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Novel Reclosing Strategy Based on Transient
Operating Voltage in Pseudobipolar DC System
With Mechanical DCCB
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Abstract—To ensure the reliability and flexibility of direct cur-
rent (dc) system, direct current circuit breakers (DCCBs) are in
urgent demand. Compared with solid-state and hybrid DCCBs,
mechanical DCCBs have features of low operating losses and in-
vestment, showing bright application prospects. Until now, without
concern about transient operating voltages (TOV) in the whole
dc system, the reclosing of DCCB is still an open problem, and
it is the emphasis of this article. First, overview of TOV in typical
pseudobipolar dc system is introduced. Then, focused on hardware,
electrical characteristic of a novel mechanical DCCB is analyzed,
and verification tests are carried out in our laboratory. By taking
interaction between the dc system, DCCB, and lines into consider-
ation, distribution patterns of TOV under different faults and its
mechanism are revealed. Based on TOV, novel reclosing strategy is
proposed for mechanical DCCBs, and case studies are conducted in
PSCAD/EMTDC for verification. Remarkable advantages of novel
reclosing strategy are: fault type could be identified without oper-
ating any component of DCCB after fault current interruption; no
risk of reclosing a permanent fault point; an explicit time could be
reserved for the dielectric recovery of temporary fault point.

Index Terms—DC circuit breaker, transient operating voltage
(TOV), fault-type identification, reclosing.

I. INTRODUCTION

ITH features of few power conversion steps and high
W controllability, modular multilevel converters (MMCs)
based dc technology is widely recognized as a promising solu-
tion to improve the power conversion efficiency and power qual-
ity [1]-[2], and large-scale integration of renewable resources.
Referring to demonstration projects, such as Nanao (=160 kV)
[3] and Zhoushan project (=200 kV) [4], pseudobipolar structure
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Fig. 1.  Basic structure of the mechanical DCCB.

without real ground point at dc side is widely adopted. However,
dealing with dc faults is one of the technical difficulties remain-
ing to be overcome.

Compared with using alternating current circuit breakers
(ACCB) or converters with dc fault ride-through ability [5],
advantages of using direct current circuit breakers (DCCBs)
[6]—[8] to deal with dc faults are: 1) transitory blackout of healthy
area could be avoided; 2) system operating mode could be
adjusted flexibly by using DCCB to switch load current; and 3)
DCCB with reclosing capability could deal with permanent and
temporary faults differently, meaning stability and reliability of
power system are enhanced. Therefore, DCCBs with reclosing
capability have great application prospects in the dc system.

Without numerous insulated gate bipolar translators (IGBTs)
[9]-[13], mechanical DCCB has remarkable features of negligi-
ble operating losses and low investment [14]—-[16], and its basic
structure is illustrated in Fig. 1.

As shown in Fig. 1, mechanical DCCB consists of a resid-
ual current breaker (RCB) and three parallel paths including
load current path (LCP), current commutation path (CCP), and
energy absorption path (EAP). LCP is made of mechanical
vacuum switch (MVS). CCP is made of a high-voltage capacitor
(Cy.y) in series with the accessory for current commutation. The
accessory is different when using different current commutation
methods, and details could be found in [17]. EAP is made
of metal oxide varistor (MOV). In fact, RCB and MVS are
ultrafast vacuum mechanical switches, and they could interrupt
alternating current with amplitude of tens of kiloampere or direct
current with amplitude lower than its chopping current (several
Amperes) [18].

Previous research works were focused on current interrup-
tion of mechanical DCCB, and rare research is carried out on
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reclosing of mechanical DCCB. Without concern of transient
operating voltages (TOV) in the whole power system, two reclos-
ing strategies have been proposed for ACCB and hybrid DCCB,
respectively. However, they are not suitable for mechanical
DCCBs, and reasons are explained as follows.

Referring to ACCB, one reclosing strategy is to reclose RCB
and MVS without identifying fault type (permanent or tem-
porary). When reclosing to permanent fault, secondary surge
current is generated, and it has same characteristics with fault
current. This reclosing strategy has two fatal shortcomings. First,
the two successive surge current might cause unrecoverable
damages to vulnerable IGBTs whose surge-handling capability
is much lower than conventional electrical devices in ac system
[19]. Second, different from ACCB, it is much more difficult
for mechanical DCCBs to interrupt surge currents without zero-
crossing points twice successively within hundreds of millisec-
onds [14]-[16].

