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A high-voltage DC circuit breaker is one of the key equipment that constructs the DC power grid. Therefore,
reducing the peak value of the breaking current and shortening the fault removal time are the main research
directions for its performance optimization. This paper first analyzes the basic topology and the traditional
breaking strategy of a hybrid high-voltage DC circuit breaker with forced current commutation. Then, the
theoretical analysis of the fault current, voltage, and the relationship between the withstand voltage level of the
fast mechanical switch and the exit time of the transfer branch, is conducted. A new breaking strategy is pro-
posed, which can effectively reduce the peak value of the breaking current by turning off the transfer branch step
by step. When a fast mechanical switch reaches the corresponding withstand voltage level, it sends the OFF
signals to each sub-module of the transfer branch; thus, the energy consumption of the DC circuit breaker is
reduced and the fault removal time is shortened. Finally, the PSCAD/EMTDC simulation platform is used to build
the test system, which verified the effectiveness of current limiting and other functions of the proposed breaking

Fault current
Breaking strategy

control strategy.

1. Introduction

In order to alleviate the global energy crisis, a variety of distributed
renewable clean energy is connected to the grid through the Voltage
Source Converter based High-Voltage Direct Current (VSC-HVDC)
transmission system. VSC-HVDC has received widespread attention and
experienced rapid development [1-5]. Compared with the traditional
AC power grid, the VSC-HVDC has the characteristics of low damping.
Namely, after a fault occurs at the same time scale, the fault current in
VSC-HVDC develops more rapidly, and the influence range widens
[6,7]. When only the AC side breaker is used to prevent a DC fault, the
multi-terminal or mesh system without a fault area will be affected
[8,9]. Therefore, in order to adapt to the future development trend of a
large-capacity high-voltage VSC-HVDC, and ensure safe and reliable
operation of the multi-terminal and mesh systems, a high-voltage DC
circuit breaker (DCCB) that can quickly isolate the DC line faults and
improve its key performance is urgently needed.

The DCCB can be divided into three main types, which are me-
chanical DCCB, solid-state DCCB, and hybrid DCCB. The hybrid DCCB
combines the advantages of the first two. It has the advantages of small
on-state loss, strong arc extinguishing ability, fast breaking speed, and
reliable operation [10-15]. Hybrid DCCB is the essential building block
for selective protection and thus system stability in VSC-HVDC [16].
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Therefore, it has a good application prospect [8]. In 2012, company
ABB proposed a typical hybrid DCCB based on the parallel principle of
power electronic switch groups and fast mechanical switches, and
conducted the prototype test of 80 kV/2.6 kA in the same year. The
breaking time of this prototype is 5 ms, and the peak value of breaking
current is 9 kA [17-19].

At present, the research on hybrid DCCB mainly focuses on its fault-
breaking time, the peak value of the fault current, current-limiting
capability and total energy consumption during the breaking process.
The demand for optimization of its performance can be improved in
both the topology and the control strategy. A novel topology for current
limiting DCCB is proposed in [20]. The topology can flexibly select the
number of inductive branches. With the increase of the number, the
effect of current restriction increases. A rapid fault detecting method
and a pre-transferring strategy based on the cascaded full-bridge DCCB
topology were proposed in [21], thereby reducing the breaking time of
a CB. [22] proposed an high-voltage DCCB with no on-state loss and
features bi-directional interruption, which can provide similar perfor-
mance to classical hybrid high-voltage DCCB at relatively lower costs.
For a typical hybrid DCCB, the control strategy can be taken as a re-
search object to achieve the purpose of limiting current. A short-dura-
tion DC fault current limiting model is introduced in [8]. It limits the
failure current to a constant value greater than the rated current after
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the failure current drops, which provides an advantage for reclosing. In
[23], a sequential switching strategy for hybrid DCCB is proposed to
improve transients during DC fault interruption in multi-terminal high
voltage direct current grids. In [24], a breaking and simulation method
of arresters based on step-by-step operating was proposed to solve the
problem of long action time of a fast mechanical switch. However, the
existing control strategies for typical topologies cannot well limit the
rise rate of the fault current, and thus cannot effectively reduce the total
energy consumption.

