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Abstract: DC circuit breakers (DCCBs) are the key equipment to rapidly interrupt the fault current in
high-voltage DC power grids and ensure the safe operation of the system. However, most DCCBs do
not take current-limiting measures and rely solely on current-limiting reactors in the system to limit
the rate of current rise during the interruption process. The extensive use of fully controlled power
electronic devices in circuit breakers (CBs) results in high costs. To address the issues above, this paper
proposes a DCCB topology with a current-limiting function based on thyristors and diodes, which
can reduce the cost of CB while ensuring reliable interruption. The impact of various parameters
on CB performance is analyzed using numerical calculations to optimize the parameters. Then, a
simulation model of a 500 kV /16 kA DCCB is built in PSCAD/EMTDC, and the performance of the
proposed CB topology is compared with the other CB topologies. By comparison, the proposed DCCB
topology can reliably isolate fault currents and reduce the amplitude of fault currents and the cost of
CBs. Significantly, the energy absorbed by the metal oxide varistor (MOV) during the interruption
process decreases by 64.2%, reducing the cost and volume of the MOV. Finally, the feasibility of the
CB is further verified in the 500 kV 4-terminal high-voltage DC power grid simulation model. The
results show that the proposed DCCB topology can limit the fault current rise rate, interrupt and
isolate the fault reliably, and reduce the cost.

Keywords: HVDC circuit breaker; current limiting; HVDC grid

1. Introduction

The vigorous development of new power systems, mainly based on renewable en-
ergy, has become the trend for future power grid development [1,2]. The Voltage Source
Converter-based High-voltage DC (VSC-HVDC) transmission system is considered to be
the best solution for connecting renewable energy, such as offshore wind power and solar
energy, to the grid [3,4]. However, the DC system does not have a natural zero-crossing
point for the current, which will rise rapidly after a fault occurs [5,6]. It is generally re-
quired to isolate the fault within a few milliseconds [7]. This makes breaking the fault
current a significant challenge for VSC-HVDC transmission systems and severely limits
their development [8]. A DC circuit breaker (DCCB) is the key equipment in a VSC-based
system, and it is primarily used in interrupting fault currents, playing an important role
in ensuring the safe and stable operation of DC transmission systems [9,10]. Therefore, it
is urgent to develop high-voltage DC (HVDC) circuit breakers (CBs) with high technical
performance and low cost [11].

At present, HVDC CBs mainly include two technical solutions, namely mechanical
DC circuit breakers (MCBs) and hybrid DC circuit breakers (HCBs) [12]. The MCB has
the advantages of low on-state loss and low cost. However, it has a long interrupting
time and needs to be equipped with a sizeable pre-charged capacitor, which causes the
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problem of high capacitor cost [13]. In addition, to ensure the reliable extinguishing of
the arc after the current crosses zero, it is necessary to provide a lower di/dt before the
current crosses zero [14]. Then, it is required to control the resonant frequency of the current
injection branch [15,16]. These disadvantages limit the application of MCBs. As for HCB,
it combines mechanical switches and power electronic switches. By transferring current
to the current transfer branch, power electronic devices interrupt current and withstand
transient interruption voltage (TIV) after interruption [17,18]. It has the advantage of
fast interrupting speed. At present, HCBs and MCBs with a rated voltage of 500 kV and
maximum breaking current of 25 kA have been applied in the Zhangbei four-terminal
VSC-HVDC transmission system with £500 kV [19,20]. However, to achieve bidirectional
high-current interruption, a large number of fully controlled power electronic devices are
required in the current injection branch of HCBs, resulting in high costs. For MCBs, the
oscillation current and the fault current are superimposed on a mechanical switch, resulting
in several zero-crossing points that interrupt the current [21]. The capacitor cost increases
square times with the interruption capacity and requires a charging device, resulting in high
costs and large volumes [16,22]. And it is difficult to achieve full current range interruption.
Moreover, due to the lack of current-limiting components, the devices still withstand
significant current stress, which significantly limits the development and application of
DCCBs [23,24]. An HCB with full bridge submodules is proposed in reference [25]. The
IGBT in the full bridge neutron module is replaced by a diode, which reduces the use
of IGBT devices and achieves bidirectional current flow. However, the equipment still
withstands significant current stress due to the lack of current-limiting components. The
current-limiting method proposed in [26], which utilizes IGBT to make the inductor from
parallel to series, can achieve a better current-limiting effect, but the use of more IGBTs
makes the cost higher. Wu [27] used an IGCT device for the current interruption and added
a damping module for the current limitation, but the current interruption ability of IGCT is
poor and cannot interrupt large currents.