Referring to hybrid DCCB, the other reclosing strategy [19]—
[20]is toreclose RCB only, resulting in CCP parallel with EAP is
switched into dc system without producing surge current. Then,
based on current and voltage distribution patterns after reclosing
RCB, fault type is identified. For permanent faults, RCB is
opened again to isolate fault point permanently. For temporary
faults, MVS is further reclosed to recover this transmission
line. The reclosing strategy requires RCB capable of completing
action sequence of open-close-open (O-C-O) within hundreds of
milliseconds. However, RCB is actually an ultrafast mechanical
switch with mechanical life of 2000-5000, frequent O-C-O
operation for RCB is quite difficult [21]. More importantly,
decided by random transient voltages distribution pattern on
faulty line and hybrid DCCB, fault type identification method
for hybrid DCCB is not valid for the mechanical DCCB [19].

Contribution of this article is to propose a novel reclosing
strategy for mechanical DCCB based on the characteristic of
TOV in the pseudobipolar dc system. The advantage of this
reclosing strategy is that the fault type could be identified without
operating any component of DCCB after current interruption,
meaning no risk of secondary surge current and no requirements
for O-C-O of RCB. The rest of article is organized as follows.
The overview of TOV is presented in Section II. Focused on
hardware, electrical characteristic, and experimental verification
of novel mechanical DCCB are presented in Section III. Then,
characteristic of TOV under different fault types and its mech-
anism are revealed in Section IV. Based on the characteristic
of TOV, novel reclosing strategy for mechanical DCCBs is
proposed is Section V and cases studies are conducted for verifi-
cation in Section VI. Finally, Section VII concludes this article.

II. OVERVIEW OF TOV IN THE PSEUDOBIPOLAR DC SYSTEM

Similar with the dc system, when operating DCCBs to isolate
faulty line in a pseudobipolar dc system, transient voltage varies
with time and space in the whole dc system, and it is defined as
TOV in this article. Overview of TOV in the pseudobipolar dc
system is introduced as follows.

Considering DCCBs are usually used in multiterminal dc
system, diagram of a three-terminal pseudobipolar dc system
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Fig.2.  Pseudobipolar dc system with mechanical DCCBs. (a) Configuration of

DCCBs in a typical three-terminal dc system. (b) Distribution of TOV generated
by isolating a faulty line with four DCCBs.

with mechanical DCCBs is illustrated in Fig. 2. Because TOV
could be generated by operating DCCBs on any lines, line 1
in Fig. 2(a) is taken as an example to introduce TOV, and the
diagram of linel is illustrated in Fig. 2(b). As shown in Fig. 2,
j-end and k-end indicate two ends of the dc transmission line.
In a pseudobipolar dc system without real ground point, the
transmission line consists of a positive pole and a negative pole.
Four DCCBs are installed at each end of each pole of this
transmission line.

During the normal state, with DCCBs closed, voltage drop
of DCCB is almost zero. Voltage of whole system is rating
voltage, and only a small voltage deviation (£5% ~ +10%)
is caused by line losses. Once a fault occurs to line 1, such as f
in Fig. 2, four DCCB on this line are triggered to force current
through each DCCB to pass through zero, so that the faulty line
could be isolated from healthy areas. After complete isolation
of faulty line, voltages of healthy areas (Usys_j, Usys_1) T€COVET
to rating voltage. Residual voltage on faulty line (U,es_;j and
U,es_1) 1s function of time (f) and distance (x). It should be
noted, characteristic of residual voltage on faulty line is closely
related with fault type, and details are presented in Section IV.
Constrained by Kirchhoff’s voltage law, voltage on DCCBs
(Upcca) on each pole at each end, equal to voltages on RCB
and MVS (Ugcp + Uwmvs), is half of (Usys_j — Uses_j) and
(Usys_x — Ures_xk), respectively.

III. ELECTRICAL CHARACTERISTIC OF THE MECHANICAL
DCCB WITH NVS

In theory, fault type (permanent or temporary) could make a
difference on TOV in pseudobipolar with mechanical DCCBs,
and it could be identified based on this difference. To reveal this
difference, electrical characteristics of DCCB are discussed in
this part.
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Fig. 3. Mechanical DCCB with NVS.

