2022b; Oubelaid et al., 2022¢; Oubelaid et al.,
2022d).

Although the multi-terminal DC transmission (MTDC) system has several advantages,
the protection of MTDC systems against DC faults is a challenging issue. Various hybrid DC
circuit breaker (HCB) topologies based on different types of semiconductor devices have
been proposed and have attracted widespread attention by integrating the quick response of
power electronic components with the low-loss performance of a mechanical switch.
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Typical HCB structure.

Most of the HCB topologies can be simplified into a parallel
structure of the normal current branch (NCB), main break branch
(MB), and energy absorption branch (EAB) (Guo et al., 2021), as
shown in Figure 1. During normal operation, the NCB conducts the
system current with low losses. When the short-circuit fault occurs,
the fault current needs to be commutated to the MB and EAB to
realize the final blocking.

According to different methods of commutating the fault current
from the NCB to MB, the HCB can be denoted as the proactive HCB
(P-HCB) and current-injection-HCB (C-HCB), respectively (Guo
et al, 2021). In P-HCBs, the NCB is usually composed of ultra-
fast disconnectors (UFDs) and a load commutation switch (LCS), and
the fault current can be commutated to the MB by turning off the LCS,
while the C-HCBs achieve the current commutating process by
injecting a reverse current into the NCB.

No matter which topology is adopted, the required number of
HCBs in the meshed VSC-HVDC system will increase significantly,
leading to a huge cost. In order to further reduce the system cost, the
multi-port hybrid DC circuit breaker (M-HCB) concept has been
proposed and has been a research hotspot in recent years. The core
idea is to share main breaker units among connected lines.

Most of the M-HCB topologies can also be mainly divided into
two types according to the current commutation process; some
M-HCB topologies are based on the C-HCB structure (C-M-HCB)
(Quetal, 2019; Wen et al., 2019; Guo et al., 2021; Wang et al., 2022).
However, more topologies are mainly based on the P-HCB structure
(P-M-HCB) (Kontos et al., 2018; Li et al., 2018; Mokhberdoran et al.,
2018; He et al., 2020; Wang et al., 2020; Xiao et al., 2020; Zhang et al.,
2021). Different topologies have different characteristics, as shown
in Table 3, so they are suitable for different application scenarios.

However, the topology design of the M-HCB mainly relies on the
experience of researchers; researchers may prefer to figure out some
viable topology configurations from all possible connections by their
experience instead of examining all configurations one by one (Wang
etal, 2022). Asa result, some preferred topologies are often not found,
and it usually takes several years for an application field to gradually
improve the topology design, for example, the topology exploration
for the M-HCB has lasted for 5 years (Liu et al., 2017), and some new
topologies are still emerging, [such as Wang et al. (2022)]. The
innovation of the new M-HCB topology seems random and uncertain.

Some mathematical methods and programmable algorithms have
been applied to power electronics topology design, such as duality
theory (Liu and Lee, 1988; Ranjana et al., 2016), graph theory (Ogata
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and Nishi, 2003; Ogata and Nishi, 2005; Li et al, 2017), and a
programmable algorithm (Chen et al,, 2019; Li et al., 2019), for the
DC-DC converter to improve the efficiency of the topology design. In
Ogata and Nishi (2003), Ogata and Nishi (2005), and Li et al. (2017),
electrical components of the DC-DC converter are abstracted as
directed edge segments, according to the current flow direction; the
circuit diagram is represented as the directed graph; and the state
space equation is used to derive novel topologies. Chen et al. (2019)
proposed a programmable topology searching algorithm for the
integrated non-isolated three-port DC-DC converter based on the
switching network unit. Li et al. (2019) proposed a programmable
topology search algorithm for the DC-DC converter based on graph
theory; a large number of potential topologies are obtained, and the
invalid topology is then further screened out with the help of
computers. Guo et al. (2022) proposed the idea of using graph
theory in the M-HCB topology and obtained three new topologies
by manually optimizing the existing topology.