In order to overcome the problems mentioned above, this paper
proposes a step-by-step exit strategy of a transfer branch, which is
beneficial to reduce the peak value of the breaking current of a hybrid
DCCB. The paper begins by introducing the advantages of hybrid DCCB,
its topology, and its traditional operation during breaking. Then, the
method of step-by-step opening the solid-state insulated-gate bipolar
transistor switch (ss-IGBT-s) sub-modules of the transfer branch ac-
cording to the withstand voltage of the mechanical switch is in-
troduced. To verify the validity and the feasibility of the proposed
control strategy, the simulation studies in PSCAD/EMTDC and experi-
ment validation are presented. The main contributions are as follow:

1) In the proposed breaking strategy, the transfer branch exits the
operation step-by-step after the fast mechanical switch is opened to
a safe distance. This is different from the operation of the branch in
the traditional breaking strategy. The proposed breaking strategy
can significantly reduce the peak value of the breaking current and
shorten the fault removal time simultaneously. Accordingly, system
safety and reliability can be effectively improved.

2) Under the breaking strategy which proposed in this paper, the en-
ergy absorbed by each arrester is reduced, and the total energy
absorbed by the energy consumption branch is also significantly
reduced. The life of the arresters can be extended to different de-
grees according to the order of operation. It can effectively protect
the system to operate safely and reliably while reducing the cost.

3) Simulations are performed for different numbers of ss-IGBT-s sub-
modules in the transfer branch. A comparative analysis of the results
shows that when the number of sub-modules increases to five
groups, the peak value of the fault current reduces significantly.
When the number of sub-modules continues to increase, the peak
value of the fault current will not continue to decrease accordingly,
but increases the number of internal components of the circuit
breaker and the complexity of the breaking control.

2. Topology and working principle of hybrid DCCB
2.1. Topology of hybrid DCCB

The basic topology of a hybrid high-voltage DCCB with forced
current commutation is presented in Fig. 1 [8,16]. As shown in Fig. 1, it
consists of a main current branch, a transfer branch, and an energy
consumption branch, which are connected in parallel. The main current
branch is composed of a fast mechanical switch and a ss-IGBT-s sub-
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module. The on-state loss of the ss-IGBT-s sub-module of the main
current branch is relatively small. Under normal working conditions,
current flows through the main current branch. The transfer branch is
composed of several ss-IGBT-s sub-modules that are connected in series.
In this paper, five ss-IGBT-s sub-modules are used as an example.
Compared with the main current branch, the transfer branch has a
higher on-state loss. This branch is used to transfer the fault current
when breaking the fault. The energy consumption branch is composed
of arresters connected in series. It is used to absorb and consume energy
when the DCCB breaks the fault current, so it can protect the line from
an excessive voltage.

2.2. Working principle of hybrid DCCB traditional breaking

The breaking process of a hybrid high-voltage DCCB with forced
current commutation is shown in Fig. 2. The [; in Fig. 2 denotes that
when a DC line is working normally, the current flows through the main
current branch. After the DC-side pole-to-pole fault occurs at ty, the
breaking process of a DCCB includes the following steps:

1) At t; the fault current rapidly increases, reaching the preset current
value. At this time, the ss-IGBT-s sub-module in the main current
branch is turned off. The fault current begins to migrate to the
transfer branch, as [, in Fig. 2 shown.

2) At t, the current flowing through the main current branch decreases
to the value close to zero, and zero-current breaking of a fast me-
chanical switch can be realized.

3) At t3 the fast mechanical switch opens to a safe distance, and the ss-
IGBT-s sub-modules in the transfer branch are turned off at this
time. The fault current starts to release energy from the energy
consumption branch to the ground, as I5 in Fig. 2 shown.

4) At t4 the fault current flowing through the DCCB drops below the
security domain value. At this time the DCCB completes the fault
breaking work [8].

3. Step-by-step exit strategy of transfer branch

3.1. Calculation of breaking voltage and current in traditional control
strategy

A simplified equivalent model of a DC system after a fault occurs is
displayed in Fig. 3. The simplified model is used to analyze the changes
in voltage and current from when a fault occurs to when the DCCB is
successfully disconnected. In Fig. 3, R¢, L¢c, and Cc respectively denote
the equivalent resistance, inductance, and capacitance of the converter
station within a short time after the fault occurs; Ry, and Lg. denote the
equivalent resistance and inductance of the line, respectively; lastly,
ifaulc represents the fault current.