A. Structure of Mechanical DCCB With NVS

According to [17], for existing mechanical DCCBs with active
current commutation methods, precharged capacitor is essential
for the accessory in CCP, and high voltage (tens or even hundreds
of kilovolts) will be applied on this capacitor, meaning electri-
cal insulation requirements for this capacitor and its charging
system is so high that it is one of main technical difficulties for
mechanical DCCB. To solve this problem, a negative voltage
source (NVS) proposed by us is deployed in mechanical DCCB
for current commutation, and its structure is illustrated in Fig. 3.

As shown in Fig. 3, the novel mechanical DCCB with NVS
consists of RCB and three parallel paths, including LCP, CCP,
and EAP. NVS is made of a low-voltage capacitor (Cy.,) and
thyristor (SCR) antiparalleled with diode (D). L is intrinsic
stray inductance of loop-circuit made of LCP and CCP, and it is
usually several microhenry.

It should be noted, Cy,_ is in series with Cy_, just like a capac-
itive voltage divider. When SCR is turned ON, voltage variation
ratio of C},_, and C\_, is equal to capacitance ratio of Cy_, and
Ch_v. Referring to existing mechanical DCCBs, capacitance of
Cy-y is in the range of 10-60 pF, and the maximum voltage
variation of Cy_y is ~2 p.u., which is decided by the clamping
voltage of MOV. Therefore, as long as capacitance of Ci_ is
large enough, voltage variation of Cy, could be only several
kilovolts, meaning electrical insulation requirements for NVS
and its charging system could be reduced dramatically.

B. Working Principle of Mechanical DCCB With NVS

In the pseudobipolar dc system shown in Fig. 2(b), during
the normal state, RCB and MVS in all mechanical DCCBs are
closed. Cy_, in NVS is precharged with several kilovolts. SCR
in N'VS is turned OFF. In this case, precharged voltage on C}_, is
blocked by SCR antiparallel with D, and initial voltage on Cy,.,
is zero. Load current flows through RCB in series with MVS.
Voltage on DCCB(Upccp) is almost zero, and voltage of the
whole system is rating voltage.

Considering the most severe working condition of pole-to-
pole short-circuit fault, just as shown in Fig. 2, all converters
at j-end and k-end provide fault currents (/t_j, /;_ix) to the fault
point (If). Two mechanical DCCBs (DCCB_jp and DCCB_jn)
atj-end are triggered together to interrupt /s_; provided by the dc
system at j-end. Similarly, two mechanical DCCBs (DCCB_kp
and DCCB_kn) at k-end are also triggered together to interrupt
It_x. As a result, faulty line is isolated from healthy area.

Taking DCCB_jp and DCCB_jn as an example, current inter-
ruption process of I;_j is described as follows: MVS and RCB
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are commanded to open first. After time delay of ~2 ms for the
establishment of contacts distance, SCR in NVS is turned ON.
With initial voltages on C},_, and Cj_, not equal, the turn-ON
of SCR ignites an oscillatory current with high-frequency (/y,¢)
in the loop circuit with LCP and CCP in series, just as shown
in Fig. 3. As long as the amplitude of Iy is larger than fault
current (/¢_;), current through MVS (Iyrvs) will pass through
zero, resulting in MVS extinguished and /;_; completely com-
mutated CCP(Iccp). Then, caused by the interaction between
healthy area, CCP parallel with EAP, and faulty line, transient
interruption voltage is established on DCCB_jp and DCCB_jnto
force Ir_j to zero. Finally, RCB is extinguished at zero-crossing
pointof /;_j, resulting in the differential voltage between healthy
area and faulty line is completely applied on RCB (Urcp) and
MVS (UMVS) in DCCB.

It should be noted, with the existence of faulty point, TOV at
one end of faulty line, such as Usys_j, Ures_j, Upccp atj-end, is
generated by the interaction between power system, two DCCBs
and faulty line at this end, and it is not related with the other end.
However, when the faulty point disappears, TOV at both end
will be affected by each other. Further details will be presented
in Sections IV and V.

C. Experiments on Prototype of Mechanical DCCB With NVS

To verify the mechanical DCCB with NVS, a prototype with
rating voltage of 2 kV has been established in our laboratory. Just
as shown in Fig. 4(a), typical current interruption experimental
circuits for DCCBs [15]-[17], [20] are used. Cpc (40 mF) in
series with Lpc (1mH) is equivalent to the dc system consisting
of MMC:s. The picture of prototype and experimental platform
is shown in Fig. 4(b), and experimental results are illustrated in
Fig. 4(c).

