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Abstract

Fault current suppression is the key technology to ensure the safe operation
of the DC power distribution system. In order to realize the parameter col-
laborative configuration of the DC circuit breaker and the DC current limiter
and improve the fault current suppression capability, the fault current sup-
pression mechanism of the DC power distribution system is revealed based
on the circuit model. Then, based on the mathematical model of the DC
breaker, the characteristic parameters of DC breaking are extracted, and then
the influence of different characteristic parameters on the breaking character-
istics of fault current is studied. Finally, the mathematical model of the col-
laborative process between DC circuit breaker and DC current limiter is es-
tablished. The characteristic parameters of fault current collaborative sup-
pression are extracted. The coupling effects of different characteristic pa-
rameters on the fault current collaborative suppression are studied. The prin-
ciple of collaborative configuration of DC circuit breaker and DC current
limiter is proposed, and the collaborative suppression ability of DC circuit
breaker and DC current limiter to fault current is fully exploited to ensure the

safe and reliable operation of the DC power distribution system.

Keywords

DC Power Distribution System, Fault Current, DC Circuit Breaker,
DC Current Limiter

1. Introduction

With the rapid development of the distributed generation, the increasing DC
load and the widespread application of energy storage, the problems of high loss
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of the AC/DC energy conversion, poor flexibility of the distribution transforma-
tion and low matching of the distribution links in traditional AC distribution
systems are becoming increasingly prominent. In addition, with the increasing
demand of customers for power quality and reliability, the traditional AC dis-
tribution system is facing new challenges in power supply stability, economy and
other aspects, which can’t meet the demand of DC power access and flexible
power consumption. Because of its advantages of high efficiency, large power
supply capacity, low line loss, good power quality, no reactive power compensa-
tion, and suitable for distributed power supply, energy storage devices and DC
load access, the DC distribution system is helpful to solve a series of new prob-
lems in the development of the traditional AC distribution system, and is an
important development direction of the distribution system [1]-[5].

Compared with the traditional HVDC transmission and flexible DC transmis-
sion, although the voltage level of the DC power distribution is relatively low,
the main wiring structure and the operation mode are more complicated and
diverse, which leads to more fault modes, faster development of faults, a wide
range of impacts and large energy release of the DC distribution system. In addi-
tion, the natural property of the DC current without zero-crossing leads to the
high requirement of breaking capacity and breaking time for equipment relying
solely on the DC circuit breaker to clear faults, which greatly reduces the com-
petitive advantage of the DC distribution technology [6]-[11]. Fault current of a
typical DC distribution system as shown in Figure 1. Therefore, there is an ur-
gent need to study the theory and method of the fault current suppression in DC
distribution system, in order to solve the bottleneck of the application and pro-
motion of the DC distribution system.

Fault current suppression devices in the DC distribution system mainly in-
clude the DC circuit breaker, the DC current limiter and the converter with fault

isolation. Among them, the DC circuit breaker is the most ideal choice for the

Figure 1. Fault current of a typical DC distribution system.
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DC fault current suppression in the DC distribution system. At present, the re-
search of the DC circuit breaker is still in the stage of theoretical research and
prototype development, which can be divided into three types: the mechanical
DC circuit breaker, the solid-state DC circuit breaker and the hybrid DC circuit
breaker [12]-[16]. The DC current limiter can limit the large increase of the fault
current after the DC fault occurs, and keep the fault current within the accepta-
ble range, thus reducing the requirements for the operation time and capacity of
DC circuit breaker to remove fault. It can be divided into three types: the fault
current limiter based on superconducting material [17], the fault current limiter
based on positive temperature coefficient resistance [18], and the fault current
limiter based on power electronic devices [19] [20]. The converters with fault
isolation are mainly for modular multilevel converters, which can be divided
into: MMC based on full-bridge module and MMC based on clamped double-
module [21].