As mentioned previously, research on the application of graph
theory in power electronic topology design mainly focuses on the field
of non-isolated DC-DC converters. Hybrid DC circuit breakers are
essentially different from DC-DC converters in the operation principle,
device type, and circuit composition. Although Guo et al. (2022) used
graph theory to analyze the M-HCB, no computer algorithm was
implemented. This article uses the computer algorithm to solve the
problem that the process of the M-HCB topology proposed by
researchers is random, uncertain, and time-consuming.

1.2 Contributions and organization
The main contributions of this paper are as follows:

1) A topology searching algorithm suitable for M-HCBs is
proposed, which is different from the existing topology
construction methods.

2) The concept of ‘roadblock’ is proposed and used to simplify the
adjacency matrix, which can significantly reduce the difficulty of
writing and running the algorithm.

3) A three-port P-M-HCB example-specific application through the
computer algorithm is explained to show the basic working
principle of the method. Several valuable new topologies are
carried out by the proposed method.

This paper is organized as follows: Section 2 includes the graph
theory representation of M-HCB topologies and their corresponding
adjacency matrices are proposed; Section 3 introduces the whole
topology searching algorithm including the directed graph
construction, feasible path search, and filtering electrical rules;
Section 4 shows some interesting output topologies from the
three-port M-HCB example-specific application, followed by the

conclusion in Section 5.

2 Graph theory of the M-HCB

In order to use computer language to derive M-HCB topologies
and analyze them, this article first uses graph theory to abstract the
M-HCB into the directed graph.
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FIGURE 2

Typical three-terminal VSC-HVDC system with M-HCBs.
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FIGURE 3
Structure of ABB's hybrid DC circuit breakers.

There are lots of M-HCB topologies, as mentioned previously, in
recent research (such as P-M-HCB and C-M-HCB); this article
considers the P-M-HCB topologies derived from ABB’s hybrid DC
circuit breakers applied in the three-terminal VSC-HVDC system as
an example to explain the topology derivation principle, as shown in
Figures 2, 3. Other types of M-HCB topologies can be derived from
similar principles.

2.1 Basic concepts of graph theory

The directed graph is a data structure composed of a vertex set V
and an edge set E, and Graph = (V, E), abbreviated as G = (V, E). E =
{<v, w>| v, weV, and P,,,}

P,,, defines the meaning of edge <v, w>. In this article, P represents
the edge type and vw represents the edge direction (from v to w).

Then, if there are n vertexes in a directed graph, the adjacency
matrix is established as

C= [va]nxn' (1)

The detailed method for establishing the adjacency matrix will
be described in subsection 2.3.
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2.2 Graph representation of the M-HCB

The method to convert the M-HCB topology into the directed
graph is defined as follows:

For vertex: In the three-port HCB, three port points must exist;
in graph theory, it can be abstracted as V (port vertex), Vp = 3. The
remaining common connection points can be abstracted as V¢
(common vertex). The vertexes are usually expressed by numbers
in the directed graph, the port points are numbered 1, 2, and 3, and
the common connection points are sorted after the port points.

For edge: The NCB can be denoted by N,,, in the graph; the MB
and EAB can be considered as a whole, represented by M,,, as
illustrated in Figure 3. In addition, in many topologies, there will also
be diode branches, denoted by D,,,.

Summarizing the aforementioned definitions, the abstract rules
are defined, as shown in Table 1.

The previous M-HCB topologies can be abstracted into directed
graphs and are divided into several categories according to the
number of common connection points:

1) V¢ = zero: A unidirectional fault blocking solution proposed by
Li et al. (2018) is abstracted into a directed graph, as shown in
Figure 4A.

2) V¢ =one: The directed graph in Figure 4B is a bidirectional fault
blocking topology, as proposed by Li et al. (2018).

3) V¢ = two: Three examples are explained here, as shown in
Figure 4C-E. Although they belong to different design ideas, they
are still regarded as the same type in graph theory.

4) V¢ = three: The situation is more complicated due to more
common connection points. In Figure 4F, only one

unidirectional MB, whose blocking capacity is the system

voltage, is used to block the fault current.