Parameters of the prototype are listed as follows: Ls is ~6 pH;
knee voltage, clamping voltage, and energy capacity of MOV
are 2 kV, ~3 kV, and 20 MJ; Cy,_, is 140 uF; Cp is 520 uH;
precharged voltage on Cy,_, is zero; precharged voltage on C_,
is 0.5 kV, and its direction is shown in Fig. 4(a).

Before the test, RCB is open, and MVS is closed. SCR is
turned OFF. Cpc and Cy, are precharged. The test is ignited
by the closing of RCB, and Cpc starts discharging through
Lpc to produce the current to be interrupted. In the test, to
observe the first current commutation process, two Rogowski
Coils are used to measure the current through LCP (Iyvs),
and CCP parallel with EAP (Iccp + Igap), respectively. In
order to observe voltage variation on Cy,_, and Cy_,, two voltage
differential probes are used to measure voltages on MVS (Unrys)
and C_y (U.ly), respectively.

As shown in Fig. 4(c), when current reaches 2.7 kA, MVS
is commanded to open at 7y (0 ms). After time delay for es-
tablishment of contacts distance, SCR in NVS is turned ON at
t1 (2 ms), resulting in current commutates from LCP to CCP
rapidly. After current commutation from LCP to CCP driven
by NVS, Iccp charges Cy_y in series with Cy_,, continuously,
resulting in Uypyg increases until it is limited to be clamping
voltage of MOV (3.1 kV) and current further commutates to EAP
(Igap) naturally. Then, with Uyryg larger than voltage on Cpc,
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Fig.4. Testcircuit and photographs of the experiment platform and prototype.
(a) Test circuit for prototype. (b) Photographs of the experiment platform and
prototype. (c) Experimental results.

It (equal to Igap during this period) starts decreasing. Decided
by volt-ampere characteristic of MOV, with Igap decreasing,
Unrvs which is actually the voltage on MOV also decreases until
MOV turns back into high-resistance state, resulting in current
commutates back to CCP. Finally, because this residual current
has natural zero-crossing points, it can be easily interrupted by
opening RCB at #3. In tests, 73 is set to be 20 ms so that RCB
could extinguish later and the alternating residual current could
be observed clearly.

Without loss of generality, test results of prototype with low
rating voltage and current have verified the effectiveness of
mechanical DCCB with NVS, and dc with amplitude of ~2.7 kA
could be forced to decrease within 2 ms.

IV. CHARACTERISTIC OF TOV IN THE PSEUDOBIPOLAR
DC SYSTEM

In this section, focused on the interaction between power
system, mechanical DCCB, and faulty line, characteristic of
TOV in the dc system under different fault types is studied in
this part.
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TABLE I
PARAMETERS OF SIMULATION MODELS

Item MMC_1 MMC 2 MMC_3
Rated power/MW 400 200 200
Rated DC voltage /kV +200 +200 +200
Number of sub-modules 100 100 100
in each bridge arm
Capacitance of
13000 9750 50
sub-modules /uF 7 7
Reactance of bridge
arm/mi 19.1 37.6 37.6
Current limiter/mH 50 50 50
Groundline 1 Ground line 2
7w “om
Positve pole L Negative pole
ldO [m]
Midnphﬁg.&/ | )
20 [m] |for Conducmr? 30‘ (m] 'liower. bC2
14 [m] lfor Ground Wires i Cond chukar
Ground_Wires: 1/2"HighStrengSteel
0[m]
(@)
Rydx  Lodx Rydx  Lodx
Positve
pole
Codx
Negative
pole

(b)

Fig.5. Structure of the transmission line and its detailed distributed parameter
model. (a) Physical dimension of transmission lines. (b) Detailed distributed
parameter model of transmission lines.

A. Simulation Model

Referring to the three-terminal dc system with novel mechan-
ical DCCBs in Fig. 2, simulation model of the pseudobipolar dc
system with overhead lines is established in PSCASD/EMTDC.

1) Parameters of MM Cs: In the simulation, the pseudobipolar
dc system with rating voltage of £200 kV consists of three
MMC s, and detailed parameters of MMCs could be found in
Table I.