In summary, the existing research only proposes the topology structure and
control method for the fault current suppression of a single device, and the ex-
isting research stays in the theoretical research and prototype development stage,
and lacks extensive engineering application. In view of the fault characteristics of
the DC power distribution system, in order to ensure that the DC power distri-
bution system can operate normally under steady state and transient operation
conditions, each current limiting device and the breaking device must cooperate
with each other. However, since the DC power distribution system is still in the
planning and development at home and abroad, and there is no literature and
technical report on the collaborative configuration of the current limiting
equipment and the current breaking equipment in the DC distribution system.

In view of the above situation, this paper studies the collaborative configura-
tion of the DC circuit breaker and the DC current limiter suitable for the DC
power distribution system. Firstly, based on the circuit model, the fault current
suppression mechanism of the DC power distribution system is revealed. Then,
based on the mathematical model of the DC breaker, the characteristic parame-
ters of DC breaking are extracted, and then the influence of different characte-
ristic parameters on the breaking characteristics of fault current is studied. Last-
ly, the mathematical model of the collaborative process between DC circuit
breaker and DC current limiter is established, and the characteristic parameters
of fault current collaborative suppression are extracted. The coupling effects of
different characteristics parameters on fault current suppression and breaking
are studied. The principle of the collaborative configuration of the DC current
breaker and the DC current limiter is put forward, so as to fully excavate the

collaborative suppression ability.

2. Fault Current Suppression Mechanism

When the MMC is in the unblocked mode, the current flowing from the MMC

to the fault point is unipolar. To limit this unipolar current, there are two main
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ways [22]:

1) Resistive current limiting: A large resistor is connected in the fault current
path, and the peak value of the fault current is limited by a resistor, such as a re-
sistive superconducting current limiter.

2) Inductive current limiting: A large inductor is connected in the fault cur-
rent path, and the rising rate of the fault current is limited by the inductor, such
as a saturated reactance type current limiter.

There are two main ways to reduce this unipolar current to zero:

1) Insert an infinite resistance (e, the arrester) in the fault current path. At
this time, regardless of the value of the equivalent voltage source of the MMC,
the fault current will drop to zero, such as a mechanical DC circuit breaker or a
hybrid DC circuit breaker.

2) A capacitor is connected in the fault current path, so that the fault path is
converted into an LC oscillating circuit, then the unipolar fault current becomes
an alternating current, and the fault current is cut off when the first zero cross-
ing point is obtained. Such as MMC based on the full bridge sub-module.

In summary, through the coordination of the DC current limiter and the DC
circuit breaker, as shown in Figure 2, the fault current can be limited to a lower
value, and then the lower fault current can be broke. This will reduce the diffi-
culty of arc extinguishing and manufacturing of mechanical switches, reduce the
dynamic overvoltage of the power electronic devices caused by breaking large
current, and increase the interruption capacity. In the following section, the pa-
rameter collaborative configuration of the DC Circuit Breaker and the DC fault

current limiter will be studied.

3. Analysis of DC Breaking

In this chapter, the mathematical model of the DC circuit breaker is established,
and the characteristic parameters of DC breaking are extracted, and then the in-
fluence of different characteristic parameters of DC breaking on the breaking ef-
fect is studied.

3.1. Technical Solution of DC Circuit Breaker

In this paper, an infinite resistance is introduced into the fault current path to
realize current breaking. The typical examples are mechanical DC circuit breaker

and hybrid DC circuit breaker, as shown in Figure 3.

Flat wave DC current DC circuit
reactor limiter ; breaker

de
MMC

Converter

AC side

— Grounding pole =

Figure 2. Circuit model for coordination of fault current suppression devices.
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For a mechanical DC circuit breaker, when a fault occurs, the mechanical
switch K is opened. When the contact opening distance reaches a certain dis-
tance, the solid state switch S is turned on, and the resonant current generated
by the LC oscillation branch is superimposed on the mechanical switch branch.
Then the arc of the mechanical switch K is extinguished, the fault current is
transferred to the LC oscillation branch; when the mechanical switch is opened
and the gap can withstand the corresponding transient recovery voltage, the sol-
id-state switch S is turned off; the voltage across the oscillation branch exceeds
the action value of Metal Oxide Varistor (MOV), the fault current is transferred
to the MOV branch, so that the MOV is connected in the fault path.

