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ABSTRACT Circuit breaker (CB) and fault current limiter (FCL) are two major fault protection devices used
in mesh-type DC microgrids. This paper proposes the parameters selection method to obtain a reliable and
economic configuration scheme of CBs and FCLs applied in mesh-type DC microgrid. The breaking time
of CB, the nominal breaking current of CB and the inductance of FCL are selected as three optimization
parameters in an evaluation model. Since the reliability of fault protection scheme depends on whether
the nominal breaking current of the CB is greater than the line current at the breaking moment of CB,
it is necessary to accurately calculate the post-fault line current. Based on this, an accurate transient DC
microgrid model is presented in this paper. And then, an improved non-dominated sorting genetic algorithm
IT (NSGA-II) is used to configure the parameters of CBs and FCLs quickly. Besides, a case study on six-
terminal DC microgrid test system shows that the proposed method can obtain accurate post-fault line current
and can achieve the parameters selection of CBs and FCLs.

INDEX TERMS Mesh-type DC microgrid, DC fault, circuit breaker, fault current limiter, parameters

selection.

I. INTRODUCTION
The DC microgrid is a promising application in the elec-
tric power system. Firstly, there are no concepts of phase
and reactive power in DC microgrids, so that renewable
power generation system can be connected to AC/DC hybrid
distribution system through DC microgrid without consid-
ering phase synchronization [1]. Secondly, some devices
(such as photovoltaics, energy storage) are more suitable to
connect to the AC/DC hybrid distribution system through
DC microgrid [2], [3]. Moreover, the application of DC
microgrids enables transmission power can be flexibly con-
trolled in AC/DC hybrid distribution system. It can ensure
efficient access of devices during normal operation and
can achieve fast cross-region power support in emergency
situations [4]-[6]. Therefore, compared with the traditional
AC grid, the DC microgrid has many advantages and grows
rapidly.

Since the impedance of lines in DC microgrid is less than
that in AC grid, the influence caused by short circuit fault
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in DC microgrid is more serious than that in AC grid [7], [8].
Since the faulty current in DC microgrid has no zero crossing,
it is more difficult to cut off the faulty line than that in AC
grid [1]. Thus, fault protection of DC microgrid has become
a significant challenge for the development of AC/DC hybrid
distribution system. There have been preliminary studies on
fault protection of DC microgrid which generally use circuit
breakers (CBs) to isolate the fault in DC microgrid [9]-[12].
The post-fault lines current in DC microgrid may increase
rapidly and even exceed the nominal breaking current of CB
before the breaking time [13]. To isolate faulty segment by
CB successfully, the fault current limiter (FCL) has been used
to limit the rise rate of faulty current after fault occurs in DC
microgrid referring to the method of HVDC grid in [14].
The technology of CB and FCL was comprehensively
reviewed [15]. CB is used to break faulty lines, and there
are three types of CB, i.e., Mechanical CB (MCCB) [16],
Solid-state CB (SSCB) [17] and Hybrid mechanical-solid
CB (HMSCB) [18]. Since the MCCB uses the traditional
AC mechanical breaking unit to break the faulty line, their
fault interruption time is as slow as 30-100 milliseconds.
This breaking speed cannot meet the requirements of DC
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microgrid. The SSCB uses the controllable breaking char-
acteristics of solid-state switch to break the faulty line,
which makes the SSCB can break the faulty line quickly.
However, the SSCB has considerable conduction losses in
steady state. The HMSCB combines the advantages of the
previous two CBs. Current flows through the branch with
mechanical switch in steady state and the branch with solid-
state switch in faulty condition. This decrease the losses of
HMSCB and breaks the faulty line rapidly. Due to the excel-
lent performance of HMSCB, it is suitable for HVDC and DC
microgrid. Thus, HMSCB was selected as the analysis object.

FCL is used to limit the faulty current and can be
divided into three types, i.e., Resistive-superconducting FCL
(SFCL) [19], Solid-state FCL (SSFCL) [20] and Inductor-
type FCL (IFCL) [7]. The current-limiting device in SFCL
usually employs a superconducting resistor, which has a low
resistance in steady state, and can be transformed into a high
resistance when a fault occurs. Although SFCL has superior
performance, special low-temperature device is required in
SFCL. Thus, it is only suitable for HVDC, and still considered
as immature and costly for DC microgrid. The current limit-
ing principle of SSFCL is the same as the breaking principle
of SSCB, so SSFCL can be regarded as an additional function
of SSCB. Since the solid-state switch in SSFCL needs to be
adjusted by the control system, there is a time delay in the cur-
rent limiting, which cannot suppress the instantaneous rising
of faulty current. In addition, since SSFCL is an additional
function of SSCB, it is not suitable as a main current limiting
device. IFCL can be regarded as a reactor connected in series
in the line. Although the installation of IFCL will increase the
electrical distance of DC system, IFCL has low cost and high
reliability, and is very suitable for DC microgrids. On this
basis, IFCL was selected as the analysis object.

