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Abstract: Due to the progressive penetration and usage of renewable sources and loads based on power electronics, medium
voltage direct current (MVDC) distribution system is getting broad attention. Direct current circuit breakers (DCCBs) are of vital
importance for the reliability and flexibility of power system. With features of low cost and micro-operating losses, multi-port
hybrid DCCB with negative voltage source (NVS) has been proposed by the authors and might be a better choice. To further
promote its industry application in MVDC system, interaction characteristics between DCCB and power system are investigated
in this study. The structure of multi-port hybrid DCCB is briefly introduced. Then, considering the diversified working conditions,
e.g. single fault, multiple faults and switching load current with random direction, the cooperation sequence of components in
multi-port DCCB under all these working conditions is proposed, respectively. Then, based on simulation model established in
PSCAD/EMTDC, transient current/voltage distribution pattern inside multi-port DCCB and its mechanism are discussed, and
simulation results have verified the superiority and effectiveness of multi-port hybrid DCCB with NVS in MVDC system.

1 Introduction

Medium voltage direct current (MVDC) distribution system based
on voltage source converter has bright prospects in fields of
integration of renewable energy, power supply to islands, grid
connection and urban distribution networks [1-3]. Direct current
circuit breakers (DCCBs), capable of interrupting fault current with
determined direction and load current with random direction, are
essential to ensure the reliability and flexibility of MVDC system.
However, due to the lack of current zero-crossing points [4, 5],
DCCB is recognised as one of the main challenge towards the wide
application of MVDC distribution system [6—9].

With advantages of high controllability and relative low
operating losses, the hybrid DCCB has attracted wide attention
[10-12]. Similar with the alternating current circuit breaker
(ACCB), the initial hybrid DCCB has two ports, named as two-port
DCCB, and consists of a residual current circuit breaker (RCB) in
series with three parallel paths that are load current path (LCP),
current commutation path (CCP) and energy absorption path (EAP)
[13—15]. The branch with CCP and EAP in parallel is also named
as main-breaker [11, 15]. To obtain low operating losses, the
current is completely conducted by LCP during normal state. Once
a triggering signal is received, the current is commutated from LCP
to main-breaker first, and then is forced to zero by main-breaker so
that it could be finally interrupted by RCB [16]. As the initial two-
port hybrid DCCB could only interrupt current through a line,
numerous DCCBs should be installed on a DC bus, and the specific
number is decided by number of lines connecting with this DC bus.
Taking a three-terminal MVDC system as an example, the
configuration diagram of two-port hybrid DCCB is illustrated in
Fig. 1a, and three two-port DCCBs should be installed on each DC
bus.

As a matter of fact, high construction cost of hybrid DCCB has
been one of the obstacles constraining the wide application of
MVDC system [17-20]. Considering most of the cost is caused by
the main-breaker, multi-port hybrid DCCB, which uses only a
main-breaker to protect all line, seems to be a promising solution.
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Configuration of multi-port hybrid DCCB in the same three-
terminal MVDC system is illustrated in Fig. 15. By using a three-
port hybrid DCCB in Fig. 1b to replace the three two-port hybrid
DCCBs on same DC bus in Fig. la, cost of DCCBs could be
reduced significantly.

Up to now, several multi-port hybrid DCCBs with different
topology have been proposed, and details could be found in [17—
20]. Compared with DCCBs in [17—19], number of insulated gate
bipolar transistor (IGBT) and metal oxide varistor (MOV) used in
DCCB proposed by us is smallest [20]. In addition, to avoid the
operating losses and the maintenance difficulties produced by
numerous load current switches (LCS), negative voltage source
(NVS) proposed by us is used for current commutation [20]. With
simplified experimental platform, test researches were conducted
on the prototype established in our Lab [11, 20].

A multi-port hybrid DCCB should be equipped with all the
functions of multiple two-port hybrid DCCBs on a DC bus, so that
the reliability and flexibility of power system could be ensured. In
other word, it should be capable of interrupting fault current and
switching load current through single line or multiple lines
concurrently (or not concurrently) [15]. In addition, with direction
of load current random and direction of fault current determined,
bidirectional load current switching and unidirectional fault current
interrupting capability are also needed. Only considering the most
typical working condition of fault occurring on single line, existing
studies are insufficient to support the industry application of multi-
port hybrid DCCB dealing with diversified working conditions in
MVDC distribution system.