To further reduce the current level of HCB during the interrupting process and lower
the overall cost of CBs. This paper proposes a current-limiting high-voltage DCCB topology
based on hybrid semiconductor devices. Fully controlled power electronic devices in
HVDC CBs are replaced with thyristors and diodes to reduce costs. A current-limiting
module is utilized in the proposed CB to reduce the current during the interruption process.
This paper is organized as follows. The topology and working principle of the proposed
DCCB topology are described in Section 2. In Section 3, the impact of different parameter
values on its key performance is analyzed, and the values of each parameter are optimized.
Then, the proposed CB is modeled in PSCAD/EMTDC, and the key performance during
its interruption process is analyzed. The interruption performance and the cost of the
proposed DCCB topology are compared with the other typical hybrid DCCBs. In Section 4,
the proposed DCCB topology is applied in the 4-terminal VSC-HVDC grid for interruption
testing, verifying the feasibility of the proposed CB topology. Finally, conclusions are
addressed in Section 5.

2. Topology and Working Principle
2.1. Topology of Proposed HVDC Breaker

The HVDC circuit breaker topology proposed in this paper is shown in Figure 1. It
includes a main branch, a current transfer branch, an auxiliary turn-off branch, and an
energy absorption branch. The main branch is composed of fast mechanical switches. The
current transfer branch consists of a magnetic induction current commutation module
(MICCM), a current-limiting module, and a thyristor Ts. The auxiliary turn-off branch is
composed of the auxiliary capacitor (Cp1), current-limiting inductance (Lp1), and thyristor
Ts. The branch where MOV is located is the energy absorption branch. A solid-state
switch composed of thyristors T1—T4 and diodes is for bidirectional conduction.



Electronics 2024, 13, 1948

30f18

Y

i line \ Ly

Hybrid [N 22—

Solid-state| |~ +1C
. |
Rs H Switch ,: % ,
A i < o
MICCM || * T

us® | Come L1

Current
limiting
module

D Ny

Figure 1. Topology of the proposed HVDC circuit breaker.

MICCM consists of an air-core transformer comprised of a primary coil (L1) and a
secondary coil (Lp). During operation, a current is generated on the secondary side through
the discharge of the energy storage capacitor (C), which is injected into the main branch to
make its current zero crossing. Afterward, the current is transferred to the current transfer
branch. The current-limiting module consists of C, and Rq, which limit the rise rate of
fault current after current transfer. Due to the lack of a self-closed function of the thyristor,
an auxiliary turn-off branch is added to assist T5 in closing. MOV is used to limit the
voltage at both ends of the T5 and absorb the electromagnetic energy stored in the system
after breaking.

As shown in Figure 2, during the interruption process, the voltage Vnp between the
cathode and anode of the thyristor T1-T}4 is high, and the voltage Vpy from the anode to
the cathode is relatively low. Diodes are added in series with thyristors to reduce costs and
minimize the use of thyristors. The low-cost diodes are used to withstand the voltage from
the cathode to the anode, making up a hybrid solid-state switch.

Vex
—
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S m—;@m """ E?

Figure 2. Hybrid semiconductor devices.

2.2. Working Principle

According to the CB topology proposed in Figure 1, the working mode of each stage
is analyzed below. The corresponding voltage and current waveform during the current
interruption process are shown in Figure 3. The current path at each stage is shown in
Figure 4. The i}, is the current in the circuit of the system, i,; is the current in the main
branch of the circuit breaker, i1 is the current in the current transfer branch, and i, is the
current in the auxiliary turn-off branch of the circuit breaker. The voltage across the fast
vacuum interrupters (VIs) in the main branch is vy;.
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Figure 3. Voltage and current waveform during the interruption process.
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Figure 4. Current path during circuit breaker operation. (a) The current path in stages tg~t;. (b) The
current path in stages ty~t3. (¢) The current path in stages t4~ts. (d) The current path in stages ts~t.
(e) The current path in stages tg~t7. (f) The current path in stages t;~tg.

The working process of the proposed CB is divided into four stages, namely the main
branch current conduction stage, current-limiting stage, auxiliary turn-off stage, and energy
absorption stage. The working principles of each stage are as follows. Generally, the voltage
drops of the vacuum arc, diode, and thyristors are significantly lower than the operating
voltage of the current transfer branch. Therefore, their impact on current commutation is
not significant and can be ignored in calculations [28].

During the main branch current conduction stage (ty < t < tp), the current path is
shown in Figure 4a:

tg < t < t1: The system is working normally before tg. A fault occurred at tg, causing
the current to rise. During to—t;, the fault detection device detects the fault and sends the
interruption signal to the CB.

t; <t < tr: Atty, the CB receives the interruption signal and separates the contacts.
During t;-tp, the contacts continue to separate. At ty, a certain insulation strength is reached
between the contacts, which can withstand the negative voltage applied by MICCM to
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ensure that the arc will not reignite after i; zero crossing. The current equation during the
main branch current conduction stage is as follows:

(e — e e o

, 3
iline = — + (5——o—
fine Rs Rs +Rload Rs

1. Current-limiting stage (t <t < t5):
ty <t < t3: As shown in Figure 4b. The current and voltage equations for this stage
are the following:
diy; .