For the hybrid DC circuit breaker, when a fault occurs, the power electronic
switch T is turned on firstly, and then the fast mechanical switch K is open.
When the contact opening distance reaches a certain distance, the control switch
of the coupled negative voltage circuit is triggered, and the current of the me-
chanical switch branch is transferred to the power electronic switch branch, the
arc of the mechanical switch is extinguished; when the contact gap can with-
stand the corresponding transient recovery voltage, the power electronic switch
T is turned off; at this time, the overvoltage generated by the branch will exceed
the action value of the MOV, so that the MOV is turned on, and the MOV is se-
rially connected in the fault path.

It can be seen from the above that the mechanical DC circuit breaker and the
hybrid DC circuit breaker are only different in the current-commutation mode.
After the DC circuit breaker completes the current-commutation, an infinite re-
sistor (referred to as MOV) is connected in the fault current path. It is used to

realize the breaking of the fault current and the absorption of the fault energy.

3.2. Mathematical Model of DC Circuit Breaker

When the DC circuit breaker completes the current-commutation and an infi-
nite resistor is connected to the fault current path, the equivalent circuit model
for the DC breaker to break the DC fault current is shown in Figure 4. Among,
the circuit model ignores the line resistance, i, is the fault current, and u,,,,
is the voltage across the MOV, L is the equivalent inductance of the DC fault

current path.

| K
S T coupled
C negative
I I |_7_:‘__‘ o O—r v Yl voltage O
circuit
: %
MOV MOV

(b)

Figure 3. Two typical DC fault current breaking methods. (a) The mechanical DC circuit breaker; (b) The hybrid DC

circuit breaker.
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Figure 4. Equivalent circuit model for the DC breaker to break the DC fault current.

Assume that the instant when a MOV of the DC is inserted into the fault cur-
rent path as the time starting point, namely 7=0, and the DC fault current

i (0) is equal to the initial current value i,,. When >0, then
d;
U,=L—%+u
de dr MOV

idc (0) = ich

where, u,,,, depends on the characteristics of MOV. Here, the volt-ampere

) (1)

characteristics of MOV are expressed by two piecewise broken lines, and then
Uyioy = KotUge + Ryly. - Where, K is U, /U, , usually takes a value of 1.2;
U, is the reference voltage of MOV; U, is the rated DC grid voltage; R, is

the incremental resistance of MOV, and the smaller the value, the better the

overvoltage protection characteristic of MOV. Further, the formula (1) can be

changed to
diy, .
Udc = L dC; + (Krchdc + ROldc ) . (2)
e (0) = lgeo
Solving Equation (2) gives:
Lo U (K -1 =]
) A e (R”f )(l—e L J

0 . (3)

R

%0
Unoy = Udc +(R0idc0 +Udc (Kref _1))e Lt

Assume that U, =10kV, L=5mH, R =2Q, K, =12, i,=5kA,
then the curves of j;, and u,,,, asa function of time are shown in Figure 5.

As seen from the above figure, when the power electronic switch T is turned
off, the overvoltage generated by the branch will exceed the action value of the
MOV, then the MOV is serially connected to the circuit, the DC fault current
and the voltage across the MOV reach a maximum value, and then gradually
decrease; after the current crosses zero, the voltage across the MOV is abruptly
changed to a rated DC voltage. This is because when the fault occurs, the fault
current is broken by the circuit breaker, and the MMC is not blocked.