To bridge the research gaps, interaction characteristics between
multi-port hybrid DCCB with NVS and MVDC distribution system
under diversified working conditions are investigated. The rest of
this paper is organised as follows: structure of multi-port hybrid
DCCB with NVS is briefly introduced in Section 2. Cooperation
strategy of components when multi-port DCCB dealing with
different working conditions, including single fault, multiple faults
and load current with random direction, is proposed in Section 3.
Then, simulation model of a three-terminal MVDC system is
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(a) Configuration of initial two-port hybrid DCCBs, (b) Configuration of multi-port
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main-breaker

Bus_u

1
{
f 1
| : I
_ L
MMC_1 hsb I | ccp
8 < i !
port_1 | | 1 e
" | | »
line 1 i i AT H
] < !
® Y <—H | MoV
fi port_2 d I I !
line 2 i ! |
| | <L
A4 W
<— L D1
r; port 3 ! ! 5 ,,\ NVS
| - |
A /l‘\ | ==
DCB_1 i DCB_2 |1 DCB_3 |
! I
(he T R

Bus_d

Fig. 2 Diagram of multi-port hybrid DCCB with port number equal to 3

established in PSCAD/EMTDC and mechanism of transient
current/voltage distribution pattern inside DCCB under the
diversified working conditions is revealed in Section 4. Superiority
and effectiveness of multi-port hybrid DCCB with NVS in MVDC
system are proved in this part. In the end, Section 5 concludes this

paper.

2 Brief of multi-port hybrid DCCB with NVS

Taking multi-port hybrid DCCB on the positive pole of the outlet
of a modular multilevel converter (MMC_1) in Fig. 15 which has
three ports as an example, its detailed diagram is illustrated in
Fig. 2.

As shown in Fig. 2, the multi-port hybrid DCCB consists of m
+1 branches in parallel, including m LCP and a main-breaker
branch. As the main-breaker is the most expensive part, the
purpose of multi-port hybrid DCCB is to employ only a main-
breaker to fulfil the fault current interrupting and load current
switching through all lines connecting with this multi-port hybrid
DCCB.

Q2

Each LCP is corresponding with a unique port connecting with
a line, and it is divided by this port into an up bridge arm and a
down bridge arm. Each bridge arm consists of an ultra-fast
mechanical switch (MS) [21], which is actually a ACCB. For the
sake of distinction, MS in up bridge arm and down bridge arm is
named as UCB and DCB, respectively.

The main-breaker consists of CCP, EAP and NVS. CCP is made
of n submodules in series. Detailed diagram of submodule is
illustrated in Fig. 2, and it consists of a IGBT anti-parallel with a
diode, a RC snubber circuit (Rs in series with Cs) and MOV for
dynamic voltage balancing [14]. EAP is made of MOV for residual
energy dissipation.

NVS consists of a pre-charged capacitor (C1) parallel with
diode (D1). Limited by D1, when IGBTSs are turned off, the voltage
on C1 will not change its direction, and no current could flow
through main-breaker branch. In addition, also constrained by D1,
no overvoltage occurs to C1 after current commutation. Ignited by
IGBTs, the current to be interrupted or switched could always been
commutated to main-breaker branch. Meanwhile, MS on relative
bridge arms are arcing and extinguished at the zero-crossing points.

During normal state, with IGBTs in CCP turned off, load
current flows inside up bridge arms of LCPs (referring the blue
dashed lines) and down bridge arms of LCPs (referring the red
dashed lines). With on-state resistance of MS in the order of pQ,
the operating losses of the multi-port hybrid DCCB are tens or
hundreds of Watts. Therefore, operating losses are negligible and
the maintenance difficulties caused by additional cooling system do
not exist.

It should be noted, port number (m) could be any number not
less than 2, and should be consistent with number of lines
connecting with this multi-port hybrid DCCB. Structure of main-
breaker should be kept the same with Fig. 2.