2.3 Corresponding adjacency matrix

In graph theory, the adjacency matrix can denote the
relationship of the graph clearly. On the other hand, it is difficult
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TABLE 1 Abstract rules of M-HCBs.
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Legend Designation Category Definition
. Vp Vertex Port point
O Ve Vertex Common connection point
> N Edge Bidirectional NCB
-—— > M,,, Edge Unidirectional MB
—_— > D,, Edge Diode branch

Note: The number of IGBTs in LCS is much less than that in MB, which has little impact on system cost. In order to simplify the derivation process of graph theory, it is tentatively assumed that

all NCBs adopt a bidirectional LCS design.

Portl

FIGURE 4

Previous three-port HCB topologies and their corresponding graphs: (A) topology proposed by Li et al. (2018), (B) topology proposed by Li et al.
(2018), (C) topology proposed by Mokhberdoran et al. (2018), (D) topology proposed by Kontos et al. (2018), (E) topology proposed by He et al. (2020), and

(F) topology proposed by Xiao et al. (2020).

for computers to recognize image statements but easy for math
matrices.

As explained previously, Graph = (V, E), and the labels of
vertexes in the graph are 1, 2, ...n. An nxn matrix C = [C,,,] is
named the adjacency matrix and

inf if<v,w> ¢E,
Cw=140 v=uw, (2)
P, if<v,w>e€E,

where P represents the edge type from vertex v to vertex w, such as
N,..,» M,,,, and D,,,,.

The matrix elements do not consider the parallel multiple
branch situation in the ABB scheme in Figure 3 because the core
idea of the M-HCB is to share the main breaker branch.

However, like N,,,, M,,,, and D,,,, symbolic variables are hard to
be identified in computers. It will present many difficulties in the
subsequent M-HCB topology screening, such as the complex
algorithm and inefficient operations in computers.

Frontiers in Energy Research

TABLE 2 ‘Roadblock’ in M-HCB Topology.

Designation Roadblock
Ny 0.01
M,, 100
D, 1

Inspired by the concept of resistance, this paper innovatively
proposes the conception of a ‘roadblock’ to simplify adjacency
matrices of M-HCB topologies. The purpose of setting the value
with a difference of 100 times among three kinds of branches is to
facilitate distinction and operation, as shown in Table 2.

The number of various types of branches on the path can be
easily derived by ‘roadblock,” and it will have a huge impact on
proposing electrical rules in subsection 3.3. Moreover, the concept of
‘roadblock’ also fits the definition of the directed weighted adjacency
matrix (Eq. 2) in graph theory.
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TABLE 3 Characteristics and comparison of previous topologies.

10.3389/fenrg.2023.1171815

Unidirectional blocking Y Y Y Y Y Y
Bidirectional blocking N Y Y Y Y Y
Non-fault line recovery N N Y Y Y Y
Backup blocking N N Y Y N Y
Number of NCB(s) 2 2 3 6 3 3
Number of MB(s)* 2 3 3 1 1 1
Number of diode branches 0 0 0 0 6 6

Note: Y’ represents yes, the topology has the ability; ‘N’ represents no, the topology does not have the ability.

“Equivalent to the unidirectional MB(s) that need to withstand the system voltage.

The adjacency matrices C are directly framed, as derived from
abstract graphs. The following are the adjacency matrices
corresponding to previous examples in Figure 4.

Figure 4A:
0 0.01 0.01
C;=(001 0 100 |, (3)
0.01 100 O
Figure 4B:
0 0.01 0.01 100
001 O inf 100
©=1001 inf 0 100 | )
100 100 100 O
Figure 4C:
0 inf inf 100 0.01
inf 0 inf 100 0.01
C; = inf inf 0 100 0.01 |, (5)
1 1 1 0 inf
0.01 0.01 0.01 inf 0
Figure 4D:
0 inf inf  0.01 0.01
inf 0 inf  0.01 0.01
C,= inf inf 0 0.01 0.01 |, (6)
0.01 0.01 0.01 0 100
0.01 0.01 0.01 1 0
Figure 4E:
0 0.01 0.01 1 inf
0.01 0 0.01 1 inf
Cs=1(001001 0 1 inf | (7)
inf inf inf 0 100
1 1 1 1 0
Figure 4F:
0 inf inf 0.01 1 inf
inf 0 inf 0.01 1 inf
inf inf 0 0.01 1 inf
Co=10.01 0.01 001 0 inf inf (8)
inf inf inf inf 0 100
1 1 1 inf 1 0