The first stage: When a fault occurs at t,, capacitor voltage U, and
the initial current, which represents the steady-state current denoted as
Lated, differ from zero at the moment of the fault, and the current flows
in turn through Ry, Lg. and the main current branch of the DCCB. Let
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Fig. 1. Topology of a hybrid high-voltage DCCB with forced current commutation.
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Fig. 2. The breaking process of a hybrid high-voltage DCCB with forced current commutation.

Fig. 3. Simplified equivalent model of a DC system after a fault occurs.

R=Rc+ Ry and L = Lc + Lg.. R < 24/L/C¢ in the actual system, so
the system discharge process before the DCCB operation is equivalent to
an oscillating discharge process with known initial circuit conditions.
Then, capacitor voltage uc(t) can be expressed as:

uc(t) =e ™ [ UOC‘:UO sin(wt + ) — gz%(jsin(a)t)] O

R
where o =0 B = arctan 2, w = Jod — a2, and wy = /1/(LCc). Under
normal circumstances (R/2L)* <« 1/(LC¢g), so we can assume that
w = Wo.
The fault current ig,,, can be expressed as:

=
\“‘ T sin(wt) ]

[fault (t) =e™ I:Iraled'cos(wt) + Uy

(2)

At t;, when gy, increases to the preset current value

Letting = (1.1 ~ 1.5)Iryeq, the ss-IGBT-s sub-module in the main current

branch receives the OFF signal, and at this moment, the fault current
value is given by:

[Cc .
Isetting = I:Iraled'cos(wtl) + UO\/TC 'Sln(wtl):| (3)

The second stage: The traditional breaking strategy turns on the fast
mechanical switch at t, when the main current branch current iy,
drops to the value close to zero; t, = i + Aliransfer, Where Atyansfer T€-
presents the current transfer time. At t3, the ss-IGBT-s sub-modules of
the transfer branch are turned off to make this branch out of operation,
and the fault current releases the energy through the energy con-
sumption branch; & = t, + Atgyien, Where Atg,ien represents the time
required for the fast mechanical switch to open to a safe opening dis-
tance, and it is generally about 2 ms [8,25].

The third stage: Starting at ts;, the arresters start to work when
voltage across the arresters in the energy consumption branch denoted
as U, reaches the arresters’ protection voltage denoted as Up. The ar-
resters release current to the ground so that the protected line cannot
generate an excessive voltage. At this stage, the energy consumption
branch is equivalent to n reverse DC voltage sources nUp, where n is the
number of ss-IGBT-s sub-modules and the corresponding arresters in the
transfer branch.

As shown in Fig. 4, the fault current flowing through the Ry, Lqc,
and the energy consumption branch of the DCCB, and it can be ex-
pressed as:

Fig. 4. Simplified equivalent model of a fault current flowing through the en-
ergy consumption branch.

ifauic (£) = €7 | ij cos(wt) + (Up — nUp)\j% sin(wt)]

+GC(=1,2,3,..,n) 4

where i; is the value of the fault current before each arrester is put into
operation. Due to different initial current conditions, the constant C; is
different when each arrester is put into operation. Putting each arrester
into operation is equivalent to adding one reverse voltage U,. With the
gradual increase of n, “Uy — nU,” in the equation decreases, so the rate
of rise of the ig,, begins to decrease.

After the transfer branch is out of operation, the energy that the
energy consumption branch needs to dissipate comes from two sources
that are the DC power supply and the equivalent reactance of the line
[26,27]. The U-I characteristic curve of the arrester is shown in Fig. 5
[28]. The II stage is regarded as a linear model, and the current flowing
through the arrester can be approximately expressed as:

—m + 1gUx,
M 6))

where m and M are constants related to material and the geometric
structure of arresters.

The arresters work in the II stage of Fig. 5, the voltage change in this
stage is very small, and its error can be approximately ignored.
Therefore, the total dissipated energy Wy, of the energy consumption
branch can be approximated by:

IAr =10

ta
War = -/t; IJelamp'IArdt 6)

where Ucignp is the clamping voltage of arresters.
The arresters discharge current during the period from t; to t;, when

Uy | |
Loy S
Urtany i R
0 : : 1y

Fig. 5. The U-I characteristic curve of the arrester.
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the current flowing through the energy consumption branch is reduced
to about zero; this period accounts for about 50% of the total DCCB
breaking time.