2) Parameters of overhead lines: Considering that faults prob-
ability of overhead line is quite high, and it poses main demands
for the reclosing of DCCB, overhead lines are used as power
transmission carrier in the simulation, and length of all three
lines connecting MMC_1, MMC_2, and MMC_3 is equal to
200 km. The detailed physical dimensions of the overhead lines
are illustrated in Fig. 5(a), and its distributed parameter model is
shown in Fig. 5(b). In the simulation, frequency-dependent line
model with high precision is adopted, and the characteristic of
RO and LO varying with frequency has been considered.

3) Parameters of mechanical DCCB with NVS: In the simula-
tion, 18 mechanical DCCBs with NVS are installed, and detailed
parameters of DCCB are listed as follows: Ly is ~10 pH; Cy_y
is 20 pF; Cyy 1s 2000 pH; precharged voltage on Cy,_ is zero;
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TABLE II
PARAMETERS OF MOV

Current

(kA) 0.001 0.01 0.1 0.2 0.38 0.65 1.11 1.50 2.00 2.80 200.0

Voltage
€ 11 16 17 154 1.78 1.82 1.85 1.88 1.91 1.95 3.2
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Fig. 6. Detailed voltages and currents inside DCCB_jp under permanent

faults. (a) Transient voltages at j-end. (b) Transient voltages inside DCCB_jp.
(c) Current inside DCCB_jp.

precharged voltage on Cy_, is 10 kV. Volt-Ampere parameters of
MOV are listed in Table II.

It should be noted that MOV is designed in accordance of sys-
tem parameters. In simulations, to ensure successful interruption
of fault current with small amplitude, rating voltage of MOV is
set to be 200 x 1.15 kV, so that leaking current of MOV under
rating system voltage (200 kV) is lower than chopping current
of RCB (several Amperes).

B. Discussion on TOV Under Permanent Faults

Referring to Fig. 2(a), a typical permanent pole-to-pole short-
circuit fault occurs at the middle of line 1 at 0.5 s. After 3 ms
for protection relay, four mechanical DCCBs in Fig. 2(b) are
triggered, meaning RCB and MVS are commanded to open at
0.503 s. Then, after 2 ms for contacts separation in MVS and
RCB, SCRis turned ON at 0.505 s. Taking DCCB_jp in Fig. 2(b)
as an example, detailed voltages and current inside DCCB under
permanent fault are illustrated in Fig. 6.

Before 0.505 s, I;_; is completely conducted by MVS in LCP
(Ivivs). Then, current commutates from LCP (Iyys) to CCP
(Iccp) driven by the turn-ON of SCR at 0.505 s. Caused by the
charging effect of capacitors (Cy,_,, in series with Cy_,,) by Iccp,
Unrvs increases until it is limited to be clamping voltage of
MOV (~2 p.u.), resulting in current further commutates from
CCP (Iccp) to EAP (Igap) at ~0.507 s. After 0.507 s, with
Upccs (~2 p.u.) larger than system rating voltage, I;_; is forced
to pass through zero and finally interrupted by RCB at 0.51 s.
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(a) Residual voltage on faulty line. (b) Voltages of healthy area. (c) Fault current.

During 0.505-0.51 s, I;_; has not pass through zero and RCB
is arcing, voltage on DCCB (Upccp) is equal to Uppys, just as
shown in Fig. 6(b). During 0.507-0.51 s, decided by the volt-
ampere characteristic of MOV Upccp equal to voltage on MOV,
decreases slightly with I;_;, and equivalent resistance of MOV
increases. During this period, capacitors discharge through EAP
slightly, resulting in a small fraction of current flows through
CCP, just as shown in Fig. 6(c).

After 0.51 s when DCCB is completely extinguished, Uprvs
decreases slightly as shown in Fig. 6(b); voltage of healthy area
(Usys_j) recovers to be rating voltage (400 kV); voltages on
DCCBs (Upcca_jp and Upccp_jn) oscillates with residual
voltage of faulty line at j-end (Uyes_j) significantly. In fact,
before DCCBs are extinguished, Usys_; also oscillates with
U.es_j. To further observe the oscillating phenomena of TOV
clearly, system voltages and current at both j-end and k-end under
permanent fault are illustrated in Fig. 7.