L dc If;llltne + Rslline =Us

d11 Mdl(; + uCp — 0

dlg Mdll uc — 0 (2)
M k\/LlL
ucp = iR1R1 = Cificpdt

—C e ar £, i = le + Zerllme =iy +11

At ty, Tq, T3, Ts, and T7 are triggered to conduct, and then C is discharged. Through
magnetic coupling, 71 is generated on the secondary side and superimposed with i,; in the
main branch to zero crossing. Then, the current is transferred to the current transfer branch.

t3 <t <ty: Atts, i; is completely transferred to the current transfer branch, but C is
still discharging. At this point, the secondary side of the air-core transformer will generate
a negative voltage in the order of several kV, which will be applied to the main branch.
Due to the existing insulation strength between the contacts, the negative voltage will not
cause arc reignition after the current crosses zero. The current and voltage equations for
this stage are as follows:

Us = Lg% 4 Ryijje + L% — M%e 4 uc,

L1 dic gy — ditl =0

M= k\/Lle 3)
iline = 11 = iR] + iCp

ucy = iRlRl = Cipficpdt, U = —%ficdt

ty <t <ts5: As shown in Figure 4c. The discharge of capacitor C is completed, and
the i, continues to pass through the current transfer branch. As C, charges, the rate of
increase in fault current decreases. The function of R; is to limit the rate of fault current rise
together with C, and provide a discharge circuit for Cp, to prevent its voltage from rising
too fast or too high. Otherwise, the system will withstand relatively high capacitor voltage,
and the cost of capacitors will also increase sharply. The current and voltage equations for
this stage are as follows:

Us = de e + R, llzne + L dtl + Ucp
lline = 11 = le + lRl

. 4

ucy = ig, Ry @)
_ ducy
icp = Cp

2. Auxiliary turn-off stage (ts <t < ty):

ts <t < tg: As shown in Figure 4d. At ts, the contacts reach a sufficient distance.
At this point, Ty is triggered. The resonant current 7, is generated by a resonant circuit
consisting of C, Ly, Lp1, and Cp1. The injection of i, causes the current passing through
Ts to cross zero. The resonant current will induce a higher voltage on the primary side of
the air-core transformer. To avoid Ty withstanding high voltage, a metal oxide varistor
MOV; is added in parallel. Due to the extremely short commutation process, there is a
slight change in ij;,, at this stage. It is determined that 7};,, remains unchanged at this stage,
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and its value is taken as the value of iy, at ts. The current and voltage equations for this
stage are the following:

LZ% - Lpl% +ucp —uc, =0

ucy = %pficpdt = iRlRl

uc,, = C%,lf icpldt = iR2R2 )
iy =icp+ig,

i =ic, +ir,

fline(ts) = i1 + 12

ts <t < ty: As shown in Figure 4e. After Ts is turned off, the current is transferred to
the auxiliary turn-off branch. Then, C,; is continuously charged until MOV} in the current
transfer branch reaches its clamping voltage. The MOV is conducted at t;. The current
and voltage equations for this stage are as follows:

diy; .
(de + Lpl) ,éltne =+ Rslline + MCpl =Us
line = 12 = ic,,;, + 1R,
_ 1 :
ucpl - qflcpldt

uc, = ir,Ro

3. During the energy absorption stage (t; < t < tg), the current path in this stage is
shown in Figure 4f:

t7 <t < tg: After MOV, is conducted, the current i, gradually decreases to 0 A, while
the current i; increases. The current gradually transfers to the energy absorption branch.

tg <t < tg: At tg, the current transfer is complete, MOV, completes the absorption
of electromagnetic energy in the system, and the amplitude of the fault current gradually
decreases. The current and voltage equations for this stage are as follows:

line . di
Us = Lac 4 + Reijine + Lot + ucp + Unmov,
line =11 = 1cp T IR,

. 7
Ll(jp = lRlRl ( )
. _ ducp
icp = Cp—

2.3. Evaluation of Interruption Capacity of Vacuum Interrupter

The main branch of the circuit breaker proposed in this paper adopts the fast vacuum
interrupters. The successful interruption of the DC fault current requires consideration of
the slope of the current and the recovery of dielectric strength. To successfully interrupt the
current, three conditions are demanded.

(@) An artificial current zero crossing in the main branch needs to be generated.

(b) The slope of the current di/dt at the zero-crossing point is lower than a critical value,
which is set to 1000 A /us [15].

(c) The dielectric strength of a vacuum interrupter can withstand the transient recovery
voltage after current interruption. The dielectric strength during the contact separation
process can be calculated using the following equation [29,30].