3.2. Calculation of moment when transfer branch exits step-by-step

Fast mechanical switching is one of the important factors affecting
the hybrid high-voltage DCCB. Therefore, its opening speed and with-
stand voltage level U, should be improved. In order to achieve this,
almost all fast mechanical switches in hybrid DCCBs use high-speed
operating mechanisms. The opening speed and withstand voltage level
U, of the fast mechanical switch determine the start time of the transfer
branch, which further affects the peak value of the fault current in the
breaking process of a hybrid DCCB.

The movement of a fast mechanical switch represents the coupling
process of the electromagnetic field and the structural field. The re-
pulsive electromagnetic force generated in this process pushes the
opening coil to accelerate. This acceleration process is the main factor
determining the opening speed and the withstand voltage level U, of
the fast mechanical switch, and the actual process is very complicated.
In order to facilitate the analysis and calculation, the breaking action of
the fast mechanical switch is approximately regarded as a uniform ac-
celeration process defined by a distance of d and an acceleration of a,
which is expressed as:

1
d= —at?
2 @)
The breakdown voltage Upreax Of the vacuum gap of a fast me-
chanical switch is related to the opening distance d, which is given as:

U _ Kld, d<D
break = Kl da, d Z D (8)

where K; denotes the gain coefficient, which changes with the opening
distance d and constanta = 0.4 ~ 0.8 [29]. D is a constant depending on
the type of the fast mechanical switch (0 < D < d).The Upyeax increases
with the increase of the d, but it is not a linear relationship. The Upreax
shows saturation with the increase of the d. Their approximate re-
lationship is shown in Fig. 6 [29,30].

The withstand voltage level U, of the fast mechanical switch should
be less than the breakdown voltage Upeq Of the vacuum gap, which is
given by:

U, = Ubreak/KZ (9)
where K, denotes the protection margin, which is generally between
1.1 and 1.5.

Therefore, the relationship between the withstand voltage level U,
of the fast mechanical switch and the breaking time t is expressed as:

K2, t< /?

Un = 2D
K=, t> |2
T \/ a (10)
_ aKy
where K = %

When the withstand voltage level U, of the fast mechanical switch

U,

break

Uy = K,d”

reak

|

|

|

}

|
0 D

Fig. 6. The relationship between Upyeax and d.
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reaches the protection level of arresters nUj, in the energy consumption
branch, the corresponding ss-IGBT-s sub-modules of the transfer branch
can be turned off. Taking the time when the fast mechanical switch
starts to act as the initial time, the off-time of each ss-IGBT-s sub-
module in the transfer branch is given by:

JUp [2D
2/ 2P ¢ (2=
K’ < \V a

= (G=1,23,..n)

] - —
Za& > fﬂ
1% 1245 an

where j denotes the number of ss-IGBT-s sub-modules in the transfer
branch, that is, the number of the corresponding arrester.

3.3. Breaking process of transfer branch exiting step-by-step

In the breaking strategy proposed in this paper, the ss-IGBT-s sub-
modules of the transfer branch each open sequentially at times de-
termined by the withstand voltage of mechanical switch, which de-
pends on the position of the throw as the switch opens. The time at
which each solid state switch should open is determined analytically
based on constants related to the mechanical switch, arresters, and the
number of IGBT switch modules. The analysis of the fault breaking
process when there are five ss-IGBT-s sub-modules in the transfer
branch is as follows:

1) Under normal operating conditions of a system, the current flows
through the main current branch consisting of a fast mechanical
switch and a ss-IGBT-s sub-module, as shown by path [; in Fig. 2.

2) After a DC-side pole-to-pole fault occurs at to, the fault current rises
rapidly. At t;, the fault current value increases to Ising, and the ss-
IGBT-s sub-module in the main current branch is turned off. Then,
the fault current begins to flow through the transfer branch, as
shown by path I, in Fig. 2.