3 Cooperation strategy of multi-port DCCB under
diversified working conditions

3.1 Cooperation strategy of interrupting fault current with
determined direction

One of common working conditions for a DCCB is interrupting
fault current so that faulty line could be isolated without affecting
healthy area. Referring to Fig. 1, fault might occur to a line or
multiple lines, meaning f; on line 1 and f; on line 2 might occur
concurrently or not concurrently.

3.1.1 Cooperation strategy of interrupting fault current
through single line: Taking the case of single fault, e.g. ] on line
1 in Fig. 2, as an example, the multi-port hybrid DCCB should
interrupt the fault current through line 1, and cooperation sequence
of components is described as follows:

Step 1: MS in up bridge arm of faulty line (UCB_2), and down
bridge arm of healthy lines (DCB_1, and DCB_3) are commanded
to open. They are arcing with contact separation.

Step 2: IGBTs in main-breaker are turned on after the real
separation of contacts in these MS. Driven by the negative voltage
of NVS which could be regarded as a component with negative
impedance, the fault current starts commutating to main-breaker
until all the arcing MS, including UCB_2, DCB_1 and DCB _3, are
extinguished at zero-crossing points, resulting in complete current
commutation, just as shown in Fig. 3a.

Step 3: IGBTs in main-breaker are turned off and MS in down
bridge arm of faulty line (DCB_2) is commanded to open. With the
fault current forced to pass through zero by the main-breaker,
DCB 2 is finally extinguished, resulting in the faulty line is
isolated by UCB_2 and DCB_2.

Step 4: In the end, MS in down bridge arm of healthy lines
(DCB_1 and DCB_3) are closed, and the healthy area of the
system works continuously without being affected by this fault,
just as shown in Fig. 3b.

3.1.2 Cooperation strategy of interrupting fault current
through multiple lines: Taking the case of faults occurring to
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(a) Fault current flow path after current commutation, (b) Current flow path after
faulty line isolation
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multiple lines, e.g. f; on line 1 and f; on line 2 in Fig. 2 occurs
concurrently, as an example, the multi-port hybrid DCCB should
interrupt the fault current through all faulty lines. With fault
currents always flowing from healthy area of power system to the
faulty point, fault currents through both line 1 and line 2 flow out
of the multi-port hybrid DCCB, and the cooperation sequence of
components is described as follows:

Step 1: MS in up bridge arm of all faulty lines (UCB_2, UCB_3),
and down bridge arm of healthy lines (DCB_1) are commanded to
open. They are arcing with contact separation.

Step 2: IGBTs in main-breaker are turned on after the real
separation of contacts in these MS. Driven by NVS, all these arcing
MS, including UCB 2, UCB 3 and DCB 1, are extinguished at
zero-crossing points, resulting in all the fault current must flow
through the main-breaker, just as shown in Fig. 4a.

Step 3: IGBTs in main-breaker are turned off, and MS in down
bridge arm of faulty lines (DCB_2 and DCB_3) are commanded to
open. With fault current through each faulty line forced to zero by
main-breaker, DCB 2 and DCB 3 are finally extinguished,
resulting in all faulty lines are isolated.

Step 4: In the end, MS in down bridge arm of healthy lines
(DCB_1) is closed, healthy area could work continuously, just as
shown in Fig. 4b.

3.2 Cooperation strategy of switching load current with
random direction

Except for interrupting fault current with determined direction, the
most common working condition for a DCCB is switching load
current through a line or multiple lines, so that the system
operating mode could be adjusted flexibly, and maintenance
scheduling could be conducted without power transmission
interval.

3.2.1 Cooperation strategy of switching load current though
single line: Taking line 1 as the line to be switched, if the load
current direction through line 1 is the same with the fault current,
the cooperation sequence of components is also the same with that
in Section 3.1.1. If the load current direction through line 1 is
opposite with the fault current, meaning it flows into DCCB, just as
shown in Fig. 5, cooperation sequence of components is described
as follows:

Step 1: MS in down bridge arm of line 1 (DCB_2), and up bridge
arm of rest lines (UCB_1 and UCB_3) are commanded to open
first. They are arcing with contact separation.