Up (s) = kys" (8)

Under the condition of ensuring speed and considering redundancy, the high-speed
mechanical switch adopts six 110 kV interrupter units in series. The dielectric strength (U})
of the vacuum interrupter depends on the gap distance (s). The k; and « in the equation
depend on the geometric parameters of the contacts, where f is 40 kV/cm 0.5 and « is
0.45 [31].
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3. Simulation Analysis

This section builds a 500 kV/16 kA CB simulation model on the PSCAD/EMTDC
platform. For the proposed CB, its current commutation and limiting capabilities are key
to its performance. Therefore, it is necessary to optimize parameters reasonably to ensure
the reliable performance of the proposed CB. The current commutation process can be
expressed by (2), and the current-limiting process can be expressed by (3) and (4). It is

studied by numerical solution. The parameters selected in the preliminary analysis are
shown in Table 1.

Table 1. Parameter value.

Parameters Value
System voltage Us 500 kV
Circuit resistance Rg 200}
System inductance Lgc 75mH
Load resistance Rioad 230 Q)
Auxiliary capacitor Ch 10 uF
Auxiliary resistance Ry 1kQ
Current-limiting capacitor Gy 35 uF
Current-limiting resistance R4 50 O
Coupling coefficient k 0.9
Current-limiting inductance Lp1 1mH

3.1. Analysis of Commutation Capacity

The current commutation capability of the proposed CB is mainly determined by the
inductance (L1, L) in MICCM, energy storage capacitor (C), and the pre-charged voltage
Uy of C. The values of L; and L, range from 20 u to 300 pH, Uy ranges from 2 mF to 16 mF,
and C ranges from 1 mF to 10 mF to analyze their impact on current commutation capability.
The results are shown in Figure 5.

32.00

“ 32.00 29,10
29.10 2620
g 25 2020 § 2330
S 23.30 g 20,40
= . 2040 g 1750
é 17.50 é 14.60
% . 14.60 é 11.70
g 11.70 § 8.800
o 8.800 5.900
5.900 3.000

3.000

(@) (b)

Figure 5. The influence of different parameters on commutation performance. (a) The impact of L,
and L, on commutation capacity. (b) The impact of C and Uy on commutation capability.

The impact of L1 and L, changes on the commutation capacity is analyzed, assuming
that C is taken as 2 mF and U is taken as 10 kV. According to Figure 5a, the commutation
capacity is negatively correlated with the inductance of the primary and secondary sides.
In addition, it is greatly affected by L;. When L is less than 120 uH, the commutation
capacity increases rapidly with the decrease of L. However, if L; is taken as a relatively
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small value, the primary current will be high, and the thyristor T; will withstand a large
current. Therefore, L; should not be too small. Consequently, it is recommended to take the
value near the curve inflection line in Figure 5a. Due to L, affecting the di/dt of the current
passing through T5 during the transfer of current from the main branch in stages t,—t3. To
minimize the di/dt of the current passing through Ts, it is necessary to take a larger value
of L, to achieve the current-limiting effect. It is recommended that L1 be taken as 190 uH
and L, be taken as 130 uH, respectively. The commutation capacity is 16.09 kA.

Based on taking L; as 80 uH and L, as 180 pH, the impact of C and Uy on the com-
mutation capacity is analyzed. According to Figure 5, the commutation capacity is mainly
affected by Uy, and the value of C has a relatively small impact on the commutation capacity.
When the C increases, the cost of C will increase. During the auxiliary turn-off stage, the
increase of C will cause an increase in i; generated by current i; on the primary side. This is
because the larger the capacitance, the smaller the resonant impedance Z = /L1 /C of the
resonant branch, and the smaller the suppression effect on the current. It is recommended
that C = 1 mF and Uy = 9 kV. The commutation capacity is 13.98 kA.

3.2. Analysis of Current-Limiting Capacity

The current-limiting capacity of the proposed CB is mainly affected by C, and R;. It
is necessary to analyze the impact of Ry and C;, on the current-limiting performance. R;
is in the range of 20~600 (2, and C, is in the range of 20~100 uF. According to Figure 6, as
Rj increases, the amplitude of the fault current decreases, but the current-limiting effect
of Ry tends to saturate. As C, increases, the amplitude of the fault current increases. This
is because as C,, increases, its charging speed slows down, and the current-limiting effect
decreases. It is necessary to increase R; and decrease C, to achieve a better current-limiting
effect, but this will also result in higher voltage for C, during the current-limiting process.
It will increase the withstand voltage level of the circuit breaker. Considering both cost and
performance, C, is taken as 40 uF, and R is taken as 40 Q).

le_max (kA)
600 1530
15.00
500
14.70
14.40
400
i 14.10
S :
= 300 i 13.80
= i
i 13.50
I
200 i 13.20
1
!
i 12.90
100 y
o 12.60
""""" = 1230

20 30 40 50 60 70 80 90 100
C, (uF)

Figure 6. Analysis of current-limiting performance.