According to the mathematical model of DC breaking, that is, Equation (3),
L, Ry, K., iy, are characteristic parameters that affect the breaking char-
acteristics. In the next chapter, we will use the univariate change analysis method

to analyze the influence of the change of characteristic parameters on i, and

uMOV *
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Figure 5. Curve of DC fault current and voltage across MOV. (a) DC fault current curve; (b) Voltage variation curve across MOV.

4. Parameter Configuration of DC Circuit Breaker
and DC Current Limiter

This chapter will combine the mathematical model of DC circuit breaker and
DC current limiter to establish the mathematical model of the coordination proc-
ess between DC circuit breaker and DC current limiter, and extract the charac-
teristic parameters of fault current collaborative suppression. The coupling ef-
fects of different characteristic parameters on fault current suppression are stud-
ied, and the principle of parameter collaborative configuration between DC cir-

cuit breaker and DC current limiter is proposed.

4.1. Mathematical Model of Collaborative Configuration

When a short circuit fault occurs, a resistance-type current limiter is connected
to the fault current path. Then, DC circuit breaker starts to break fault current.
After the DC circuit breaker completing the current-commutation, an infinite
resistor is connected to the fault current path. The equivalent circuit model for
the DC breaking and current limiting is shown in Figure 6. Among, R is the
equivalent resistance of the DC current limiter.

Assume that the instant when a MOV of the DC is inserted into the fault cur-
rent path as the time starting point, namely 7=0, and the DC fault current

i (0) is equal to the initial current value i,,. When >0, then

Udc =L didC
dt
idc (0) = ich

Similarly, the volt-ampere characteristic of the MOV is represented by two

+ig R+ uyeoy

(4)

segmented polylines, and the Equation (4) can be changed to

di, .
U,=1L d; +K Uy +iy (R+R,)) ' 5)
Iy (0) =g
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Solving Equation (5) gives:

ReRy, UdC(Kmf—l)[1 ‘“fwj
-——— | 1-e

lge (t) =€ * R+R,

(6)

R+Ry

Unoy = Udc _ich +((R +R0)idc0 +Udc (Kref _1))6_T

Assume that U, =10kV, L=5mH, R =2Q, R=10Q, K =12,

iio =S kA, then the curves of i, and u,,, asa function of time are shown

t

in Figure 7.

It can be seen from the above figure that when the MOV is serially connected
to the circuit, the DC fault current and the voltage across the MOV reach a
maximum value, and then gradually decrease; after the current crosses zero, the
voltage across the MOV is abruptly changed to a rated DC voltage. Compared
with the fault current breaking with only MOV, when the resistance-type cur-
rent limiter is matched with the MOV, the time A¢ required for the DC fault
current to reach zero decreases, but the maximum value of the voltage oy .
across the MOV remains unchanged.

According to the mathematical model of collaborative configuration of DC
circuit breaker and current limiter, that is, Equation (6), L, R,, R, K, iy
are characteristic parameters that affect the breaking characteristics. In the next
chapter, we will use the univariate change analysis method to analyze the influ-

ence of the change of characteristic parameters on i, and u,,,,

(CO#-

Figure 6. Equivalent circuit model for the DC breaking and current limiting.

5 T T T T T T . T T T T T T
FCL+CB FCL+CB
4 1 20 b
18 .
3r J —
g <
=, 3 16 b
— =
2r 1 =]
14 b
1t . 12 .
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0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
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Figure 7. Curve of DC fault current and voltage across MOV. (a) DC fault current curve; (b) Voltage variation curve across MOV.
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4.2. Sensitivity Analysis of Characteristic Parameters

1) Influence of R on breaking characteristics

For the mathematical model of collaborative configuration of DC circuit
breaker and current limiter, the value of Ris set to 1 Q, 5, 10 Q, 15 Q and 20
Q respectively, and other characteristic parameters are U, =10kV, L=5mH,
R,=2Q, K,=12, i, =5kA, then the characteristic curve of i, and
Uyoy With R can be obtained as shown in Figure 8.