Step 2: IGBTs in main-breaker are turned on after the real
separation of contacts in these MS. Driven by NVS, all these arcing
MS, including DCB_2, UCB_1 and UCB_3, are extinguished at
zero-crossing points, resulting in the load current through line 1
must flow through the main-breaker, just as shown in Fig. Sa.

Step 3: IGBTSs in main-breaker are turned off, and MS in up bridge
arm of line 1 (UCB_2) is commanded to open. With the load
current through line 1 forced to pass through zero by the main-
breaker, UCB_2 is finally extinguished, resulting in line 1 is
completely switched out of the power system.

Step 4: In the end, MS in up bridge arm of the rest lines (UCB_1
and UCB_3) are closed, and the rest of the system works normally,
just as shown in Fig. 3b.

3.2.2 Cooperation strategy of switching load current though
multiple lines: Different from the fault current in Section 3.2.1,
directions of load currents through each lines are random. In this
case, the first step is to distinguish the direction of the net current
through multiple lines to be switched (into DCCB or out of
DCCB), so that which MSs to open first could be selected.

Taking line 1 and line 2 are the multiple lines to be switched,
the positive direction of current through line 1 and line 2 is defined
as flowing out of DCCB to the lines, just as shown in Fig. 2. The
load current through line 1 and line 2 is indicated by /, and I,

respectively.
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Table 1 Main parameters of the simulation model
ltems Value
parameters of DC line length of line 1 10 km
length of line 2 10 km
length of line 3 10 km
parameters of MMCs rating power capacity 30 MW

number of SMs in each bridge 25
arm

capacitor in each SM 41.7 mF
inductor in each bridge arm 1.5 mH
inductor at the outlet of each 5 mH

MMC
parameter of three-port number of SM in CCP 5
hybrid DCCB equivalent capacitance of Cs 2 pF
in CCP
equivalent resistance of Rgin  1.5Q
CCP

rating voltage of MOV in EAP 10 kV
pre-charged voltage on NVS 0.5 kV
capacitor in NVS (C1) 1000 pF

rating voltage of mov1in NVS  1kV
equivalent stray inductance 10 pH

(Ls)

Table 2 Volt-ampere characteristics of MOV

When the net current (/;,¢;) through multiple lines to be switched
(I, + I3) is flowing out of DCCB to lines, the cooperation sequence
of components is the same with that in Section 3.1.2. When the net
current (/pe) is flowing into DCCB from lines, the cooperation
sequence of components is opposite, just as follows:

Step I: MS in down bridge arm of line 1 and line 2 (DCB_2,
DCB 3), and up bridge arm of healthy line (UCB_1) are
commanded to open. They are arcing with contact separation.

Step 2: IGBTs in main-breaker are turned on after the real
separation of contacts in these MS. Driven by NVS, all the arcing
MS, including DCB_2, DCB_3 and UCB_1, are extinguished at
zero-crossing points, and the net load current must flow through
main-breaker from Bus_u to Bus_d, just as shown in Fig. 6.

Step 3: IGBTs in main-breaker are turned off, and MS in up bridge
arm of line 1 and line 2 (DCB_2 and DCB_3) are commanded to
open. With the net load current forced to zero, DCB_2 and DCB_3
are finally extinguished, resulting in multiple lines are completely
switched out.

Step 4: In the end, MS in up bridge arm of healthy lines (UCB_1)
is closed, healthy area could work continuously, just as shown in
Fig. 4b.

In conclusion, basic principle of cooperation sequence under all
these diversified working conditions is to commutate the fault
current or the net load current to the main-breaker branch, and it
has to be the direction from Bus u to Bus d, just as shown in
Figs. 3—6; Then, by turning-off main-breaker, the fault current or
net load current will be forced to zero, and could be isolated
finally.

4 Case studies

To verify the proposed cooperation sequence, simulation model of
three-terminal MVDC system in Fig. 15 based on MMCs and
multi-port hybrid DCCBs is established in PSCAD/EMTDC.
Detailed parameters of the simulation model are listed in Table 1,
and Volt-ampere characteristics of MOV are listed in Table 2 [14].