The aforementioned topologies are proposed at different
times, so their performance and characteristics are also

Frontiers in Energy Research

TABLE 4 Feasible path examples.

Feasible path Roadblock

Path 1 1-2 0.01

Path 2 1-3-4-2 0.03

Path 2 1-4-2 100.01
different. Four characteristics are summarized to evaluate

M-HCB topologies, as shown in Table 3. They are applicable
to different application scenarios, according to the different costs
and functional requirements. These characteristics can also be
analyzed through the adjacency matrix, as mentioned in Section
3. Therefore, the topology type is quickly deduced according to
the actual application requirements through the programmable
mathematical algorithm rather than spending years (2018-2022)
relying on the experience of researchers. In addition, other
characteristics can be proposed according to the requirements.

Non-fault line recovery: When the fault current is cleared, the
non-fault lines can be restored to normal operation.

Backup blocking (Zhu et al., 2023): When the fault current is
transferred to the MB, the line with short-circuit fault needs to open
the UFD(s) to physically isolate the fault point. The backup blocking
capacity represents that if corresponding UFD(s) have been broken,
other UFD(s) could be used to isolate the fault point.

3 Topology searching algorithm

The flow diagram of the topology searching algorithm proposed
in this paper is shown in Figure 5. It is divided into three parts: the
construction of graphs, the search for feasible paths, and the filtering
of electrical rules.

1) The construction of graphs: The number of port points, the
number of common connection points, and the type of edge are
input; then, the algorithm constructs M-directed graphs for all
situations and generates the adjacency matrix of each graph.
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Input: the number of port points, the number
of common connection points, the type of

edge The
¢ construction
Construct and store all directed graphs and of graphs
their corresponding adjacency matrices
(M in total)
| m=0 |
N|
i 4
| m=m+l I
Search the feasible paths between every two
port points in the m adjacency matrix
Filter feasible paths preliminarily in the m The search
adjacency matrix for feasible
paths
Yes @
No
Obtain the preliminary filtered results(N in
total)
| n=0 |
:%
| n=ntl ‘
Electrical rules: Preliminary rules, Rules,
Sub-rules filtering on the paths of the n graph
The filtering
of electrical
rules
| Store the n graph and its adjacency matrix |
|

Yes w

No
| Output the graphs which satisfy the all rules |

End

FIGURE 5
Topology searching algorithm flow diagram.

2) The search for feasible paths: According to the established
adjacency matrix of each graph, the algorithm searches the
feasible paths between every two port points of each graph
and then filters feasible paths of each adjacency matrix
preliminarily.

3) The filtering of electrical rules: Here, three kinds of rules are
proposed: preliminary rules, Rules, and Sub-rules. Then, the
algorithm filters the feasible paths between every two port points
of each graph and outputs the graphs, which satisfy the selected
electrical rules.

Frontiers in Energy Research
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FIGURE 6

Generation algorithm principle diagram (A) one common
connection point situation (B) two common connection points situation
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3.1 The construction of graphs

In this paper, the M-HCB topologies take three ports as
examples, so the number of port points is three.

In the previous section, the number of common connection points
could take values of zero, one, two, and three. The cases are not considered
where the number of common connection points is zero or three due to
very little or much traversal numbers; the detailed reason and specific
traversal number of the connection points will be described in Figure 6. In
addition, very few topologies use three common connection points.

The algorithm is backward compatible, which means that one
common connection point situation includes the zero common
connection point situation without restrictions. However,
different flexibly applied to different
connection point situations in the following section.

rules are common

Similarly, in the previous section, the type of edge could be
divided into three categories: the bidirectional NCB, unidirectional
MB, and unidirectional diode branch.