It can be seen from the above figure that Az decreases with the increase of R,
and the value of w4y ,,,, has nothing to do with R

2) Influence of L on breaking characteristics

For the mathematical model of collaborative configuration of DC circuit
breaker and current limiter, the value of L is set to 2 mH, 4 mH, 6 mH, 8 mH
and 10 mH respectively, and other characteristic parameters are U, =10kV,
R, =2Q, R=10Q, K, =12, i, =5kA. Then the characteristic curve of
i, and u,,,, with Lcan be obtained as shown in Figure 9.

5 T T T T T T 22 T T T T T T
(a) (b)
R=1Q R=1Q
R=5Q R=5Q |
4 R=100| | 20 R=100
R=15Q R=15Q
= R=20Q
R=200 18l |
Al | ~
g 2
> 161 ]
N (o)
s 2
2 L ] S
14} .
1 r T 12 - -
. . . . . 10 . . . . . .
0 1 2 3 4 5 6 7 0 1 2 3 t 4 5 6 7
t(ms) (ms)

Figure 8. Curve of DC fault current and voltage across MOV. (a) DC fault current curve; (b) Voltage variation curve across MOV.

(a) 5 T T T T (b) 22 T T T T
— L=2mH ——L=2mH
4 ——L=4mH || 20 ——L=4mH | 1
L=6mH L=6mH
— L=8mH 18 — L=8mH ]
—L=10mH |[{ < —— L=10mH
g’ )
v_g é 16 [ 7
T 2r 1 =
14 1
T T 12 ]
0 : : ! : 10 : ! ! :
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
t(ms) t(ms)

Figure 9. Curve of DC fault current and voltage across MOV. (a) DC fault current curve; (b) Voltage variation curve across MOV.
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It can be seen that As increases with the increase of Z, and the value of
Uyov mx  Das nothing to do with L.

3) Influence of R, on breaking characteristics

For the mathematical model of collaborative configuration of DC circuit
breaker and current limiter, the value of R issetto 10,2 Q,3 Q,4Q and 5 Q
respectively, and other characteristic parameters are U, =10kV, L=5mH,
R=10Q, K, =12, i, =5kA. Then the characteristic curve of i, and
Uyoy With Ry can be shown in Figure 10.

It can be seen that A? decreases as R, increases, and the value of Hvov_max
increases as K, increases, which is different from the influence of R on Mo max

4) Influence of K on breaking characteristics

For the mathematical model of collaborative configuration of DC circuit
breaker and current limiter, the value of K is set to 1.1, 1.2, 1.3, 1.4 and 1.5 re-
spectively, and other characteristic parameters are U, =10kV, L=5mH,
R=10Q, R =2Q, i, =5kA. Then the characteristic curve of i, and

Uyoy With K¢ can be obtained as shown in Figure 11.

t(ms)

Figure 10. Curve of DC fault current and voltage across MOV.

; . . 40 . . . . . .
(b)
——RO=1Q ——RO=1Q
——R0=20| | 35 ——R0=2Q|
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— R0=40Q 30 —R0=4Q| |
— ROs5Q| { & —— R0=5Q
53
8 25 | 1
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=
20 1
| 15 | 1
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t(ms)

(a) DC fault current curve; (b) Voltage variation curve across MOV.
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Figure 11. Curve of DC fault current and voltage across MOV. (a) DC fault current curve; (b) Voltage variation curve across MOV.

DOI: 10.4236/jpee.2019.79006

89 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2019.79006

L.Quetal.

It can be seen that As decreases as K, increases, and oy ., inCreases as
K increases.

5) Influence of j;,, on breaking characteristics

For the mathematical model of collaborative configuration of DC circuit
breaker and current limiter, the value of i, is set to 2 kA, 24 kA, 6 kA, 8 kA and
10 kA respectively, and other characteristic parameters are U, =10kV,
L=5mH, R, =2Q, R=10Q, K, =1.2. Then the characteristic curve of
i, and u,,, with 7, can be obtained as shown in Figure 12.