3.3. Simulation Analysis
A simulation is built in PSCAD/EMTDC based on the circuit shown in Figure 1. The
simulation results are shown in Figures 7 and 8.
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Figure 8. Simulation results of voltage waveforms for fault current interruption.

During normal operation, the main branch of the CB passes through the system with a
rated current of 2 kA. The system experiences a ground fault at the instant of 0 s, followed
by a rapid increase in current. After a fault detection time of 0.5 ms, the contacts separate.
After 1.5 ms, Ty, T3, Ts, and Ty conduct, C discharges, and i; is generated on the secondary
side of the transformer, causing the current to transfer from the main branch to the current
transfer branch. Then, as C, charges, the current rate of fault rise is limited. At around
3 ms, the waveform of v,; exhibits a sawtooth shape. This is because when t = 2 ms,
the thyristor Ty conducts and the discharge duration of C is about 1 ms. When the time
approaches t = 3 ms, the oscillating currents generated by C and L; reverse, T7 turns off,
and the magnetic induction voltage on Ly drops to 0. Therefore, there is an abrupt change
in v,;. At 3 ms, when the CB receives the interruption signal, the contact reaches a sufficient
distance. At this moment, T¢ conducts, i1 decreases, and i rises. After i; crosses zero, Ts
is turned off. Afterward, Cp is charged until MOV} is conducted. The peak TIV after the
current interruption is 831.53 kV. At the end of the commutation, MICCM will generate
a negative voltage of —4.95 kV on the main branch. And as i; charges Cp, v,; gradually
increases from —4.95 kV to positive voltage. Due to the separation of the contacts for 1.5 ms,
there is already sufficient dielectric strength between the contacts. After the current crosses
zero, the fault current charges Cp, and the voltage rises relatively slowly. It will not pose a
challenge to the insulation strength between the contacts.

According to Figure 9, the di/dt at the moment of the current zero crossing is
266.1 A/us, which is within the range that the VI can withstand. MICCM generates a
gradually increasing current i; through magnetic coupling through the discharge of C.
After the superposition of /1 and i,;, the fault current is transferred to the current transfer
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branch. Afterward, the fault current charges C, and the voltage rises relatively slowly,
providing more insulation recovery time for the contacts. As shown in Figure 9a, the
voltage of each VI is always not higher than the dielectric strength between the contacts
after the current crosses zero. Therefore, the proposed CB can reliably achieve zero crossing
of current and successful arc extinguishing.

300
150 | /. R | 266.1 Alus _
‘AN 7T T 250 | — |di,, /dt
120 | -0
v,;_single 200 k-
S\ - ~~
<) 90 \g
o $ 150 |
S =
ey ! 3
= 100
Fault occurs’
30 fat t=0 ms ,' ‘
50 | Current zero crossing
i,; crosses zero at this point point of i ,
0 // .
Contracts separate at t=0.5 ms 0
L 1 1 1 1 1 1 1 1 1 1 1 1 1
4 8 12 16 20 24 —4 0 4 8 12 16 20 24
time (ms) time (ms)
(a) (b)

Figure 9. Reliability assessment of interruption. (a) The voltage of VI and the dielectric strength
between the contacts. (b) The current change rate of i,; at the moment of the current zero crossing.

After the current of the thyristor crosses zero, a certain reverse recovery time is
required. During this period, if a voltage is applied between the positive and negative
terminals of the thyristor, it will cause its shutdown to fail. It is necessary to ensure
that the di/dt of the current passing through the thyristor is within its acceptable range.
However, the upper limit of the di/dt that ordinary thyristors can withstand is only
200-300 A/ ps [32]. The results when installing inductor L are compared with those when
not installing inductor Lpl. As shown in Table 2, when the inductor Lp1 is not added,
the reverse recovery time of Ty is very short. After conducting Tg, its di/dt far exceeds
the range that the thyristor can withstand. After adding L, the time for applying the
reverse voltage to Ty is prolonged, and the di/dt of thyristors Ts and Tg are significantly
reduced. This is because L, reduces the rate of current rise, and after the MOV operates,
Cp1 continues to charge due to the continuous current effect of the inductance. After the
voltage of capacitor C, exceeds v,;, the thyristor T will withstand negative voltage for a
while to help it return to the off state.

Table 2. Comparison between installing and not installing Lp.