In order to reduce the complexity of the algorithm, the category
‘unidirectional MB’ is simplified to ‘bidirectional MB’. Although the
cost difference between the unidirectional MB and bidirectional MB
is significant, the M-HCB topology using the unidirectional MB can
meet the requirements of the circuit breaker better when changing to
the bidirectional MB.

So there are five connection methods between every two points:
the bidirectional NCB, bidirectional MB, diode branch (go), diode branch
(back), and not being connected. If the algorithm is not simplified for the
MB, connection methods will increase by two types: the unidirectional
MB (go) and unidirectional MB (back). It is noted that there are only
connection methods between every two points, and the total number of
directed graphs is will exponentially grow.

For the one common connection point, the specific traversal
number is 3°x5% = 3,375, as shown in Figure 6A. The number of
connection methods between every two port points is three because
the branch between port points must be controllable, and the diode
branch is an uncontrollable branch.

There are 3°x5” = 2109375 adjacency matrices for two common
connection points, as shown in Figure 6B. The detailed reason for
abandoning the situation for three common connection points is as
follows: using the generation algorithm proposed in this section, it is
observed to be 5° x 2109375 adjacency matrices. An adjacency
matrix example of Output 913 in Figure 9A is illustrated in Figure 7.
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0 0.0 0.0 100
0.0 0 inf 0.01

0.0l inf O 0.0l

100 0.01 0.01 O

FIGURE 7
Adjacency matrix example.

3.2 The search for feasible paths

The algorithm previously obtained 3,375 adjacency matrices and
2109375 adjacency matrices separately; many isomorphic graphs are
hidden in them.

Reducing isomorphic graphs is a problem in graph theory; first,
the rules of the generation algorithm are used to reduce part of
isomorphic graphs and their corresponding adjacency matrices. The
number of adjacency matrices is, respectively, reduced to 1,250 and
781,250 through this operation. The reduction efficiency is 63%.

The depth-first find-path algorithm is used to directly obtain all
and their
each adjacency matrix. The

feasible paths between every two port points
corresponding roadblocks in

pseudocode for the find-path algorithm is illustrated in Algorithm 1.

Input: adjacency matrix, initial port point, terminate
port point

Output: feasible paths and their roadblocks

1 Initialize path length, last point, next possible
points (At the beginning, path length =1, last point =
initial port point)

2 If last point = terminate port point

3 return feasible paths and roadblocks

4 For each next possible point

5 If next possible point = terminate port point

6 Form feasible path and roadblock, remove it

7 If next possible point is in the part path

8 Remove this next possible point

9 For remaining next possible points

10 Put the next possible point in the part path

11 Place the part path as initial port point and
algorithmic recursion

12 Connect all feasible paths and roadblocks

13 Return feasible paths and their roadblocks

Algorithm 1: Depth-first find-path

The find-path algorithm runs six times for six port point
combinations including 1 to 2,2 to 1, 1 to 3, 3 to 1, 2 to 3, and
3 to 2 to obtain six sets of feasible paths and roadblocks.
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FIGURE 8
Electrical rules for one common connection point.

Then, to filter feasible paths preliminarily after using the find-
path algorithm, the adjacency matrices whose number of feasible
paths is less than two between any two port points are removed
because feasible paths between two port points include at least one
MB and one NCB in M-HCB topologies.

After running the algorithm through this part, the algorithm
obtains feasible paths and roadblocks in each adjacency matrix, and
it also removes some unfeasible adjacency matrices. Now, the
number of adjacency matrices is, respectively, reduced to 576 and
480,168. The feasible paths between 1 and 2 of Output 913 in
Figure 9A are taken as examples to illustrate the principle, as shown
in Table 4.

3.3 Electrical rules

In the algorithm, electrical rules are divided into three
categories. They are preliminary rules, Rules, and Sub-rules in
the order of the algorithm, as illustrated in Figure 10. However,
this section will introduce them according to their importance.