It can be seen from the above figure that j; increases as j;, increases, and the
value of uyoy ., iNCreases as iy, increases.

In summary, the fault characteristics of the system are greatly affected by the
fault current (7 ,) and the MOV parameters (R, K ).

4.3. Principle of Parameter Collaborative Configuration

Based on the sensitivity analysis of the characteristic parameters of the collabor-
ative cooperation between the DC circuit breaker and the DC current limiter, the

»

parameter configuration is shown in Table 1. “ 1 ” stands for enlargement, “ | ”
stands for decrease, “>” stands for unchanged.

It can be seen from the above table that, from the limit of Az, the larger the
equivalent resistance R of the DC current limiter, the shorter the time Az, but

the larger the R, the higher the manufacturing cost and volume will be, which

Table 1. Collaborative cooperation between the DC circuit breaker and the DC current limiter.

Variable At Upnoy_max (Consider only At, 17,4y ma) Conclusion
R 2 > The bigger R, the better.
n 0 > Lis as small as possible
R N 0 R, needs to consider At and u,,, . cOmprehensively
KT N 0 K¢ needs to consider At and i, ox cOmprehensively
Lot > 0 Iy is as small as possible
(a) 10 T T T T T (b) 35 T T T T T T
Igoo=2KA i4o=2KA
6 iy =AkA | - 30 = AkA | -
Ich=6kA ich=6kA
~ 57 a0 =OKA | - 2 25 g ~SKA |
é T ich=10kA v> T ich=1OkA
3 3
T 4r 1 =5 207 :
’ \ | " _
0 1 L 1 1 1 1 O 1 1 L 1 1 1
0 1 2 4 5 6 7 0 1 2 3 4 5 6 7

t(ms) t(ms)

Figure 12. Curve of DC fault current and voltage across MOV. (a) DC fault current curve; (b) Voltage variation curve across MOV.
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needs to be considered comprehensively. From the point of limiting Az, the
smaller the equivalent inductance L of fault current path, the better; but from the
point of limiting the rise rate of fault current di/dt, the larger the Z, the better,
which needs to be considered comprehensively. Larger R, and K, are bene-
ficial to reduce A¢, but increase uyoy > Which needs to be considered com-
prehensively. To sum up, the collaborative configuration of DC circuit breaker
and current limiter should take into account the magnitude of fault current, the
rise rate of fault current, the volume and cost of equipment, and then the colla-
borative suppression ability of DC circuit breaker and DC current limiter to fault

current can be fully exploited.

5. Conclusions

This paper studies the collaborative configuration of DC circuit breaker and DC
current limiter for the DC distribution system.

1) The fault current suppression mechanism of the DC power distribution
system is revealed. The current limiting method is mainly divided into the resis-
tive current limiting and the inductive current limiting. The current breaking is
mainly divided into an infinite resistance in the fault current path and a capaci-
tor in the fault current path.

2) Based on the mathematical model of the DC circuit breaker, the characte-
ristic parameters of DC breaking are extracted, namely L, R,, K., iy-
Then the univariate variation method is used to study the influence of characte-
ristic parameter changes on breaking characteristics Az and Uy -

3) The mathematical model of the coordination process between the DC cir-
cuit breaker and the DC current limiter is established, and the characteristic pa-
rameters of the fault current collaborative suppression are extracted, namely L,
Ry, R, K., iy, - The influence of characteristic parameters on the fault cur-
rent suppression and breaking is obtained. The principle of parameters collabor-
ative configuration of DC circuit breaker and DC current limiter is proposed.
Through research, the collaborative suppression ability of DC circuit breaker
and DC current limiter to fault current is fully explored to ensure the safe and

reliable operation of DC power distribution system.
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