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Abstract: This paper proposes a new and surge-less solid-state direct current (DC) circuit breaker
in a high-voltage direct current (HVDC) transmission system to clear the short-circuit fault. The
main purpose is the fast interruption and surge-voltage and over-current suppression capability
analysis of the breaker during the fault. The breaker is equipped with series insulated-gate bipolar
transistor (IGBT) switches to mitigate the stress of high voltage on the switches. Instead of con-
ventional metal oxide varistor (MOV), the resistance—capacitance freewheeling diodes branch is
used to bypass the high fault current and repress the over-voltage across the circuit breaker. The
topology and different operation modes of the proposed breaker are discussed. In addition, to
verify the effectiveness of the proposed circuit breaker, it is compared with two other types of
surge-less solid-state DC circuit breakers in terms of surge-voltage and over-current suppression.
For this purpose, MATLAB Simulink simulation software is used. The system is designed for the
transmission of 20 MW power over a 120 km distance where the voltage of the transmission line is
220 kV. The results show that the fault current is interrupted in a very short time and the
surge-voltage and over-current across the proposed breaker are considerably reduced compared to
other topologies.

Keywords: MMC; HVDC transmission; solid-state DC breakers; DC short circuit fault;
surge-voltage and over-current

1. Introduction

Renewable energy such as solar and wind power as environmentally friendly and
sustainable energy resources have attracted extensive attention in recent years. The
HVDC transmission system is a key technology for integrating various AC grids and
economic transmission of large-capacity renewable energy for a long distance especially
for remote areas [1]. This huge amount of power transmission needs stable and reliable
converters with high power capability. Due to the development of semiconductor de-
vices, voltage source converters (VSCs) or self-commutated converters have substantial
advantages compared to the current source converters (CSCs) or line commutated con-
verters (LCCs). For instance, in VSC, the active and reactive power can be controlled
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independently at both ends; reactive power compensation is not needed; VSC has black
start capability without additional devices; etc. [2,3]. Classical VSC, which is based on the
two and three-level topology, was introduced in 1997 and widely used until 2010. The
main drawbacks with this kind of converter are its high switching frequency require-
ments, large switching losses, and production of high harmonic contents [4,5]. In 2010,
the new type of VSC called modular multilevel converter (MMC) was developed by
Siemens, which eliminates the aforementioned problems and has several technical and
economic advantages as described in [6-8].

On the other hand, fault occurrence, especially DC short-circuit fault, is a major
challenge in the MMC-HVDC transmission system (MMC having half-bridge
sub-modules). The mentioned challenge arises due to the absence of a current blocking
function in the converter [9,10]. The rapid rise of fault current due to the fault path low
impedance and the high current flow into the fault point may cause system collapse and
damage the power converter and other electrical instruments [7,11], since their protec-
tion, safety, and efficient life period is directly affected by short-circuit current level.

The essential solution to this issue is the employment of fault current limiters and
fast DC circuit breakers (DCCBs) [12]. Generally, a DCCB must fulfill the following basic
requirements [13-16]: acquire a current zero-crossing to cut-off the current; dissipate the
energy stored from the system inductance; tolerate the voltage reaction after current
disconnection. In VSC-based systems, the HVDC breaker should be able to interrupt in-
stantaneously. Moreover, the peak voltage generated by the breaker should be low
enough to satisfy the insulation requirement of the DC system. It is specifically substan-
tial for switching the load currents where the network is at nominal voltage [17].

DCCB can selectively isolate the faulty section without disconnection of the whole
HVDC system. It ensures no damages to the system and maintains the stability of the
HVDC system. Furthermore, by applying the DC breaker, the number of converters and
costs can be reduced accordingly [18,19].