3) At ty, the current flowing through the main current branch decreases
to about zero. The fast mechanical switch receives the breaking
signal to achieve its zero-current breaking function. To this point,
the DCCB action process is the same as the traditional breaking
strategy.

4) According to Eq. (11), the ss-IGBT-s sub-modules T;, Ts, T3, T4, and
Ts in the transfer branch as shown in Fig. 7 are turned off at times
1, -2, -3, L34, and L_s, respectively; and the corresponding
current flow paths are ;_1,5_5,5_3, 5_4, and ;_s, as shown in Fig. 7.

5) At t,, the fault current drops below the preset safety limit, and the
DCCB completes the fault breaking operation.

Compared with the traditional breaking strategy, the proposed
breaking strategy is based on the theoretical calculation, and the ss-
IGBT-s sub-modules of the transfer branch are withdrawn at a reason-
able time in advance. Therefore, this breaking strategy limits the in-
crease of the fault current and shortens the DCCB fault breaking time.

4. Simulation analysis

In order to verify the effectiveness and superiority of the proposed
step-by-step exit strategy of the transfer branch during the DCCB dis-
connection process, the PSCAD/EMTDC simulation software was used
to build a two-terminal HVDC system simulation model, which is shown
in Fig. 8. By setting a DC-side pole-to-pole fault, the step-by-step exit
strategy of the transfer branch and the traditional breaking strategy of
the hybrid high-voltage DCCB with forced current commutation were
simulated, and the obtained results were compared. The simulation
parameters of the two-terminal HVDC system and DCCB are given in
Table 1.
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Fig. 7. The current flow path when the transfer branch exits step-by-step.

DCCBI DCCB3
DC AC

CoAS e

AC DC
DCCB2 DCCB4

Fig. 8. A two-terminal HVDC simulation system model.

Table 1.

Simulation parameters of the two-terminal HVDC system and DCCB.
Parameter Name Value
Rated System Voltage (kV) + 100
Rated System Current (kA) 0.75
Rated System Power (MW) 300
Equivalent System Resistance (€2) 133.33
Setting Current Value (kA) 1.056
IGBT On-state Resistance of the Main Current Branch (Q) 0.001
IGBT On-state Resistance of the Transfer Branch (Q2) 0.01
Rated Voltage of Arrester (kV) 16
Protection Level of Arrester (kV) 160

4.1. Simulation of traditional breaking strategy

In a two-terminal HVDC system, a DC-side pole-to-pole fault oc-
curred at 2 s. After the fault current flowing through the hybrid high-
voltage DCCB with forced current commutation increased to Ising, the
traditional breaking strategy started. For the DCCB1 in Fig. 8, the fault
current, voltage across the DCCB, and energy absorbed by the energy
consumption branch during the breaking process using the traditional
breaking strategy were as shown in Fig. 9. In Fig. 9, ipai, is the current
of the main current branch, iy is the sum of current iyganster Of the
transfer branch and current i,psorp, Of the energy consumption branch;
Upccg is the voltage of the DCCB, and Energy is the energy absorbed by

the energy consumption branch.

As shown in Fig. 9(a), imain Started to increase after the DC-side pole-
to-pole fault occurred at ty = 2s. At , inain reached the preset current
value Igying = 1.056kA. At this time, the ss-IGBT-s sub-module in the
main current branch received the OFF signal, and the fault current
started to migrate to the transfer branch. The presented phase denoted
the first commutation in the DCCB, and i, Started to increase, while i5
decreased. At t, = 2.00016s, all fault currents were transferred to the
transfer branch, and the fast mechanical switch in the main current
branch achieved zero-current breaking. After a delay of 2 ms, at
t; = 2.00216s, the fast mechanical switch opened to a safe distance. At
this time, the OFF signal was issued to the ss-IGBT-s sub-modules in the
transfer branch, and Uy starts to rise to about 104.4 kV (Upy is the
voltage across the fast mechanical switch, as shown in Fig. 10.). iy starts
to decrease from t; until it drops to the value close to zero at
ty = 2.00589s, and the DCCB completed the fault breaking operation.