After obtaining the feasible paths, it is necessary to determine
whether the feasible paths satisfy the electrical rules as an M-HCB or
some characteristic requirements. The ‘feasible path’ is simplified as
‘path’ in this part.

For the adaptability and high performance of the output topologies,
unidirectional blocking schemes are not considered in this article, and the
generated topologies are all bidirectional blocking by default.

The MB and NCB are two important features of the M-HCB.
The topology has three basic functions as an M-HCB:

1) Normal working function: When no fault occurs, the normal current
is conducted through NCB(s) completely to reduce losses.

2) Blocking fault current function: When a short-circuit fault
occurs, the fault current can be transferred to the MB(s) for
UFD(s) in NCB(s) opening without the arc.

3) Blocking normal load current function: During normal operation, it
has the ability to interrupt the normal load current by MB(s).

According to the aforementioned three basic functions, three
basic rules are proposed.

Rule 1: There should be at least one path entirely composed of
NCB(s) between every two port points to ensure the normal current
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Three-port HCB topologies searched by the algorithm in the one common connection point situation: (A)Output 913, (B) Output 1,027, (C) Output

1,033, (D) Output 1,034, (E) Output 1,057, and (F) Output 1,157.

is flowing. ‘Entirely’ means that the path should not include the MB
or diode branch due to their high on-state loss.

Although it is difficult for the algorithm to calculate the number
of symbolic variables, due to the introduction of the roadblock
concept, the algorithm could easily judge whether the path satisfies
Rule 1. For six sets of paths and roadblocks in each adjacency matrix,
the condition of satisfying Rule 1 is that there is at least one path in
each set with a roadblock greater than 0 and less than 0.03. This
restriction allows only one or two NCB(s) in the path, and the reason
for no more NCBs is to reduce on-state loss.

Rule 2: There should be at least one path that contains MB(s)
between every two port points, and the paths are used to block the
fault current when the short-circuit fault occurs.

Judgment of existence seems easier than Rule I; at least one path
in each set with a roadblock greater than 100 can satisfy Rule 2.
However, when the path contains another port point, the position of
MB may result in fault current blocking failure. The solution given is
that the path could pass another port point, but there should be at
least 1 MB between the port point being passed and the short-circuit
point. The pseudocode for MB judgment in the fault current
algorithm is illustrated in Algorithm 2.

Input: adjacency matrix, paths, and roadblocks
Output: @ or 1 (1 represents a valid MB path)

1 If roadblock < 100

2 return ©

3 Initialize another port point in path

4 If another port point = empty

5 return 1

6 else Initialize terminate port point in path; luzul =90
7 For another port point: 1: terminate port point
8 Calculate the sum of luzul

9 If luzul > 100

10 return 1

11 else return @
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Algorithm 2: MB judgment in the fault current

Rule 3: This rule is for blocking the normal load current;
theoretically, satisfying Rule 2 can block the fault current,
and it can also easily block the normal load current.
However, the direction of the fault current and normal load
current is different: In most cases for three-port HCBs, the
direction of the fault current is converging to a port point, while
the direction of the normal load current is radiating outward
from a port point.

So blocking the normal load current also has the problem of
passing through another port point. It is the same problem as in Rule
2; the pseudocode for MB judgment in the load current is shown in
Algorithm 3.

Input: adjacency matrix, paths, and roadblocks
Output: @ or 1 (1 represents a valid MB path)

1 If roadblock < 100

2 return 0

3 Initialize another port point in the path

4 If another port point = empty

5 return 1

6elseInitializeinitial portpoint inthepath; luzu2=0
7 For initial port point: 1: another port point
8 Calculate the sum of luzu2

9 If luzu2 > 100

10 return 1

11 else return @

Algorithm 3: MB judgment in the load current

The aforementioned three rules are the main rules that must be
satisfied by each output graph and its corresponding adjacency
matrix from the algorithm. Moreover, some preliminary filtering
rules in the front and Sub-rules for Table 3 in the back could be
added according to the demand.
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TABLE 5 Comparison in the one common connection point situation.