With the development of DC microgrid, the topol-
ogy of DC microgrid changes from radial-type [9] or
ring-type [10]-[12] to mesh-type. The radial-type DC micro-
grid is the simplest DC microgrid, and there are no loops in
the structure. Thus, there is no coupling relationship between
the lines. The ring-type DC microgrid has a loop in the
structure. This means that there are two paths for power
transmission between any terminal and the fault position. The
coupling of mesh-type DC microgrid is more significant than
that in radial-type and ring-type DC microgrid, so that the
mesh-type DC microgrid has a better redundancy, flexibility
and reliability, and provides the possibility for the expansion
of DC microgrid capacity. A comparison of those three types
for post fault transient behavior is shown in Table 1. However,
compared with radial-type and ring-type topologies, more
CBs and FCLs need to be installed in mesh-type DC micro-
grid. Therefore, it is significant to develop parameters selec-
tion method of CBs and FCLs in mesh-type DC microgrid to
protect DC microgrid accurately and quickly.

Different from DC microgrid, the selection of CBs and
FCLs parameters in mesh-type AC grid has been widely
studied. In order to implement the selection of CBs and FCLs
in AC grids, the post-fault transient model is established
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TABLE 1. Comparison of different types DC microgrid for transient
behavior.

Structure Transient Behavior
Radial-type No coupling relationship between the lines, easy to
analyze.
. Having a loop in the structure, existing two paths
Ring-type between any terminal and the fault position.
The lines are coupled to each other, the most difficult
Mesh-type

to analysis.

firstly and the model of faulty current under the consider-
ation of FCLs is developed. And then, the parameters of
CBs and FCLs can be optimized by heuristic algorithms,
i.e., genetic algorithm (GA) [21], [22], Particle Swarm Opti-
mization (PSO) [23], [24], harmony search algorithm [25].

Based on the design method of CBs and FCLs parameters
in AC grids, a parameters selection method of CBs and FCLs
in DC microgrid is proposed in [13], in which an evalua-
tion model of CBs and FCLs is established and solved by
GA algorithm. Furthermore, analytical expressions of faulty
current are deduced. However, not all parameters related to
short circuit fault in CBs and FCLs are considered in the
evaluation model in [13] (such as the breaking time of CBs).
Besides, the transient model of DC microgrid in [13] lacks
the consideration of the intermediate nodes.

Under this situation, a parameters selection method of CBs
and FCLs in mesh-type DC microgrid is proposed in this
paper. The main contributions of the proposed parameters
selection method can be described as following: 1) An eval-
uation method considering all parameters of CBs and FCLs
is developed, and the parameters in hybrid mechanical-solid
CB and inductor-type FCL were optimized as an example;
2) An accurate transient DC microgrid model considering
the intermediate nodes in mesh-type topology is established
in difference equation form; 3) An improved NSGA-II algo-
rithm considering the calculation of non-dominated sorting
and crowding distance is proposed to accelerate convergence
of iteration in the parameter selection.

The rest of this paper is organized as follows. Section II
presents the parameters selection problem of CBs and FCLs
in mesh-type DC microgrid. And the evaluation model of
CBs and FCLs is introduced in Section III. Next, Section IV
gives the process of parameters selection method, estab-
lishes the transient DC microgrid model, and improves the
NSGA-II algorithm. And then, the proposed parameters
selection method of CBs and FCLs is validated in Section V.
Finally, Section VI draws the conclusion.

Il. PROBLEM STATEMENT
In order to describe the mesh-type DC microgrid clearly, a

six-terminal mesh-type DC microgrid test system is estab-
lished in this section. And the operation principles of CB and
FCL are shown in this test system.

A. SIX-TERMINAL DC MICROGRID TEST SYSTEM
Referring to the large onshore renewable power generation
grid (DCS-A) in DCS-M [26], the schematic diagram of the
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FIGURE 1. The schematic diagram of mesh-type DC microgrid test system.

TABLE 2. Parameters of DC Lines.

Line Length(km) Resistance(2) Inductance(mH)
1-2 2 0.12 1.92

1-4 3 0.18 2.88

1-5 3 0.18 2.88

2-4 4 0.24 3.84

3-4 1 0.06 0.96

5-6 3 0.18 2.88

test system is shown in Fig. 1. There are six nodes in the mesh-
type DC microgrid test system. The nodes ny, ny, n3, ns and
ne, which connect to voltage source converter (VSC) directly,
are defined as ‘“‘real nodes”. The node n4, which connects to
VSC indirectly, is defined as “‘intermediate node™.