4.1 Simulation results of interrupting fault current

Corresponding with Section 3.1, two simulation cases of
interrupting fault current are carried out in this part.

4.1.1 Interrupting fault current through single line: In this first
case, single pole-to-pole short-circuit fault (f; on line 1 in Fig. 2)
occurs at t=1s. With the multi-port hybrid DCCB triggered to
interrupt fault current through line 1 at ¢=1.001s, simulation
results are illustrated in Fig. 7.

In Fig. 7, I, I, and I3 are the total current through port 1,
port_2 and port_3, respectively; /;,, I, and I3, are the current
through up bridge arm connecting with port 1, port 2 and port_3,
respectively; 114, o4 and I34 are the current through down bridge
arm connecting with port 1, port 2 and port 3, respectively; Iccp
and Igap are the current through CCP and EAP in main-breaker
branch; Uynys and Ugap are the voltage over NVS and EAP,
respectively. The positive direction of current and voltage is
defined just as shown in Fig. 2.

According to Fig. 7, during normal state (before #=1 s), load
current through each port is equally shunt by up bridge arm and
down bridge arm, and no current flows through main-breaker,
meaning operating losses of multi-port hybrid DCCB are
negligible. With f; occurring on line 1 at =1 s, all converters feed

current, kA 0.1x1076 1x1076 1x1073 0.15 0.3
voltage, p.u 0.89 1 1.05 1.25 1.28
current, kA 0.75 1.5 2.50 4.00 10.0
voltage, p.u 1.32 1.36 1.43 1.47 1.6
4 IET Renew. Power Gener.
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fault current to fault point, meaning both /; and /5 with negative
direction flow into DCCB; /, with positive direction flows out of
DCCB and it is the fault current to be interrupted.

Once multi-port hybrid DCCB receiving triggering signals at ¢
=1.001s, UCB_2, DCB_1 and DCB_3 are commanded to open
with arcing.

IGBTs in CCP of main-breaker are turned on at ¢ =1.002s.
Consistent with Section 3.1.1, driven by NVS, all arcing MS are
extinguished at zero-crossing points. As a result, current through
down bridge arm of healthy lines commutate to up bridge arm,
along with 7}, (I3,) increasing and /}4 (/3q) decreasing to zero.
Current through up bridge arm of faulty line commutate to down
bridge arm, along with /4 increasing and /,, decreasing to zero.
This is proved by the characteristic of (I1y, I3y, 12q) T, ({1d> 134> Iou)
| and Uyys decreasing to zero in Fig. 7. After this current
commutation, /, must flow through main-breaker.

IGBTs in main-breaker are turned off at z, =1.003 s. DCB_2 is
commanded to open at the same time. Along with the turn-off of
IGBTs, transient interrupting voltage (TIV) is established across
CCP and EAP, and the current in main-breaker branch is further
commutated from CCP to EAP. This is proved by Igap 1, Iccp |

IET Renew. Power Gener.
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and Ugap increasing to be residual voltage of MOV in EAP in
Fig. 7. Then, caused by TIV in main-breaker branch, /, (the current
through faulty line) is forced to zero at #3=1.006 s, resulting in
DCB_2 is also extinguished and the faulty line is completely
isolated.

It should be noted, after the fault isolation, Ugap did not
decrease to zero immediately. Then reason is: referring to Fig. 3a,
with IGBTs turned off and at least one MS in each LCP open,
Ugap is the voltage over Cy in snubber circuit parallel with MOV
in EAP. When Ugap decreases to be lower than rating voltage of
MOV, leaking current of MOV is quite small (referring to Table 2),
and there is no other discharging path for C, and Ugpp only
decreases slightly caused by this leaking current.

After complete fault isolation, DCB_1 and DCB_3 of healthy
lines are closed at #4=1.013 s, resulting in the rapid discharging of
C; through each LCP of healthy lines. This is proved by the high-
frequency oscillation of current through port 1 and port 3, and the
rapid decreasing of Ugap. In the end, load current through healthy
lines is equally shunt by relative up bridge arm and down bridge
arm again, just as shown in Fig. 7.