DCCBs are divided into three types: mechanical, solid-state, and hybrid DC circuit
breakers [20]. Classical topology based on the mechanical breaker is used in many ap-
plications, but its action is not flexible, real-time, and continuous [21]. The breaking op-
eration time is too long (tens of milliseconds) to meet the requirement of fast fault current
interruption, and they cannot quickly clear short-circuit faults [22,23]. Hybrid DCCBs are
capable of interrupting the fault current within a few milliseconds, but this topology is
larger in size, is complex, and has higher capital cost than SSCB, especially in a meshed
HVDC grid [23]. In addition, they have limitations in handling large fault currents with
increased voltage ratings [24]. In contrast, the solid-state circuit breaker (SSCB) is a fast,
flexible, and accurate circuit breaker that is widely used as a key technology in HVDC
transmission systems [25,26]. SSCB can quickly switch off the faulty line and delimit the
short-circuit current and keep the line voltage to an acceptable range [27]. Several studies
have been done in the field of SSCBs. In most cases, the over-voltage arising from sudden
cut-off of current and over-current due to switching of the semiconductor devices are the
challenging issues. If the withstanding voltage of equipment in the MMC-HVDC system
is selected to be very high, troubles in the manufacture of converter equipment will in-
crease accordingly, and as well as the total cost of the system [28]. In [29], a new SSCB
with MOV is proposed. Although the fault current is decreased before its interruption by
a series connection of current limiting inductors, the interruption time is still long. In
addition, the series connection of inductors will increase the complexity and cost of the
breaker. A SSCB topology using passive elements for over-voltage suppression has been
proposed in [30]. In addition to its unidirectional functionality, the proposed breaker
employs coupled inductors. The utilization of these inductors would be challenging for
HVDC applications. In [31], a study on the separation of energy absorption branch and
over-voltage suppression branch has been conducted. The authors used a small elec-
tronics varistor for over-voltage protection and a large power electronics varistor for en-
ergy absorption in an SSCB. Two topologies are introduced for SSCB in [32]. One of the
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topologies uses nonlinear resistors in parallel with the IGBTs to suppress the
over-voltage and absorb the released energy. Another topology is equipped with free-
wheeling diodes in series with nonlinear resistors. The nonlinear resistor is also usually
available as an MOV [33]. In references [21,34-36], the authors proposed the break-
ers-equipped MOV to suppress the sudden and unwanted over-voltages in the system.
The problem that arises with such protection instrument is the higher energy absorption
by surge arrester and the large capacity surge arrester requirement, which increases the
total cost. In addition, the response time of MOV against surge-voltage can be slowed
down by its inductance. In addition, MOVs known as expensive devices have the aging
problems and even possibility of catastrophic failures [37]. The resonance SSCB may still
make enable useful applications such as load switching as it has a low resistive on-state
loss compared to newer topologies. However, practically, the technology has been
proven to be too slow for fault current interruption in the VSC-HVDC systems [13].
Meanwhile, the main challenge is the requirement of an additional resonance circuit for
providing the zero-cross point that increases the complexity and costs of the breaker.

This paper proposes a new and surge-less SSCB in an MMC-HVDC transmission
system. To maintain the same voltage balancing, the CB practically consists of many (in
this study two) series IGBTs, making it possible to apply it for high-voltage applications.
The CB also has the advantage of a fast turn-off capability that makes it possible to rap-
idly cut-off and prohibit the extension of the fault. Instead of traditional MOVs, the re-
sistance—capacitance freewheeling diodes branch is used in the breaker to suppress the
over-voltage and clear the residual charge and risk of over-voltage on the line during the
fault. The breaker is also without the auxiliary circuit for providing the zero-cross point
and does not have any mechanical parts. To prove the effectiveness of proposed SSCB,
simulation has been done for two other SSCB topologies called LC resonance semicon-
ductor DC breaker and solid-state DC circuit breaker with a freewheeling diode. These
topologies have been compared based on surge-voltage and over-current suppression
arising from fault current interruption and reconnection of semiconductor devices, re-
spectively. The rest of the paper is organized as follows: In Section 2, the configuration of
the overall system is described. Control methods of MMC are presented in Section 3.
Different CB topologies including the proposed circuit breaker are presented in Section 4.
The control strategy of the proposed breaker is discussed in Section 5. The operation
principle of proposed breaker is described in Section 6. Section 7 presents the energy
absorption capability of the proposed breaker. Section 8 details the parameters design of
the breaker. Simulation results are exhibited in Section 9. Finally, Section 10 and Section
11 present the discussion and conclusion, respectively.