The parameters of DC lines include DC-links capaci-
tance, lines resistance and lines inductance. Referring to [27],
the parameters are set as follows. The DC-links capacitances
of all nodes are 9000 F. The resistance and inductance of DC
lines are proportional to their lengths and shown in Table 2.

The master-slave control is taken as the example control
strategies to verify the parameters selection method proposed
by this paper. A detailed description of the master-slave con-
trol can be found in [28]. DC-link voltage control is used in
VSC connected to AC generator, while active power control
is used in VSC connected to AC grid or wind farm. Based
on that, the DC voltage reference of VSCs is set as 1000V.
The input power references of VSCy, VSC,, VSCs are set
as 100kW respectively. The output power reference of VSCeg
is set as 400kW. By calculating the steady-state power flow
of the six-terminal mesh-type DC microgrid, the steady-state
nodes voltage and lines current can be obtained, as shown
in Table 3.

B. OPERATION PRINCIPLES OF CB AND FCL

IN DC MICROGRID

Since the pole-to-pole fault is more serious than the pole-to-
ground fault, the pole-to-pole fault is chosen as the analyzed
fault in this paper. As shown in Fig. 1, CBs and FCLs are used
as protection devices and installed at both ends of each DC
line. Assuming that a short circuit fault occurs at the midpoint
of by4 (fault condition 1), and the faulty position is defined
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TABLE 3. Steady-state nodes voltage and lines current.

Node 1 2 3 4 5 6
Value(V) 1052 1064 1072 1066 1000 923
Line 1-2 1-4 1-5 2-4 3-4 5-6
Value(A)  -104 -83 280 -10 93 435
2500 e
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FIGURE 2. Line current after a short circuit fault occurs on a DC line.

TABLE 4. Lines breaking situations under different parameters of CBs
and FCLs.

CB Sms Sms 3ms 3ms
FCL 1800A 2500A 1800A 2500A
Without FCL x N N \
2mH FCL \ N J N

as node 7. Moreover, the fault resistance is zero. The faulty
current of line 2-7 without and with 2mH FCLs are shown in
Fig. 2. Meanwhile, two kinds of breaking time of CBs (3ms
and 5ms) and two kinds of nominal breaking current of CBs
(1800A and 2500A) are also marked in Fig. 2.

As shown in Table 4, if the FCL is not equipped, the faulty
segment cannot be broken by a CB with the breaking time
T, (5ms) and the breaking capacity Icg; (1800A). However,
the faulty segment can be broken by reducing 75 (5ms)
to 71 (3ms), increasing Icg; (1800A) to Icp2 (2500A), or
equipping 2mH FCL on the faulty line. This indicates that the
breaking of fault segment is realized through the cooperation
of CB and FCL.

The cost of each CB is related to the breaking time
and the nominal breaking current. It should be noted that,
the shorter the breaking time and the higher the nominal
breaking current, the higher the cost of CB. And the cost of
FCL is directly proportional to inductance of FCL. Though
the faulty segment can also be broken by CB (3ms, 2500A)
and FCL (2mH), this cooperation has the highest cost and
the worst economy. Thus, it is significant to select suitable
CBs and FCLs which take both reliability and economy into
consideration.

lll. EVALUATION MODEL OF CBS AND FCLS

The short circuit parameters of CBs and FCLs are analyzed
in this section. Furthermore, referring to parameter selec-
tion principles of CBs and FCLs in AC grids [21]-[25], the
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objective functions and status conditions of that in mesh-type
DC microgrid are established.

A. SHORT CIRCUIT PARAMETERS OF CB AND FCL

Various electrical devices have different functions and differ-
ent working conditions, so the selection of parameters is also
different.

CBs in DC microgrid need to select 8 parameters: nominal
voltage, nominal current, thermal current, dynamic current,
nominal breaking current, nominal closing current, breaking
time, and close time. Among these 8 parameters, the parame-
ters related to short circuit fault are nominal breaking current
and breaking time. And these two parameters can be selected
as the optimization object.

FCLs in DC microgrid need to select 7 parameters:
nominal voltage, nominal current, thermal current, dynamic
current, inductance, voltage drop during normal operation,
and residual voltage after short circuit. Among these 7 param-
eters, the parameters related to short circuit fault are induc-
tance, voltage drop during normal operation, and residual
voltage after short circuit. And the inductance can be selected
as the optimization object. The voltage drop during normal
operation and residual voltage after short circuit are parame-
ters that are used as constraints.