4.1.2  Interrupting  fault current  through  multiple
lines: Corresponding with Section 3.1.2, two pole-to-pole short-
circuit faults (f] on line 1 in Fig. 2 and f; on line 2 in Fig. 2) occur
at =1 s concurrently. With the multi-port hybrid DCCB triggered
to interrupt fault currents through line 1 and line 2 at r=1.001 s,
simulation results are illustrated in Fig. 8.

During normal state (before =1 s), load current through each
port is equally shunt by relative up bridge arm and down bridge
arm. When f] and £, occur to line 1 and line 2 concurrently at ¢= 1
s, all converters feed fault current to the two fault point through
port 2 and port 3. Under this circumstance, /; with negative
direction flow into DCCB; I, and /3 with positive direction flows
out of DCCB, just as shown in Fig. 8. Both /; and /3 are the fault
current to be interrupted by DCCB.

According to Section 3.1.2, when multi-port hybrid DCCB
receives triggering signal to interrupt fault current through multiple
lines at r=1.001 s, UCB_2, UCB_3 and DCB_1 are commanded to
open with arcing. Then, with the turn-on of IGBTs at #{=1.002 s,
current commutation is ignited, resulting in [y, I3g, lq)
increasing, (/14, I3y, Ipy) decreasing to zero, and Uyys decreasing
to zero in Fig. 8.

Then, IGBTs in main-breaker are turned off at z,=1.003 s.
DCB_2 and DCB_3 are commanded to open. Similar with Fig. 7,
TIV is established along with the turn-off of IGBTs, resulting in
currents through multiple faulty lines (/, and /,) are forced to zero
at t3=1.006s, resulting in both DCB_2 and DCB_3 connecting
with faulty lines are extinguished and faulty line are completely
isolated, just as shown in Fig. 8.

After complete fault isolation, DCB 1 is closed at #4,=1.013 s,
resulting in Ugap decrease to zero. It should be noted, because the
port number of DCCB is 3, and when two faulty lines are isolated,
no load current flow through the healthy area through port 1, just
as shown in Fig. 8. However, the voltage at the outlet of MMC 1
has recovered to rating value.

According to the above simulation results, by using the
proposed cooperation sequence of components in Section 3.1, a
multi-port hybrid DCCB has the capability of interrupting fault
current through single line or multiple lines concurrently or not
concurrently, just like multiple independent two-port hybrid
DCCBs on the same DC bus.

4.2 Simulation results of switching load currents

By controlling the output reference DC voltage of MMC 1 to be
+10 kV, and setting the output reference active power of MMC 2
and MMC 3 to be ~16 MW, two simulation cases of switching
load current are carried out in this part.
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Fig. 10 Simulation results of switching load current through line 1 and
line 2 (I and 13) concurrently

4.2.1 Switching load current through single line: In this case,
multi-port hybrid DCCB is triggered to switch load current through
line 1 at r=1.001s; simulation results are illustrated in Fig. 9.
Referring to Figs. 15 and 9, during normal state, power flows from
MMC 2 and MMC 3 to MMC 1. Currents through line 1 and line
2 flow into DCCB, and load current through port 1 flows out of
DCCB (;=1.6kA; 6h=—0.8KkA; I3=—0.8kA). The main
difference from interrupting fault current is: direction of the load
currents is opposite, and multi-port hybrid should be capable of
switching this load current with random direction.

By employing the cooperation sequence proposed in Section
3.2.1, after multi-port hybrid DCCB is triggered, UCB_1, UCB_3
and DCB_2 are commanded to open at #=1.001 s. IGBTs in main-
breaker path are turned on at ¢; =1.002 s. During this period, with
current through UCB_1 and DCB_2 passing through zero, UCB_1
and DCB 2 are extinguished, resulting in /;, and Ipq are
commutated to /}4 and /I, respectively.

Then, IGBTs in main-breaker path are turned off and DCB_2
are commanded to open at #=1.003s. Along with the
establishment of TIV, the load current through line 1 (/,) is forced

to zero by main-breaker, and DCB_2 is extinguished, resulting in
line 1 is completely switched out of system, just as shown in Fig. 9.