2. System Configuration

The general configuration of the proposed symmetrical three-phase MMC-HVDC
transmission system is shown in Figure 1. The DC breaker is placed at both terminals of
the DC line. MMC topology is depicted in Figure 2. The MMC consists of six symmetrical
arms. Each arm has a series connection of N (for the simulation in this research, N = 2)
nominally identical sub-modules (SMs) and an inductor. A sub-module consists of two
IGBT switches T1 and T2 and a capacitor C. Due to the advantages such as simple
structure and being economical and practical [38], this research is based on the
half-bridge type of MMC. More details related to MMC design, applications, and control
can be found in [2,39,40].

Sending side Trl HVDC line Tr2 Receiving side
SS SS
CB1 fault CB2

20MW -20MW

MMC1 MMC2

Figure 1. System configuration.
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SM1 ‘

SM2 ‘

Lc

SM1

Figure 2. MMC topology.

3. Control Methods

The control arrangements of the MMC are shown in Figures 3-8 [8]. Figure 3 illus-
trates the active and reactive power control diagram based on the d-q transformation
system. The MMC can control the active and reactive power independently. To guarantee
the actual active and reactive power, the average voltage value of the upper and lower
arm capacitor is controlled to the reference values, as shown in Figure 4. In addition, by
balancing this voltage, it is conceivable to optimally utilize the stored energy and evenly
distribute power losses to the installed electrical devices while avoiding the concentra-
tion of thermal stress on particular modules of the converter [41]. The DC-link voltage
control system is depicted in Figure 5. In MMC, the DC-link capacitor is eliminated;
therefore, the DC-line voltage is controlled directly and faster. The arm current control
loop is shown in Figure 6. Upper and lower arm currents are compared with each other.
If the DC component in the arm is higher or lower than the reference value, then an error
is fed into the controller for compensation. Furthermore, with transformer or transform-
erless schemes, if an asymmetrical fault occurs, there will be significant zero-sequence
components of voltage in both arms of the converter. This matter can generate a large
zero-sequence current, which transmits to the DC side, and as a result, it will increase the
rated current of the DC-link [2]. To avoid this, the zero-sequence current-eliminating
controller is proposed as shown in Figure 7. The gating signal of each sub-module is
achieved by using the pulse width modulation (PWM) technique. The technique is based
on the phase-shifting method, i.e., comparison of the reference signal to the triangular
multi-carrier signal. The gating (switching) signal is given by:

N; =05+ "/, (1)

where n represents the reference signal given to the PWM generator.

Finally, the combination of three command values 1, n2, and #3, is given to the PWM
generator to generate switching signals, as shown in Figure 8. The carrier frequency is 1
kHz.
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Figure 3. P and Q control.
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Figure 5. DC line voltage control.
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Figure 6. Arm current control.
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Figure 7. Zero-sequence current eliminating control.

n
Gating signals
N3

Figure 8. Switching signals generation.

4. Solid-State HVDC Breaker Topologies

This section presents a brief functional assessment and the circuit configuration of
two recent solid-state CBs and proposed topology.

4.1. LC Resonance Semiconductor DC Breaker

Figure 9 demonstrates the circuit configuration of the LC resonance circuit breaker
that is applied at both sides of the MMC-based HVDC transmission system. The breaker
is composed of an LC resonance circuit for resonance current generation to enable the
zero-cross point, anti-parallel thyristors for bypassing the fault current, IGBT switch, and
also snubber circuit for surge repressing.