It can be known from Fig. 9(b) that at the beginning of the fault at
to, Upcca is still zero until the ss-IGBT-s sub-module in the main current
branch receives the OFF signal. Upccp rises to about 0.79 kV between t;
and t,, and rises to about 3.28 kV at t3. At t3, due to the operation of the
arresters in the energy consumption branch, Upccp quickly increased to
about 156.65 kV and then gradually decreased. At t,, the arresters
complete the energy release work, and Upccp drops and stays around
100 kv.

As shown in Fig. 9(c), during the period from t; to ty4, the total en-
ergy absorbed by the arresters in the energy consumption branch of the
DCCB1 was about 1200 kJ.

The voltage and absorbed energy of each arrester under the tradi-
tional breaking strategy are shown in Fig. 11. As shown in Fig. 11(a),
the voltage of each arrester rises to 31.3 kV when it is put into operation
at t3. At this time, the arresters start to absorb energy, and each arrester
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Fig. 9. The simulation results of current, voltage, and energy of the traditional
breaking strategy.
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Fig. 10. The voltage of the mechanical switch in the traditional breaking
strategy.

1.999 2.000

absorbs 240 kJ of energy until t4, as shown in Fig. 11(b).
Fig. 12 shows the control sequence of ss-IGBT-s sub-modules and
fast mechanical switch in the traditional breaking strategy.

4.2. Simulation of step-by-step exit strategy of transfer branch

In the traditional breaking strategy, after the mechanical switch is
opened to a safe distance, the OFF signal is uniformly sent to the ss-
IGBT-s sub-modules in the transfer branch. The difference of the pro-
posed strategy is that the ss-IGBT-s sub-modules T, T, T3, T4, and Ts in
the transmission branch are respectively given OFF signals.
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Fig. 11. The voltage and absorbed energy of each arrester under the traditional
breaking strategy.
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Fig. 12. Control sequence of the traditional breaking strategy.

As shown in the waveforms from 2 s to 2.00016 s in Figs. 9(a) and
13(a), the operation process of the main current branch is the same
under this breaking strategy and the traditional breaking strategy. After
the fast mechanical switch was opened under zero-current conditions,
the ss-IGBT-s sub-modules Ty, T,, T3, T4, and Ts in the transfer branch
were turned off at #_;=2.000872s, t_,=2.001168s, t_3=2.001465s,
t;_4=2.001763s, and t_s=2.002158s, respectively. During the period from
t;_1 to _s, the voltage Uy, rises step by step (as shown in Fig. 14) , and
the final voltage peak is 103.5 kV, which is almost the same as that
under the traditional breaking strategy. iy decreased to the value close
to zero, and the DCCB completed the fault breaking operation at
ty’ = 2.00470s. i,y is the calculation result of Eq. (4). It can be seen that
the result is close to the simulation result.

As shown in Fig. 13(b), Upccp increased gradually from #_;, and at
t;_s. The peak value of Upccp is about 155.86 kV. Upccp starts to decline
slowly from t_s. At t‘{, Upccp dropped to about 100 kV and remained
stable.
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Fig. 13. The results of current, voltage, and energy of the step-by-step exit
strategy of the transfer branch.
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Fig. 14. The voltage of the mechanical switch in the step-by-step exit strategy
of the transfer branch.

As illustrated in Fig. 13(c), the arresters in the energy consumption
branch of the DCCB1 under the step-by-step exit strategy of the transfer
branch absorbed about 774 kJ of the energy during the period from £_;
to t,.

The voltage and absorbed energy of each arrester under the step-by-
step exit strategy of the transfer branch are shown in Fig. 15. Each
arrester assumes a voltage of approximately 31.2 kV when it is put into
operation. This voltage is opposite to the direction of the system vol-
tage, which is U,. The energies E;, E,, E3, E4, and Es absorbed by the
arresters that corresponded to the ss-IGBT-s sub-modules Ty, To, T3, T4,
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Fig. 15. The voltage and absorbed energy of each arrester under the step-by-
step exit strategy of the transfer branch.

and Ts of the transfer branch during the fault current breaking process
are shown in Fig. 15(b). According to the sequence, the energy ab-
sorbed by all the arresters was decreasing gradually.

When the transfer branch exited step by step, the fault current was
commutated in the ss-IGBT-s sub-modules Ty, T,, Ts, T4, and Ts, and the
corresponding arresters in the energy consumption branch respectively.
This stage denoted the second commutation inside the DCCB. The
current exchange process between the two branches is shown in Fig. 16.