B. OBJECTIVE FUNCTION

The objective functions are divided into economy objective
function and reliability objective function. The economy
objective function includes the cost of CBs and FCLs. As the
analysis in Section II.B, the cost of each CB is related to
the breaking time and the nominal breaking current. The
objective functions of CBs can be expressed as:

Ncs
Max fi = ) F;

=1

New (D
Minfo = ) I;

=1

where F; is the length of breaking time of CB;, [; is the
nominal breaking current of CB;, N¢p is the number of CBs.

As the analysis in Section II.B, the objective function of
FCLs can be expressed as:

NrcL

Minf; = ) X; ()
j=1

where X; is the inductance of FCL;, Nrcr is the number of
FCLs.

In order to sort schemes that cannot break the fault line reli-
ably. The constraints of whether the current of line exceeds
the breaking current are converting into a total objective func-
tion. Furthermore, this process is beneficial to find schemes
that satisfy all constraints in iteration. The reliability objective
function can be expressed as:

Ncp
Minfy = ) E; 3)

i=1
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where E; is the judgement of whether the current 7; j;,, of line
i exceeds the nominal breaking current /; cg of CB;.

E,:{O
1

C. STATUS CONSTRAINTS

1) EQUALITY CONSTRAINT

The status constraints are divided into power constraint,
capacity constraints and voltage drop constraints. The power
constraint means that the active power balance of each node.
And power constraint can be expressed as:

if 1 jine < Ii,cB @)

otherwise

Np
Pi=U; Y (Ui—U)/Ry 5)
j=1
where U, is the voltage of node 7, R;; is the resistance between

node i and node j, N}, is the number of lines connected to node
i, P; is the power of node i injected from VSC.

2) INEQUALITY CONSTRAINTS
The capacity constraints refer to the selection range of CBs
and FCLs parameters, which can be expressed as:

min max
i.CB = Tic < i.CB (6)
min max
i,CB < Ii,CB =< i,CB (7)
min max
Grer = XjFrer < Xjper ®)

where T; cp is the breaking time of CB;. I; cp is the nominal
breaking current of CB;. X rcy is the inductance of FCL;.
Symbols with superscripts of “max’ or “min’’ represent the
maximum limit or minimum limit of corresponding parame-
ters.

The voltage drop constraints refer to the voltage drop dur-
ing normal operation and residual voltage after short circuit.
There is an upper limit of the voltage drop during normal
operation, which can be expressed as (9). Meanwhile, there is
a lower limit of the residual voltage after short circuit, which
can be expressed as (10).

AU;
AU% = —L x 100 < A; 9)
Uin
AU;
AU; % = — % 100 > B; (10)
i_N

where AU; is the voltage drop of node i, AU; . is the residual
voltage of node i, U; y is the nominal voltage of node i, A; is
the upper limit of the voltage drop of node i, B; is the lower
limit of the residual voltage of node i.

IV. PARAMETERS SELECTION METHOD

The parameters selection method of CBs and FCLs is
described in detail in this section. Firstly, an accurate fault
transient model of mesh-type DC microgrids is developed
in this section. And it is the key to obtain the accurate
expressions of post-fault lines current. Secondly, in order
to optimize the parameters of CBs and FCLs, an improved
NSGA-II algorithm is proposed in this section.
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FIGURE 3. Flow chart of parameters selection method of CBs and FCLs.
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FIGURE 4. Transient model of mesh-type DC microgrid.

A. PROCESS OF PARAMETERS SELECTION METHOD

The flow chart of parameters selection method of CBs and
FCLs is shown as Fig. 3. Firstly, the parameter schemes
(including the breaking time of CB, the nominal breaking
current of CB, the inductance of FCL) are generated ran-
domly. Secondly, the line current under different parameter
schemes are obtained based on an accurate post-fault transient
model. Furthermore, the economy and reliability of different
schemes are evaluated. The economy is the cost of CBs and
FCLs in schemes. The reliability is the judgement of whether
the current of lines exceeds the nominal breaking current
of CBs. Finally, if the set number of iterations is reached,
the final schemes are output as the optimal schemes. Other-
wise, new parameters schemes are generated by an improved
NSGA-II. The innovative work of the post-fault transient
model will be introduced in Part B. While, the improvement
of NSGA-II will be introduced in Part C.

B. TRANSIENT MODEL OF MESH-TYPE DC MICROGRID

The transient model of mesh-type DC microgrid is shown as
Fig. 4, and the model can be divided into DC line model and
VSC model. The state variables in mesh-type DC microgrid
include lines current, injection current of VSCs, real nodes
voltage and intermediate nodes voltage. The lines current,
injection current of VSCs, and intermediate nodes voltage are
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updated in the DC line model. While the real nodes voltage
is updated in the VSC model.