Key Parameters Lp1 =1mH Lp1 =0mH
reverse voltage time of Ts 190.48 us 190.21 us
reverse voltage time of Tg 456.96 us 45.26 us

di/dt of Ts 288.49 A/us 2561.42 A/ us
di/dt of Tg 287.46 A/us 2566.96 A/ us

Due to the large number of semiconductor devices in the circuit breaker, there may be
a high voltage rise rate (du/dt) during the interruption process. Therefore, it is necessary
to verify the du/dt withstood using the semiconductor devices during the interruption
process to ensure that it is within the range that the semiconductor device can withstand.
The calculation of the quantity, cost, withstand voltage, and current level of thyristors in
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the proposed circuit breakers is based on TDK4423302DH thyristors. This thyristor can
withstand a du/dt of 2000 V/us. Based on the voltage waveform during the opening pro-
cess, the du/dt applied to each thyristor during the opening process can be calculated. The
maximum du/dt that each part of the thyristor needs to withstand during the interruption
process is shown in Table 3. According to the data in the table, it can be seen that the du/dt
of each thyristor during the interruption process is within the acceptable range.

Table 3. The maximum du/dt that the thyristor bears during the interruption process.

T1~Ty Ts Te Ty
1008.7 1645.1 662.9 1140.8

du/dt (V/us)

In the tg—t7 stage, due to the low diz/dt, the voltage of Ly is close to 0 V. The voltage
between the cathode and anode of the Ts is approximately V¢, minus Vp1. The discharge
rate of Cp is determined by Ry, and its voltage is not affected by L. In addition, since the
value of Ly is much smaller than Ly, L1 can be ignored relative to Ly.. Therefore, it can
be inferred from (6) that the charging speed of Cp; is almost unaffected by L, and the
duration of the reverse voltage of the thyristor Ts is almost unaffected by L.

In the case of the same system parameters, the working process of the proposed
CB is compared with that of the typical HCB without the current-limiting device in [33].
According to Figure 10, the proposed CB in this paper can effectively limit the rate of
current rise during the current-limiting stage, which can reduce the current amplitude
during the breaking process. Compared with typical HCB, the current amplitude has
decreased by 2.85 kA. In terms of percentage conversion, it is 17.8%. For the proposed CB,
the TIV after the current interruption equals the sum of the voltage of C, and the voltage of
MOV;. The need for C, to accumulate sufficient voltage to exert its current-limiting effect
results in an increase in TIV compared to typical HCB.
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Figure 10. Comparison of current and voltage waveforms between proposed CB and HCB.

According to Figure 11, E;55_proposed i the MOV energy absorption value of the pro-
posed CB, and E;;p0_pcp is the MOV energy absorption value of the typical HCB. Compared
to typical HCB, the proposed CB reduces the absorbed energy of the MOV by 10.31 M]
during the breaking process. The energy absorption of the MOV is reduced by 64.2%.
Therefore, it can reduce the demand for the energy level of MOV, thereby reducing the cost
and volume of MOV. After breaking the current, R; and MOV absorb energy together.
The sum of their absorbed energy Esum_proposed is compared with the energy Emov_ncs
absorbed by the typical HCB. The absorption of total energy decreased by 7.19 MJ. This
is because after breaking the current, the current-limiting module and MOV establish
the TIV together, and during the energy absorption stage, a portion of the current passes
through C,, reducing the total absorbed energy.



Electronics 2024, 13, 1948

12 of 18

L N 16.07MJ
E vov_proposed
""" Esum_Pl‘apoved
12 -
=
D=
> 8 | -7 8.88M1J
g
2
)
5.76MJ
4
MOV of HCB MOV, of the
0 _conduct W/ 1/, proposed HCB conduct
R
0 3542 5 10 15

time (ms)

Figure 11. Comparison of energy absorption processes.

The change in R; will affect the voltage charged to capacitor Cp, thereby affecting the
TIV after the current interruption. It will also impact the total energy Esum_proposed absorbed
by R; and MOV during the energy absorption stage. As shown in Figure 12, an increase in
resistance R will cause a decrease in the current obtained by R;, allowing more current
to pass through C,,. Therefore, as the voltage of C, increases, the current-limiting effect
increases, and the amplitude of TIV also increases. During the energy absorption stage, the
increase of Ry will cause an increase in TIV. The rise of TIV also accelerates the speed at
which the fault current drops to zero. Therefore, the conduction time of MOV decreases,
and the energy absorbed by MOV also decreases accordingly. However, the increase of R4
leads to a higher voltage withstood by C,, which means the C, requires higher capacity and
cost. Consequently, the system needs to withstand higher voltage. Therefore, Ry should
not be too large.
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Figure 12. The impact of Ry changes on voltage and energy absorption.