After line 1 is switched out, the rest of power system works
continuously, and load current flows from port 3 to port 1. In the
end, UCB_3 and DCB 1 are closed at #4,=1.013 s, resulting in the
rapid decreasing of Ugap, similar with the simulation results of
interrupting fault current line shown in Fig. 7.

Comparing Figs. 7 and 9, a unique phenomenon different from
interrupting fault current is although UCB_3 is commanded to
open at r=1.001 s, UCB_3 is arcing continuously until IGBTs are
turned off at #,=1.003 s. The reason is limited by power flow
direction, initial direction of /3, is consistent with the high-
frequency current generated by NVS in the closed loop with
LCP_3 and main-breaker branch, and /3, does not pass through
zero during current commutation stage. Then, with main-breaker
turned off at #,=1.003 s, load current through port 1 (/;) has to
flow through DCB 3 to port 3 (/3), resulting in UCB 3 is
extinguished finally, as shown in Fig. 9.

Another interesting phenomenon is that different from
interrupting fault current, the load current to be switched is relative
small, and the residual energy to be dissipated by EAP is also quite
low. As a result, /gap is quite small, after MOV in EAP changes to
low-resistance state, it changes back to high-resistance state
rapidly.

4.2.2 Switching load currents through multiple lines: In this
case, multi-port hybrid DCCB is triggered at £=1.001 s to switch
load currents through line 1 and line 2 concurrently, simulation
results are illustrated in Fig. 10.

During normal state, power flows from MMC 2 and MMC 3
to MMC_1. Currents through port_2, port_3 and port_1 are —0.8,
—0.8 and 1.6 kA, respectively.

By employing the cooperation sequence proposed in Section
3.2.2, after multi-port hybrid DCCB is triggered, UCB_1, DCB_2
and DCB_3 are commanded to open at £=1.001 s. IGBTSs in main-
breaker path are turned on at 7; =1.002 s. Driven by NVS, with
current through UCB_1, DCB_2 and DCB_3 passing through zero,
all these MS are extinguished, resulting in I, lrq and /34 is
commutated to /4, [», and I3, respectively.

Then, by turning on IGBTs in main-breaker and commanding
UCB_2 and UCB_3 to open, both load current through line 1 (/)
and line 2 (/3) are forced to zero, and UCB_2 and UCB_3 are
extinguished, resulting in line 1 and line 2 are switched out of
power system concurrently.

It should be noted, because the current to be switched is larger
than that in Section 4.2.1, residual energy to be dissipated by MOV
is larger, and Igap is more obvious than that in Fig. 9. The rest of
distribution pattern of current and voltage is just like other working
conditions.

According to the above simulation results, by using the
proposed cooperation sequence of components in Section 3.2, a
multi-port hybrid DCCB has the capability of switching load
current through single line or multiple lines, and the load current
direction is random, just like multiple independent two-port hybrid
DCCBs on the same DC bus.

5 Conclusion

DCCB:s are of vital importance for the reliability and flexibility of
MVDC power system. However, the high cost and operating losses
of DCCB have been the constraints limiting the development of
medium voltage DC power system. To avoid these problems,
multi-port hybrid DCCB with NVS proposed by us might be a
better choice. To further promote the industry application of multi-
port hybrid DCCB in MVDC system, considering diversified
working conditions of interrupting fault current and switching load
current, interaction characteristics between DCCB and power
system are investigated. Based on the structure of multi-port hybrid
DCCB with NVS, cooperation sequence of components in multi-
port hybrid DCCB with NVS under diversified working conditions,
including single fault, multiple faults and switching load current
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with random direction, are proposed, and relative case studies are
carried out to verify the cooperation strategy.

The contribution of this paper is proposing cooperation strategy
of multi-port hybrid DCCB dealing with different working
conditions, and it is proved that the multi-port hybrid DCCB is
capable of interrupting fault currents with determined direction and
switching load currents with random direction, and it could fulfil
all functions of multiple two-port hybrid DCCB on the same DC
bus.
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