The detailed modeling of VSC has been completed in [29],
[30]. Since the VSC control system is considered in the
modeling, the VSC model becomes a nonlinear system and
must be solved in difference equation form instead of dif-
ferential form. Therefore, in order to obtain the transient
model of the entire mesh-type DC microgrid, it is neces-
sary to derive the DC line model in difference equation
form.

The DC line model in difference equation form has already
been deduced in [29], [30]. However, the DC line model
in [29], [30] lacks the consideration of intermediate nodes.
Thus, the DC line model considering the intermediate nodes
is derived in this part.

1) VARIABLES DEFINITIONS

Assuming that there are n nodes (including N real nodes and
M intermediate nodes) and b lines in a mesh-type DC micro-
grid. Then lines current matrix ip, VSCs injection current icg,
real nodes voltage matrix uyy, intermediate nodes voltage
matrix uppp and all nodes voltage matrix wg in an arbitrary
mesh-type DC microgrid can be defined as:

i () = [ink) - i) -], (1)
ico (k) = [ict (k) ica (k) -+~ icn (O]} (12)
uno (k) = [u1 (k) uz (k) -~ uy (O1F (13)

umo (k) = [un+1 (k) uys2 (k) -+ untm (K15 (14)
ug (k) = [ug (k) --- un (k) unyq (k)
x unm ()17 (15)

2) DIFFERENCE EQUATIONS OF INTERMEDIATE
NODES VOLTAGE
As shown in Fig. 1, intermediate nodes exist only in radial-
type topology. Thus, the three-terminal radial-type DC micro-
grid shown in Fig. 5 is used as an example to analyze the
relationship between intermediate nodes voltage and other
variables.

The relationship between lines current and nodes voltage
in three terminal radial-type DC microgrid can be expressed
as:

ugy = uy — L14i}, — Rigi1s

ug = uy — Logih, — Roging 16)
uy = uz — L3aih, — Rasizg

i14+iu+iu=0

where uy, is voltage of node m, iy, is current in line p-¢g and
flowing from node p to node g. Ry, and Ly, are the resistance
and inductance of line p-g respectively. Note that R, and L,
equal to Ry, and L, in this paper.

Eliminating the change rate of current {\ 4, i},, i3, in (16),
the difference equation of intermediate node voltage u4 can
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FIGURE 5. Three terminal radial-type DC microgrid model.

be expressed as:

usg (k) =[ur (k = 1)/Lia+up (k —1)/Loa + uz (k — 1)/L3a
— R4 -i1a (k = 1)/L14 — Rog - ina (k — 1) /L4

— R34 -i34 (k — 1)/L34]/(1/L1a + 1/L24 + 1/L34)

(17

where k is iteration step time.

Referring to the derivation of three terminal structure,
the difference equations of intermediate nodes voltage in an
arbitrary mesh-type DC microgrid in matrix form can be
expressed as:

Ag-upo (k) =Bg-up(k —1) —Cp-ig(k —1) (18)

where the dimension of Ag is M x M. The dimension of By is
M xn. The dimension of Cy is M x b.

Since A is a diagonal matrix, the diagonal element A;; can
be expressed as:

K
Aii =Y (=1 /L; (19)

Jj=1
where K is the number of lines connecting to the node. If j >

i,g=2Elseifj <i,g=1.
Each element in By can be expressed as:

B — l/Lj(i+N) existbranch j— i+ N),j<i+ N
7o none branch j — (i + N)
(20)
Each element in Cy can be expressed as:
Ry /Ly existbranchj— (i+N),j<i+ N
Cij =y —Rp/Lp existbranchj— (i+N),j>i+N
0 none branchj — (i + N)
21

where Rp, and L, are the resistance and inductance of the j th
line in ig respectively.
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3) DIFFERENCE EQUATIONS OF LINES CURRENT AND VSCs
INJECTION CURRENT

Since the intermediate nodes voltage can be calculated by
(18), the voltage at each node on both sides of a line can be
calculated correspondingly. Therefore, the difference equa-
tions of each line current can be related to the nodes voltage
at both ends of the line. And the difference equations of lines
current can be expressed in matrix form as:

Lo-ig(k) =Lo-ip (k — 1)
+ AT -[Do-ug(k—1)—Rg-ig(k — 1] (22)

where AT is iteration step time. Lg is an inductor matrix.
The dimension of Lg is bxb. Ry is a resistor matrix. The
dimension of Ry is bxb. The dimension of D¢ is b x n.
Both the matrix Ly and Rg are diagonal matrix. And the
value of L;; (R;;) is equal to the inductance (resistance) of the
i th line in iy.
Each element in Dy can be expressed as:

1 node i is the starting point of branch k
Dy =4-1
0  node i is not a point of branch k

node i is the endding point of branch k

(23)

According to KCL, the relationship between i¢9 and ig can
be expressed as:

ico (k) = D - g (k) (24)

4) MODEL MODIFICATION UNDER SHORT CIRCUIT FAULT
Assuming that a short circuit fault occurs in line p-g as shown
in Fig. 6, the line p-q is divided into two new lines. The
resistance Ry, and inductance L, are replaced by R,r, Ryr
and Ly, Ly respectively. The faulty position is considered
as a new node. And the faulty resistance is Ry. Under this
situation, lines current matrix ip, VSCs injection current igg
and all nodes voltage matrix ug need to be modified as:

i(k) = [i2 (0) iy () igr (K) -+ 1, (25)
ic (k) = [ic1 () ien (k) ier 0], (26)
wo (k) = [uy (K) - uy (k) - un (k) up (K) ]1,, @7)

The difference equations wyy, ig, ico need to be modified

as:

A-uyyk)=B-utk—1)—C-i(k—1)

up (k) =Rp -F-i(k—1)

L-itk)=L-i(k—1) (28)

+AT -[D-uk—1)—R-i(k —1)]

ic (k) =D" -i(k)
where the dimension of A is M xM. The dimension of B is
M x (n+1). The dimension of Cis M x (b+1). ipy and i r are
the current of line p-fand line g-f. F is arow vector, the dimen-

sion of Fis 1 x(b+ 1), the value of the element corresponding
to s and iy is 1, and the value of the remaining elements is
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FIGURE 6. An arbitrary fault occurs in line p-q.

zero. The dimension of L is (b + 1) x (b + 1). The dimension
of Ris (b+1)x (b+1). The dimension of Dis (b+1) x (n+1).

Though the dimensions of A, B, C, L, R, D are changed,
the selection principles of elements in A, B, C, L, R, D are
similar to Ag, By, Co, Lo, Rg, Do respectively.

Through the iteration calculation of DC line model and
VSC model, the lines current in short circuit fault can be
accurately calculated, which provides a basis for optimizing
the parameters of CBs and FCLs.

C. IMPROVEMENT OF NSGA-Il ALGORITHM

Since there are four optimization objectives of evalua-
tion model, NSGA-II algorithm, which is a multi-objective
algorithm, is selected as the optimization algorithm to solve
this multi-objective optimization problem. Compared with
single-objective algorithm, those four objective functions are
independent of each other when solving the multi-objective
function, and there is no need to consider the “weight” of
each optimization objective. Moreover, the NSGA-II algo-
rithm has fast non-dominated sorting, individual crowding
distance, elite strategy, etc., which can be referred in [13].

In this paper, three parameters of CBs and FCLs need to
be optimized. To avoid the dimensionality disaster caused by
too many parameter combinations, the improved NSGA-II
algorithm is proposed to accelerate iterative convergence.

1) IMPROVEMENT OF NON-DOMINATED SORTING

The configuration schemes corresponding to individuals,
whose E; in (4) greater than 0, cannot remove all faulty
lines reliably. And those schemes will not be adopted as
the final configuration schemes. In order to accelerate the
convergence, the priority of unsatisfied individuals needs
to be lowered. Thus, the non-dominated numbers of those
unsatisfied individuals are increased by 1 in this paper.

2) IMPROVEMENT OF CROWDING DISTANCE CALCULATION

The crowding distance of each individual can be expressed
as the sum of the crowding distance under each objective
function:

dizzf’”(”rl)_f’"(i_l), ie{2,3,....n—1}

fm max —f,, min
(29)

where 7 is the number of individuals in the set. f;,,(i + 1) is
the objective function m of the (i 4+ 1) th individual. f;,;max
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and f;;min are maximum number and minimum number of
objective function m.

It should be noted that the value of reliability objec-
tive function is equal to O when the individual meets the
requirement for removing the fault reliably, and the crowd-
ing distance of this individual is infinity in this condition.
With the improvement of non-dominated sorting, the value
of reliability objective function of all individuals is O in the
set with a non-dominated sorting of 1. It means that the
crowding distance is useless and cannot inherit individuals
with lower density to the next generation. Therefore, the cal-
culation of crowding distance should be improved, and only
the crowding distances of the economy objective functions
are calculated in this paper.