10.3389/fenrg.2023.1171815

907 913 1,027 1,033 1,034 1,057 1,157
Number of NCB(s) 2 4 2 3 2 3 3
Number of MB(s)* 3 2 4 3 3 3 3
Number of diode branches 0 0 0 0 1 0 0
Non-fault line recovery N Y N N N N Y
Cost ++ +++ + ++ ++ ++ ++

“Equivalent to unidirectional MB(s) that need to withstand the system voltage. More ‘+" means the corresponding topology performs better in the comparison.

Preliminary rules: 1) restrict the number of MBs, 2) restrict the
number of NCBs, 3) remove the adjacency matrices with the
existence of one degree point, and 4) remove the adjacency
matrices with a pure diode branch between any two port points.
Preliminary rules 1) and 2) are simply derived by calculating the
100’ 0.0
Preliminary rule 3) is judged by calculating the degree of every

number of and in the adjacency matrix.
point, and preliminary rule 4) needs to determine whether there
is a path consisting of only diode branches in each set before
judging Rules by roadblock rounding and calculating the
remainder.

Sub-rules are the same as Rules, and they are still judged for six sets
of paths and roadblocks in each adjacency matrix. Significantly, the
graphs must satisfy Rules before making Sub-rule judgments; the
output adjacency matrices from Rules are all bidirectional
blocking; only two optional characteristics are explained in
Table 3, and their corresponding Sub-rules are formulated in
order.

Sub-rule 1 (non-fault line recovery): If there is a path that satisfies
Rule 1 and does not pass through another port point between every two
port points, the graph has non-fault line recovery ability.

Only the ideas of the first five lines of Algorithm 2 need to be used for
judging Sub-rule 1. The algorithm initializes ‘another port point’ in
the path, which satisfies Rule I and then determines whether
‘another port point is empty.

Sub-rule 2 (backup blocking): If there is a path that satisfies Rule 1
containing two or more NCBs between every two port points, the
graph has the backup blocking ability.

To judge Sub-rule 2, we calculated the number of NCBs in the path,
which satisfies Rule 1 by roadblock rounding and calculating the
remainder.

After the filtering of Rule I, Rule 2, and Rule 3, the search
results should have the functions of bidirectional M-HCBs. As
for the preliminary rules, Sub-rule 1 and Sub-rule 2, they are
optional rules of the algorithm to satisfy the actual application
requirements. If other characteristics are required in the future,
extra corresponding Sub-rules will be added in the algorithm.

4 Novel M-HCB topologies

The overall topology searching algorithm, shown in Figure 5,
was implemented using MATLAB and ran on AMD Ryzen 5800H
CPU with 16GB RAM.
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FElectrical rules

v

Preliminary rule 1) - rule 4)
1) Restrict the number of MBs to 1
2) Restrict the number of NCBs to 6

v

| Rule 1, Rule 2, Rule 3 |

!

| Sub-rule 1, Sub-rule 2 |

FIGURE 10
Electrical rules for two common connection points.

4.1 One common connection point

There are only 1,250 graphs, and their corresponding
adjacency matrices need to be filtered for one common
connection point situation. So, an appropriate reduction in
rules could get more results that are worth analyzing. The
rules used at this time are shown in Figure 8.

In the previously introduced computer configuration, running
the topology searching algorithm takes approximately 1 s in this
situation. The algorithm outputs 40 graphs and their adjacency
matrices, and most of them are isomorphic due to the
isomorphism problem; some outputs have no advantages over
the proposed topologies. Here, some output topologies selected are
shown in Figure 9.

MBs that must be packaged without anti-parallel diodes are
indicated in the figures; other MBs are packaged with anti-parallel
diodes by default.

Output 907 in Figure 4B is the topology proposed by Li et al.
(2018), and it does not have the ‘non-fault line recovery’ ability when
the fault occurs on port 1.