As shown in Fig. 7, DCCBs at j-end and k-end are extin-
guished when I;_; and I;_j passes through zero at different
time, resulting in faulty line is completely isolated. Voltages
of healthy areas (Usys_j, Usys_i) at j-end and k-end recover to
rating voltage (400 kV). After faulty line is isolated, U,cs_j and
U, es_x still oscillate continuously, and they have different shapes
and amplitudes; along with U,es_j and Ures_, It also oscillates,
just as shown in Fig. 7(c).

The reasons are explained as follows. The equivalent circuit of
faulty line isolated by four DCCBs is illustrated in Fig. 8. After
0.510 s, because MVS is parallel with equivalent capacitors in
CCP, Upnys cannot change suddenly. With capacitors in CCP
discharging through MOV by leaking current of several amperes
in Fig. 6(c), Unrvs decreases slightly, just as shown in Fig. 6(b).

During the normal state (before 0.5 s), voltage in the whole
system is almost equal to the rating voltage. Once a fault occurs
at 0.5 s, shunt capacitance (Cy) will discharge through serial
resistance (Rp) and serial inductance (Lg) to fault point. With
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numerous Cy discharging through R and Ly of line with differ-
ent length to the fault point, transient current and voltage waves
with multiple frequency components are produced, resulting in
It_;j and U,es_; oscillates significantly. Before 0.51 s, DCCB
has not been extinguished, oscillating current and voltage wave
could travel across DCCB to the healthy area, resulting in Ugys_;
also oscillates with U,..s_;. After 0.51 s, DCCB is extinguished,
oscillatory current wave will be completely reflected back to
fault point, and transient voltage wave only travels along the
isolated faulty line. Thus, when both /;_; and /;_y are completely
extinguished, I still exists because of the oscillation between C,
Ry, and L in Fig. 8.

According to Kirchhoff’s voltage law, Upccs = Urcs +
Unvs and Ugys_j = Ures_j + Upccs_jp + UpccB_jn- As
mentioned before, with faulty line isolated, Usys_; recovers to
rating voltage. Clamped by capacitors (in the order of yF) in
CCP, Uprvs only decreases slightly. With stray capacitance of
RCB in the order of pF, Urcp could change suddenly with
Uves_j, resulting in Urcp and Upccp oscillate with Uyes_j
significantly.

Clearly, if the fault point is permanent, all Cy will discharge to
the fault point until residual voltages on the faulty line at j-end
(Ures_j) reach zero. Similarly, U,es_i also oscillates to zero.
However, as shown in Fig. 8, the faulty line is split into two
segments, and transient current and voltage wave at j-end cannot
travel to k-end, resulting in Ues_j and Uyes_x have different
shapes and amplitudes, just as shown in Fig. 7(a). Both U,_;
and U,.s_y will decay to zero until all energy stored in Cy of the
two segments is dissipated, respectively.

C. Discussion on TOV Under Temporary Faults

For temporary fault, a pole-to-pole fault also occurs at the
middle of line 1 at 0.5 s. DCCBs are triggered at 0.503 s. SCR
is turned ON at 0.505 s. Considering that arc at the fault point
might be extinguished at zero-crossing point of /¢ and dielectric
insulation strength could recover, the duration time of fault is
set to be 20 ms, and the fault point disappears at 0.52 s. Because
transient current and voltages inside DCCB under permanent
and temporary faults are similar, only transient current and
voltages in power system are illustrated in Fig. 9.

Comparing Figs. 7 and 9, before 5.2 s when the fault point
disappears, characteristics of transient current and voltage distri-
bution patterns under temporary fault are similar with permanent
fault. Current at the fault point is extinguished at 0.52 s. A
very interesting phenomenon is that after 5.2 s when fault point

Equivalent circuit of the isolated faulty line with four DCCBs in the pseudobipolar dc system.

1200

800 4

400

Voltage (kV)

e R e |
residual voltages at __|
j-end and k-end
have same shape ]
and a time
difference exists

-800

1200

Voltage (kV)

1s | ‘ ‘ ‘ :
— - A -
f | ! : arc at fault point

334 £ ;— current at fault point is not zero: . ,:,ejgtjngui{she,d””r”

0504 0507 0510 0513 0516 0519 0522 0525 0.528
(c) (s)

Current (kA)

0.501

Fig. 9. System voltages and current at both j-end and k-end under temporary
faults. (a) Residual voltage on faulty line. (b) Voltages of healthy area. (c) Fault
current.

disappears, residual voltages on the faulty line at j-end and k-end
have same shape and amplitude, and only a time difference
of 0.77 ms exists, just as shown in Fig. 9(a). The reasons are
explained as follows.