V. CASE STUDY

In order to validate the accuracy of transient calculation
model and the feasibility of parameter selection method,
the midpoint of b4 (fault condition 1 in Fig. 1) and the
terminals of DC lines (fault condition 2 in Fig. 1) are used
as analyzed fault position respectively. Moreover, the fault
resistance of both fault conditions is zero. The parameters of
the mesh-type DC microgrid are given in Section IL.A.

A. VALIDATION OF DC MICROGRID TRANSIENT
CALCULATION MODEL

The post-fault lines current obtained by the transient calcu-
lation model are compared with those obtained by Simulink.
And the current of each line obtained by numerical calcula-
tion and simulation is shown as Fig. 7.

According to Fig. 7, the closer the line to the faulty posi-
tion, the larger current change occurs in the line. Since by;
and b47 connect to faulty position directly, i»7 and is7 are
larger than other lines current. The changes of i>7 and i47 are
higher than 2000A within 10ms. Since bsg stays away from
faulty position, is¢ has the smallest change in all lines current.
The change of is¢ stays in 100A within 10ms. Although the
changes of current variations are different, the changes of
current errors variations obtained by numerical calculation
and EMT simulation are almost consistent. The errors of all
lines current keep within S0A within 10ms.

B. VALIDATION OF PARAMETERS SELECTION METHOD

1) BASIC PARAMETERS OF SELECTION METHOD

The basic parameters of selection method include the limit of
inequality constraints (shown in Table 5 ) and the parameters
of NSGA-II algorithm (shown in Table 6 ). Note that calcu-
lation with larger value ranges has been done in advance to
estimate the value ranges of parameters.

2) COMPARISON OF NSGA-II AND IMPROVED NSGA-II

In order to ensure the persuasiveness of the comparison,
except for the two improvements in Section IV.C, the
NSGA-II and the improved NSGA-II are the same. The
number of optimal schemes which can cut off the faulty line
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FIGURE 7. Lines current obtain by numerical calculation and EMT
simulation. a) current of i},, b) current of i}4, c) current of i;5, d) current
of iy7 and iy, €) current of isg, ) current of iz,.

TABLE 5. The limit of inequality constraints.

Parameter Lower limit Upper limit
Breaking time 2ms 12ms
Nominal breaking current 0kA SkA
Inductance OmH SmH
Voltage drop during normal operation 5%
Residual voltage after short circuit 65%
TABLE 6. The parameters of NSGA-II algorithm.
Parameter Value Parameter Value
Population size 1000 Iterative times 300
Cross rate 0.9 Variation rate 0.1
Accuracy of CBs’ Accuracy of CBs’
breaking time 0.2ms nominal breaking current 0.1kA
Accgracy of FCLs 0.1mH
inductance

reliably is shown in Fig. 8. When NSGA-II is used for solving
the problem, the number of optimal schemes keeps chang-
ing. The maximum number of optimal schemes is 18 when
iterating to 293 times. And the minimum number of optimal
schemes is only 4 when iterating to 131 times. The change
of the number of optimal schemes means that the optimal
schemes may lose in iteration.

After the NSGA-II algorithm is improved, the number
of optimal schemes increases as iteration. And 633 opti-
mal schemes are obtained when iterating to 300 times. The
increase in the number of optimal schemes effectively avoids
the dimensionality disaster and prevents the algorithm from
falling into the local optimal schemes.
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FIGURE 9. The changes of objective functions with iteration.

3) CONVERGENCE OF CBs AND FCLs PARAMETERS

In the process of using NSGA-II to approach optimal scheme
set, the total breaking time of CBs gradually increases,
the total nominal breaking current of CBs decreases, and
the total inductance of FCLs decreases. Thus, the conver-
gence of CBs and FCLs can be obtained by observing the
changes of those three objective functions. The changes of
objective functions with iteration are shown as Fig. 9. Accord-
ing to Fig. 9, before 150 iterations, the total breaking time
of CB raises, while the total nominal breaking current of
CB and total inductance of FCL drop. After 150 iterations,
those three objective functions remain almost constant and
fluctuate over a small range. According to the changes of
those three objective functions, the parameters of CBs and
FCLs rapidly approximate to the optimal scheme set before
150 iterations and fluctuate around the optimal scheme set
after 150 iterations.

4) OPTIMAL SCHEME SET OF CBs AND FCLs PARAMETERS
Through the iterative of NSGA-II, the optimal scheme set can
be obtained. And with the help of the optimal scheme set,
the Pareto front graph can be fitted out and shown as Fig. 10.
It should be noted that through the improvement of NSGA-II
in Section IV.C.1), the reliability objective indexes of all the
schemes in the optimal scheme set are zero (f4 = 0). So only
three economic indexes need to be analyzed.