By comparing the results shown in Figs. 9 and 13, it can be seen that
the proposed strategy is better than the traditional breaking strategy. In
order to reduce the peak value of the breaking current and shorten the
fault removal time, the proposed strategy sends a turn-off signal to each
ss-IGBT-s sub-module after determining that the fast mechanical switch
has reached the corresponding withstand voltage level. This can make
the arresters start to operate early and effectively reduce the energy
they need to consume. Therefore, the peak value of the fault current is
reduced to about 2.92 kA, and the breaking process of the DCCB is
shortened to about 4.70 ms; the energy absorbed by the energy con-
sumption branch dropped to about 774 kJ. Through the data compar-
ison of the two strategies in Table 2, it can be seen that the proposed
strategy has obvious optimization effects in all aspects.

Fig. 17 shows the comparison of the fault current when there are
different numbers of ss-IGBT-s sub-modules in the transfer branch. As
shown in Fig. 17, the peak value of the fault current decreases as the
number of ss-IGBT-s sub-modules of the transmission branch increases.
The early exit of the first ss-IGBT-s sub-module of the transfer branch
can effectively reduce the peak value of the fault current. The greater
the number of ss-IGBT-s sub-modules in the transfer branch, the smaller
the protection level assumed by the arrester corresponding to each sub-
module. As Fig. 17 shows, when the number of ss-IGBT-s sub-modules
in the transfer branch increased to five groups, the peak value of the
fault current was significantly reduced. The increasing number of sub-
modules does not continue to reduce the peak value of the fault current,
but increases the number of DCCB internal components and the com-
plexity of the disconnection control. Accordingly, it would be the most
appropriate to set the number of ss-IGBT-s sub-modules in the transfer
branch to five.
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Table 2.
Performance comparison of different control strategies.
Peak Value of OFF Time  Absorbed
Current (ms) Energy
(kA) kJ)
Traditional breaking strategy 4.46 5.89 1200
The step-by-step exit strategy 2.92 4.70 774
of transfer branch
Optimized amount 34.53% 20.20% 35.50%
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Fig. 17. Comparison of the fault current at a different number of ss-IGBT-s sub-

modules.

2.006

5. Conclusion

This paper introduces the basic topology and traditional breaking
strategy of the hybrid high-voltage DCCB with forced current commu-
tation. The voltage and current during the breaking process and the
relationship between the withstand voltage level of the fast mechanical
switch and its opening time are analyzed. Therefore, a step-by-step exit
strategy of the transfer branch, which is beneficial to reduce the peak
value of the breaking current of a hybrid DCCB, is proposed. A two-
terminal flexible unipolar DC power system model is built by the
PSCAD/EMTDC simulation platform. In the built model, a DC-side pole-
to-pole fault on the DC side is set up to verify the effective eness of the
step-by-step exit strategy of the transfer branch. The simulation is
conducted for different numbers of ss-IGBT-s sub-modules in the
transfer branch to determine an optimal number of sub-modules in the
transfer branch. According to the sequence of the withdrawal opera-
tion, the energy absorbed by the arrester corresponding to each ss-
IGBT-s sub-module in the transfer branch is gradually decreasing. The
total energy absorbed by the energy consumption branch, and the peak
value of the fault current are reduced in an approximate proportion.
The proposed strategy provides a safe and reliable system operation
while extending the arrester's life.

The analysis results prove that by setting an appropriate number of
ss-IGBT-s sub-modules in the transfer branch, the transfer branch can be
gradually withdrawn at the corresponding time after a DC-side pole-to-
pole fault occurs. Compared with the traditional breaking strategy, this
strategy can limit the rise rate of the fault current, so as to significantly
reduce the peak value of the fault current, shorten the fault breaking
time and reduce the energy consumed by the arrester.
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Acronyms and nomenclatur.
DC Direct Current
AC Alternating Current
DCCB DC circuit breaker
VSC-HVDC Voltage Source Converter based High Voltage Direct Current
Transmission
PSCAD/EMTDC Power Systems Computer Aided Design/Electromagnetic
Transients including DC
ss-IGBT-s solid-state insulated-gate bipolar transistor switch
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