Referring to distributed parameter model of transmission line
in Fig. 5(b), as long as there is no fault point on the transmission
line between j-end and k-end, by neglecting resistance and
conductance, current and voltage along this transmission line is
function of time (¢) and distance (x), just as given in the following
equation:

dug (z,t) _ (LO dioa(l;c,t)
t

dz
, (1)
dig(x,t dug(z,t
chz L= (CO cht )

Before 5.2 s, the fault point is actually a breakpoint of the
transmission line, and transient voltage waves (Ures_j) at j-end
will be reflected back at the fault point. Especially, when the
fault is metallic with zero-impedance, negative total reflection
of transient voltage waves occurs at the fault point, meaning
Uves_j cannot travel across fault point to j-end, and U,¢s_; has
different shape and amplitude with Uyes_.

After 0.52 s when the fault point disappears, referring to (1),
transient voltage travels along the isolated line, and positive total
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reflection of transient voltage waves occur at j-end and k-end,
respectively, meaning with all four DCCB completely open and
no fault point, residual voltages of the faulty line at j-end and
k-end have same shape and only a time difference of 7jy exists.
Tjk is the time for transient voltage waves traveling from j-end
to k-end, and it is decided by line length and travelling speed
of transient voltage wave. In the simulation case, with length of
~200 km and travelling speed of ~300 km/ms, 7jy is ~0.77 ms,
just consistent with Fig. 9(c).

V. NOVEL RECLOSING STRATEGY BASED ON DIFFERENTIAL
RESIDUAL VOLTAGES ON FAULTY LINE

Characteristics of TOV are quite different under permanent
and temporary faults. Based on this difference, a novel reclosing
strategy for mechanical DCCB, in which fault type could be
identified in advance, is proposed in this section.

A. Fault Type Identification Based on Residual Voltages

According to the theoretical analysis in Sections IV-B and
IV-C, after faulty line is isolated from healthy area, residual
energy stored by C of transmission line dissipates through the
fault point until arc at the fault point extinguishes, resulting
in oscillation between Cy, Ly, and Ry, and oscillatory residual
voltage at j-end and k-end. Under permanent fault, the trans-
mission line is divided into two segments by the fault point,
U.es_j and U,es_x have different shape and amplitude, and they
decay to zero at different time. Under temporary fault, after the
fault point disappears, transient voltage wave travel along the
line successively, and be reflected back completely at each end,
resulting in Uy¢s_; and Uyes_i have same shape and amplitude,
and only a time difference for wave travelling exists. Based
on this difference, a fault-type identification method based on
differential residual voltages is constructed, just as shown in (2).

Uvres_j and U,es_x are measured signals at j-end and k-end
of the isolated transmission line. 7j is the time difference for
voltage waves travelling from j-end to k-end, and it is the ratio
of whole length of the transmission line (/;) and propagation
speed of voltage wave (vji). S is the threshold value to ensure
correctness of fault-type identification. Usually, 0.1 is enough
for S

if (|Upes j(t)] + [Ures 5 (1) £ 0)

and (T - [Ures_j(t) = Ures_i(t — )|
|U7'esj (t)| + |U7'€SJ' (t)|

)

F=1
else

F=0. 2)

After DCCBs are completely open and fault point disappears,
Uves_j(t) is almost equal to Uyes_k(f — Tjk); T~ 0 < S = 0.1,
and F'is 1. In this case, the fault is identified as temporary fault.
Otherwise, the fault point always exists; Ures_j 1S not equal to
Ues_x, Tis not 0 and F'is 0. In this case, the fault is identified
as permanent fault.
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B. Novel Reclosing Strategy With Fault-Type Identification

Based on the fault-type identification in (2), the novel reclos-
ing strategy for mechanical DCCB with NVS is illustrated in
Fig. 10. Before DCCBs are triggered, F is set to be 1, indicating
no fault along the transmission line. After DCCB are triggered
to interrupt fault current, F is obtained by (2). F is O when the
fault occurs, and it becomes 1 from O when arc at the fault
point extinguishes. In this situation, an explicit time delay (Ar)
of ~100 ms is reserved for dielectric strength recovery at the
faulty point. Then, DCCBs are reclosed, and F becomes 1 after
DCCBs are closed. If F'is always 0 after the fault occurrence, the
fault is identified as permanent fault. In this situation, no more
operating of DCCB is needed, and the faulty line is isolated from
the healthy area permanently.