The cost of the proposed CB is compared with the typical HCB in [33] and the damping
CBin [27]. As shown in Table 4, the CB proposed in this paper, although equipped with
devices such as capacitors and resistors, uses lower-priced thyristors and lower-cost diodes
for voltage division, reducing the cost of switching devices. In addition, due to the decrease
in energy and voltage levels of MOV, the cost of MOV is also reduced, resulting in a
reduction of total cost. Its total cost is reduced by 62.9% compared to the typical CB and is
reduced by 11.1% compared to the damping CB.
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Table 4. Cost comparison of circuit breakers.
Index Proposed HCB Typical HCB Damping HCB
(CNY) (CNY) (CNY)

MS 5,500,000 5,500,000 5,500,000
Capacitor 5,991,500 0 4,360,000
Resistor 588,000 0 420,000
MICCM 765,000 0 850,000
Thyristors and 2,790,700 0 5,280,000

Diodes
IGBT 0 42,660,000 650,000
MOV 4,160,000 5,200,000 5,200,000
Total 19,795,200 53,360,000 22,260,000

4. Application in Multi-Terminal VSC-HVDC Transmission System

To verify the feasibility of the proposed CB topology working principle, the proposed
circuit breaker was placed in the four-terminal VSC-HVDC transmission system shown in
Figure 13 for interruption simulation. The system parameters are shown in Table 5.

Li3B, BsiLsi
] L;,B
TACGhg | MMET TEER > Wind Fam
j=3
wy
o
k)
2
@]
N
= MMC2
AC Grid Fault Wind Farm

Figure 13. Four-terminal VSC-HVDC transmission system.

Table 5. Four-terminal VSC-HVDC system parameters.

Parameter Converters
MMC1 MMC2 MMC3 MMC4
Active power 2000 MW 1200 MW 1600 MW 1600 MW
Reactive power 0 MVAR 0 MVAR 0 MVAR 0 MVAR
Control mode PV PQ PQ PQ
DC voltage +500 kV
Number of submodules 400
Bridge arm capacitance 22 uF
Bridge arm inductance 42 mH
Bridge arm resistance 0.08 O
Transformer leakage reactance 0.18 p.u.

Ac grids and wind farms

Ac grids voltage 400 kV
Windfarm output voltage 66 kV

The converters all use half-bridge MMC submodules. In Figure 13, B represents the
DC circuit breaker, and L represents the smoothing reactor at the converter outlet, with
a value of 120 mH. This is assuming that a pole-to-pole short-circuit fault occurs at the
midpoint of the line between converter 1 and 2 at t = 0 ms, with a short-circuit resistance
value of 0.1 (). After the short-circuit fault occurs, the traveling wave is transmitted from
the fault point to the converter station, and the sum of fault detection time is 3 ms. The
breaking process of the DC circuit breaker at By is selected for analysis.
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4.1. Short-Circuit Fault Current Interruption

As shown in Figure 14, after a pole-to-pole short-circuit fault occurs in the system at
t = 0 ms, the current at the circuit breaker begins to rise at 0.3 ms due to the delay in
traveling wave transmission.

Vi
16 |
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Fault current peak 810.09kV

i =11.66kA W
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Current (kA)
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Figure 14. Performance of short-circuit fault current interruption by Byy.

At t = 3 ms, the CB at the Byy positive pole line receives the interruption signal and
separates the contacts. After 1.5 ms, C discharges, causing the current to be converted to the
current transfer branch. Due to the current-limiting effect of the current-limiting capacitor
and resistance, the rate of current rise is limited. When the contact is separated for 3 ms
and reaches a sufficient distance, the thyristor in the auxiliary turn-off branch conducts,
generating resonant current to transfer the current to the auxiliary turn-off branch. When
the MOV reaches the clamping voltage, the MOV, conducts to complete the absorption
of electromagnetic energy in the system. The current before interruption is 1.2 kA. The
maximum short-circuit current during the interruption process is 11.66 kA. After the current
commutation is completed, the negative voltage applied to the main branch is —4.98 kV,
and it can withstand this negative voltage after 1.5 ms of contact separation. The peak
value of TIV is 810.09 kV, which is lower than the ideal power supply simulation model
mentioned above. The reason is that the capacitor voltage in the MMC submodule decays
after a short circuit, resulting in a decrease in the voltage charged to the capacitor C, during
the current-limiting process and a decrease in the peak value of TIV after the MOV is
triggered. After the fault current drops to zero, the v,; decreases as the capacitor voltage of
the MMC submodule decreases.

4.2. Reverse Direction Current Interruption

As shown in Figure 15, a pole-to-pole short-circuit fault occurs in the system at t = 0 ms.
At t = 3 ms, the CB on the By, negative line receives an interruption signal and separates
the contacts. The current amplitude in the system transmission line before interruption is
1.2 kA. The interruption process is the same as the CB in the positive pole line mentioned
above, but 7, and i,; are opposite to the direction of the positive pole line. Due to the
bidirectional current passing effect of the semiconductor bridge, the current i; and current
ip are in the same direction as before. The maximum current during the interrupting process
is —11.67 kA, and the peak TIV is —810.09 kV.
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Figure 15. Performance during reverse direction fault current interruption by Byg.