By observing Fig. 10, it can be found that the Pareto
front graph obtained by those three objective functions is a
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TABLE 7. Values of the objective functions for the test system.
Total CB breaking ~ Total CB breaking Total FCL
time / ms current / kA inductance / mH
Case 1 139.2 24.8 49.6
Case 2 101.0 318 219
Case 3 64.2 39.0 12.3

TABLE 8. Values of CBs and FCLs parameters for the test system.

Line 1-2 1-4 1-5 24 34 56
Breaking time  left 120 12,0 120 120 114 11.6
of CB/ ms right 11.6 11.8 88 12.0 120 12.0

§ " CBbreaking  left 17 30 21 22 28 21
©  current/kA right 2.0 2.6 1.6 1.6 13 1.8
Inductance of left 5.0 4.8 5.0 4.9 5.0 4.7

FCL /mH right 5.0 0.9 3.7 3.4 29 43
Breaking time  left 3.6 7.4 5 6.2 8.2 6

of CB/ ms right 74 118 10 114 12 12

g CB breaking left 2.1 34 32 33 2.4 2.7
NS current / kA right 34 25 1.5 27 23 2.3
Inductance of left 1.6 1.8 1.5 1.9 2.6 2

FCL /mH right 2.5 0.9 3.5 0.7 0.8 2.1
Breaking time  left 2 24 5.8 24 3.6 5.4

of CB/ ms right 2 11.6 36 102 8 7.2

g CB breaking left 2.7 34 3.8 3.8 2.8 24
N current / kA right 3.5 2.6 34 4 2.5 4.1

Inductance of left 0.8 0.7 1.1 0.6 1.7 2.3
FCL / mH right 0.6 1.2 1 0.3 0.9 1.1

three-dimensional surface, and the non-dominated optimal
schemes are distributed on the surface. In the following, three
of the obtained results are investigated, denoted as Case 1,
Case2 and Case 3. The results of these cases are given in
Table 7 and Table 8. And the comparisons of nominal break-
ing current of CBs and maximum fault current of lines are
shown in Fig. 11. Note that the side with a smaller node
number is assumed as the left side of a line. The other side
is the right side of the line.

According to Table 7, these cases show the optimal choices
with different preferences for objective functions. The total
breaking time and total nominal breaking current of CB are
increased from Case 1 to Case 3, while the inductance of FCL
are reduced from Case 1 to Case 3.

As shown in Table 8, the parameters of CBs and FCLs in
the three cases are also different. For example, the breaking
times of CB on the left side of line 1-2 are 12ms, 3.6ms,
2.0ms respectively. The value in Case 1 is 3.3 times larger
than Case 2 and 6 times larger than Case 3.
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FIGURE 11. Comparison of nominal breaking current of CBs and
maximum fault current of lines.

As shown in Fig. 11, although CB and FCL of each can-
didate position are selected differently by the three cases, all
those three cases meet the requirements of cutting off the line
reliably.

Moreover, if the cost has a linear relationship with the total
nominal breaking current of CB (Cryy), the proportional
coefficient is 1. If the cost has a linear relationship with the
total inductance of FCL (I7,441), the proportional coefficient
is 1. If the cost is inversely proportional with the total break-
ing time of CB (T'y41), the proportional coefficient is 1000.
The relationship between total cost (Costz,,;) and economic
indexes can be expressed as:

Costrpral = 1 X Crorar + 1 X Iprar + 1000/ Tp101 (30

With the relationship of (30), the costs of the three cases
are: 81.58(Case 1), 63.60(Case 2), 66.88(Case 3). And the
optimal scheme is Case 2.

According to the above analysis, it can be known that the
optimal scheme set and the Pareto front graph can be obtained
by the improved NSGA-II. Besides, in actual application,
the optimal scheme can be selected flexibly after getting the
relationship between total cost and economic indexes.

VI. CONCLUSION

This paper proposes a parameters selection method of CBs
and FCLs in mesh-type DC microgrids. Firstly, all parameters
of CBs and FCLs are analyzed and five parameters related
to short circuit fault are selected in the evaluation method.
Moreover, the post-fault transient model of mesh-type DC
microgrid is established to calculate the post-fault current
of all lines accurately, in which the intermediate nodes in
mesh-type DC microgrids are considered in the proposed
method. And then, an improved NSGA-II algorithm, which
is improved with the calculation of non-dominated sorting
and crowding distance, is provided to optimize the parameters
of CBs and FCLs. Besides, the parameters selection method
is verified under a modified six-terminal DC microgrid test
system. The result shows that the method proposed in this
paper can be applied to various faulty DC microgrid analysis,
since the method has consideration on both reliability and
economy.
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