Output 913 in Figure 9A is the optimal performance topology in
the one common connection point situation. It has the ‘non-fault
line recovery’ ability for all port points after analysis, and only one
bidirectional MB is required.
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FIGURE 11

Three-port HCB topologies searched by the algorithm in two common connection point situations: (A)Output 23,436, (B) Output 39,372, (C) Output

562,813, and (D) Output 742,497.

TABLE 6 Comparison in two common connection points situation.

23,436 39,062
Number of NCB(s) 5 6
Number of MB(s)* ‘ 2 ‘ 1
Number of diode branches ‘ 0 ‘ 0
Cost + ++

39,372 562,813 742,497
3 5 6
I
T
+++ + ‘ ++

“Equivalent to unidirectional MB(s) that need to withstand the system voltage. More ‘+’ means the corresponding topology performs better in the comparison.

Output 1,027 in Figure 9B is an improvement of Figure 4A,
which can be simplified to a zero common connection point
situation. It realizes bidirectional blocking by adding another
bidirectional MB parallel to the existing NCB.

Outputs 1,033, 1,034, and 1,057 all require three unidirectional
MBs to meet the selected electrical rules. They all use one or more
MB(s) without anti-parallel diodes. Output 1,034 is the best cost
among the three.

Output 1,157 in Figure 9F is an improvement of Output 907, and it
has the ‘non-fault line recovery’ ability in all ports by adding one NCB. For
the star structure of MBs in Output 907 and 1,157, three bidirectional MBs
are equivalent to three unidirectional MBs, and the MOV’ in bidirectional
MB arrangement only need to withstand half the system voltage.

Through the aforementioned analysis, the algorithm can search
for new topologies while verifying existing topologies and possibly
find improvements to existing topologies. There is no limit on the
NCB and MB number for the diversity of the output. The output
topologies are all bidirectional blocking in terms of characteristics,
and the comparison of them is shown in Table 5.

4.2 Two common connection points

Unlike the one common connection point situation, there are
781,250 graphs, and their corresponding adjacency matrices need to
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be filtered for two common connection point situations. All
electrical rules are used from the previous section, as illustrated
in Figure 10. Running the overall topology searching algorithm takes
approximately 5.5 min. The algorithm outputs 195 graphs and their
adjacency matrices; only some output topologies are displayed due
to the same isomorphism problem.

Output 23,436, shown in Figure 11A, which uses a small number
of branches, is a simple way to configure various branches. The MB
located in 1-4 can be configured to replace any of the other five
NCBs. Output 39,062 is the topology proposed by Kontos et al.
(2018), as illustrated in Figure 4C and Table 3.

Output 39,372 in Figure 11B is the optimal performance
topology in this situation. It reduces the cost by replacing three
NCBs with three diode branches compared to Output 39,062.

Output 562,813 in Figure 11C is an improvement of Output
913 in the previous part. It obtains the ‘backup blocking’ ability by
adding additional NCBs.

Output 742,497 in Figure 11D also shows good performance.
The additional triangular configuration of NCBs provides low-loss
branches when flowing through the normal load current and
provides more feasible paths for blocking fault current.

In two common connection point situation, the proportion of
output reduction is large (781,250-195) due to strict filtering rules. If
the algorithm reduces the electrical rules appropriately, such as
abandoning Sub-rule 2 or reducing the limit on the NCB and MB
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number, it may not only output more topologies but also increase
the workload of filtering results. The output topologies are all
bidirectional blocking, and they have ‘non-fault line recovery’
and ‘backup blocking’ abilities in terms of characteristics. The
comparison of them is shown in Table 6.

5 Conclusion

A novel M-HCB topology searching algorithm based on graph theory
is proposed in this paper. The algorithm uses ‘roadblock’ to simplify
adjacency matrices in the mathematization of the topologies and then
enumerates all matrices and filters them by electrical rules. Some new
M-HCB topologies are obtained from the three-port example-specific
application. This proves that the new method can search M-HCB
topologies effectively. It greatly reduces the innovation time of the
new M-HCB topology, which can be customized according to the
actual requirements. The idea of the topology searching algorithm and
the concept of ‘roadblock’ can be applied to find other types of circuit
breaker topologies or even power supply topologies.
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