5. Discussion

The proposed CB topology has excellent interruption performance and cost-effectiveness.
Further research will be conducted in the future. A prototype experiment of 100 kV/16 kA
will be conducted in the future. The influence of arc, contact structure, and magnetic field
between contacts on the interruption process will be analyzed. The voltage balancing
strategy between multiple VIs will be studied, and the parameters of the voltage balancing
circuit will be calculated.

(1) Experimental verification

Based on the simulation analysis in this article, the operational reliability of the pro-
posed CB topology will be verified through experiments in the future. A 100 kV/16 kA
prototype will be built to further analyze the voltage and current waveforms during the
interruption process. The air-core transformer is a key component of commutation, and it
is meaningful to verify the effectiveness of this commutation method through experiments
and further optimize its structure and parameters. The arc phenomenon during the inter-
ruption process will be studied. And whether the arc can be reliably extinguished during
the interruption process will be verified. Aftserward, it will be compared with [27,33] to
compare the performance in practical applications.

(2) Voltage equalization between VIs

Due to the use of multiple VIs in series for the main branch of the proposed circuit
breaker, it is necessary to make voltage equalization between the VIs. For the voltage
equalization of VIs, we will use the method shown in Figure 16. The voltage withstood by
the VIs includes steady-state DC voltage and transient voltage. Therefore, it is necessary to
balance the steady-state DC voltage and transient voltage [34]. Under steady-state condi-
tions, voltage equalization is achieved through a voltage-sharing resistor (Ry) connected
in parallel with each switch. During the interruption process, the VIs connected in series
will withstand transient overvoltage. A suitable value of the voltage-sharing capacitor (Ce)
can effectively equalize the voltage. By adding a current-limiting resistor (Re) in series, the
peak current flowing through the C¢ can be reduced, achieving protection for the Ce. In the
subsequent work, the parameters of the voltage equalization circuit will be calculated.

R. G R. G
R, Ry

Figure 16. The voltage equalization circuit of VIs.
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(8) The impact of the contact structure on interruption

The different structures of the contacts have various effects on the interruption of
current. At present, there are transverse magnetic field (TMF) contact, axial magnetic field
(AMF) contact, and TMF-AMEF contact. AMF can effectively suppress arc aggregation and
the appearance of anode spots during the arc process when interrupting high currents. The
arc voltage is low and stable, the arc energy is low, and the surface erosion of the contacts
is relatively light. Therefore, the subsequent research mainly focuses on the influence of
the AMF contact structure on the interruption process. The main focus is on studying the
relationship between magnetic field distribution and contact structure and exploring its
impact on the performance of VI. In addition, we will analyze the effects of the eccentricity
angle, groove depth, and contact center hole diameter of the contact cup on the interruption
performance of the VI. The geometric parameter of the contact cup is shown in Figure 17.

Eccentricity
Angle

Contact Center
Hole Diameter

Groove Depth

Figure 17. The parameters to be researched.

6. Conclusions

To solve the high-cost problem caused by a large number of fully controlled power
electronic devices used in existing HCBs and the high current stress problem during the
DC breaking process, this paper proposes a cost-effective current-limiting hybrid DCCB
based on hybrid semiconductor devices. The following conclusion has been drawn.

1. The parameters of MICCM and current-limiting modules are optimized by analyzing
the effects of different parameters on the current-limiting and commutation capabili-
ties of the proposed CB topology. The 500 kV /16 kA CB simulation model is built in
PSCAD/EMTDC, and its performance during the interruption process is compared
with other CBs. The proposed CB can reduce the amplitude of fault current and
the energy absorption of MOV. By calculation, the amplitude of the fault current
decreased by 17.8%, and the energy absorption of the MOV decreased by 64.2%. The
total cost is reduced by 62.9% compared to the typical CB, and the cost is reduced by
11.1% compared to the damping CB with current-limiting capability.

2. The simulation model for applying the proposed CB in the VSC-HVDC transmission
system has been established. The results show that the proposed CB can effectively
interrupt short-circuit faults in the VSC-HVDC transmission system and has bidi-
rectional current interruption capability. The above results verify the feasibility of
the proposed CB. The dielectric strength of VI during the contact separation process
and the di/dt near the current zero-crossing point have been studied. The results
indicate that the transient voltage of VI after the current zero crossing is less than
the dielectric strength of VI, and the di/dt near the current zero crossing is within
the tolerance range of VI. The proposed CB can realize reliable extinguishing of the
arc after the current crosses zero. In addition, the di/dt and du/dt of semiconductor
devices during the interruption process are compared with their acceptable range,
and the results show that the semiconductor devices can operate normally.

3. The proposed CB combines the advantages of low cost and current limiting, and it is a
promising CB topology that can be applied to VSC-HVDC transmission systems. In the
future, more work will be carried out, and prototype experiments will be conducted
to verify the performance of DCCB for different types of faults, reclosing, different
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network topologies, and different fault locations. The impact of different contact
structures and arc phenomena on the interruption performance of the proposed
circuit breaker will be studied.
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