It should be noted, in the novel reclosing strategy, the time
when F becomes 1 from 0 is the time when arc at the fault point
extinguishes. With the exact time when fault point disappears
known, an explicit time delay could be reserved for the dielec-
tric recovery of the fault point. However, in existing reclosing
strategies for ACCB and hybrid DCCB mentioned in Section I,
the time when arc at the fault point disappears is unpredictable.
Comparing with the existing reclosing strategies in Section I,
advantages of the novel reclosing strategy are as follows: 1) un-
der permanent fault, no secondary surge current is produced and
there is no requirement for operating any components of DCCB;
2)under temporary fault, the time when the fault point disappears
could be determined, and an explicit time for dielectric recovery
of the fault point could be reserved.

VI. CASE STUDY

Based on the simulation model in Section IV, case studies
on the novel reclosing strategy are conducted, and they are
discussed in this section.

A. Case Study on Reclosing Strategy for Permanent Fault

Similar with Section IV-B, a pole-to-pole permanent short-
circuit fault occurs at the middle of line 1 at 0.5 s. DCCBs are
triggered to open at 0.503 s. Transient current and voltage, and
the faulty-type identification results of dealing with permanent
fault are illustrated in Fig. 11.

As shown in Fig. 11(a) and (b), after the fault occurs at 0.5 s,
transient voltage and current oscillates until all energy stored
by Cy of transmission line discharges through the fault point
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completely. As shown in Fig. 11(c), F is always 0, meaning the
permanent fault could be identified without operating any com-
ponent in the mechanical DCCB with NVS and no secondary
surge current is produced.

B. Case Study on Reclosing Strategy for Temporary Fault

Similar to Section IV-C, a pole-to-pole short-circuit fault
occurs at the middle of line 1 at 0.5 s. DCCBs are triggered to
open at 0.503 s, and the fault point disappears at 0.53 s. Transient
current and voltage, and the faulty-type identification results of
dealing with temporary fault are illustrated in Fig. 12.

As shown in Fig. 12(a) and (b), after the fault occurs at
0.5 s, transient voltage and current oscillate along with energy
stored by Cy of the transmission line dissipating through the
fault point. After the fault interruption of all DCCBs, current
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at the fault point extinguishes at 0.53 s when the fault point
disappears. As shown in Fig. 11(c), after DCCB are triggered, F’
is 0 when the fault point exists, and it becomes 1 when the fault
point disappears, meaning the time when temporary fault point
disappears is recognized when F becomes 1 from 0. Then, after
an explicit time delay for dielectric recovery of the fault point,
DCCBs are closed to recover this transmission line. Caused by
the charging of transmission line, transient current and voltage
appear and they could recover to the normal state before this
fault.

VII. CONCLUSION

DCCBs with reclosing capability are essential to ensure the
safety and flexibility of dc system based on MMC:s. This article is
focused on the reclosing of mechanical DCCBs, which is still an
open problem. First, overview of transient voltages in the whole
dc system generated by operating DCCBs is introduced. Then,
focused on hardware, a novel mechanical DCCB is proposed
and tests on prototype have verified this mechanical DCCB.
By analyzing the interaction between power system, DCCB
and lines, characteristics of TOV are revealed: under permanent
fault, residual voltages at two ends of the isolated faulty line
decay to zero; under temporary fault, residual voltages at two
ends of the isolated faulty line have same shape and amplitude
after fault point disappears. Based on this characteristic, novel
reclosing strategy is proposed for mechanical DCCBs, and case
studies for verification are conducted in PSCAD/EMTDC. Re-
search results show that novel reclosing strategy has remarkable
advantages: fault type could be identified without operating any
component of DCCB after fault current interruption; no risk
of reclosing a permanent fault point; the time when the fault
point disappears could be detected and an explicit time could be
reserved for the dielectric recovery of temporary fault point.

In this article, the fault point is regarded as a discharging
gap which extinguishes naturally at zero-crossing point of fault
current, just like that in the ac system. However, detailed charac-
teristic of fault point in the dc system should be further studied
in real projects. In addition, future studies will be carried out on
true bipolar dc system with real grounding point.
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