During usual operation, the current flows through the IGBT switch S (usual current
direction). When a short-circuit fault occurs in the DC link, the current increases, and
anti-parallel thyristors Tr (the commutation path) turn on, and the capacitor Cr. becomes
discharged. At this time, the current fluctuation is generated that provides the ze-
ro-crossing point by conducting the reverse current with respect to the fault current.
When the current zero-cross point is satisfied, the thyristor Ta turns on, and the breaker
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cuts off. Finally, the fault current discharges through resistor Ra (the energy absorption
path), and the remaining magnetic energy dissipates in the system. Details of the breaker
can be found in [42], where it is applied for a two-level VSC-based HVDC system.

e

Figure 9. LC resonance CB.

4.2. Solid-State DC Circuit Breaker with a Freewheeling Diode

Figure 10 illustrates the circuit scheme of a solid-state DC circuit breaker with a
freewheeling diode. The breaker comprises of series IGBTs and reverse conducting di-
odes that enable the bidirectional power flow in the system. To enable the high-voltage
blocking capability, the breaker and freewheeling diode consist of many devices such as
resistors Rs and Rp to maintain the voltage balancing in steady-state, Cs capacitors to
maintain the voltage balancing in transient conditions and mechanical breaker Sa for
keeping the line voltage close to the ground voltage during the breaker opening. When a
short-circuit fault occurs in the DC line, the current is increased and discharges to the
fault point. The current raise is detected, and S1 and S2 are turned off. The fault current
commutates to snubber capacitors Cs. When Cs is charged, the freewheeling diode turns
on, and finally, inductor L is demagnetized through varistor Rv, and the fault is cleared.

In this topology, there is no need for an extra circuit to provide the zero-crossing
point, and the pressure of high voltage is decreased by connecting several series IGBTs.
More details about the solid-state DC circuit breaker with a freewheeling diode can be
found in [32], in which it is implemented in a two-level VSC-HVDC transmission system.

pc®) Sa EE R,

/fig

Figure 10. Solid-state DC CB with freewheeling diode.

4.3. Proposed Breaker Topology

Figure 11 shows the single line diagram of the proposed solid-state DC circuit
breaker. The breaker consists of series IGBTs and the reverse conducting diodes to pro-
vide bi-directional power flow in the transmission line. Several IGBT switches (for the
simulation in this study, two: S1 and S2) are connected in series to maintain equal voltage
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balancing, enable high-voltage blocking, and make it possible for high-voltage applica-
tions. Snubber resistors (Rs) and capacitors (Cs) are connected in parallel with S1 and S2
to sustain voltage balancing for series switches in steady and transient states, respec-
tively. The resistance—capacitance branch (RC) and diode bridge (D1, D2, Ds, and Ds) are
used to bypass the high fault current, suppress the current breaking over-voltage, and
eliminate the remaining charge on the line. The gate turn-off thyristor (GTO) as a fast
controllable semiconductor device is used to control the resistance-capacitance branch
during the fault [25]. The zero-cross point is made naturally by commutating the current
to snubber capacitors (Cs).

L
D&
pc® GroR %
W] |
D, ¥
D, SZ—‘

Figure 11. Configuration of the proposed solid-state DC breaker.

5. Proposed Breaker Control Strategy

The control block diagram of the proposed breaker operation during fault occur-
rence is shown in Figure 12. Figure 13 explains the handling stages of fault current with
respect to time. The synchronous voltage and current signal from both sides of the HVDC
line is regularly checked. When the voltage and current signal are normal at both sending
and receiving sides, then the breaker continues normal operation. The period 0 <t<tl in
Figure 13 is considered as a normal working period. The breaker control system can
recognize the normal voltage and current signal and use it as a synchronization reference
signal. The t1 < t < t2 is a transient period when fault occurs. In this period, the current
starts to increase from the rated value. When current increases to a predefined threshold
value, the commutation mode will be executed by sending turn-off signals to IGBTs. The
interval t2 < t < t3 is the commutation period. The snubber capacitors will be charged, and
thereafter, the freewheeling diodes will be turned on to conduct the fault current to the
RC branch. When the fault current is dissipated through GTO in the RC branch and
reached zero, the breaker will be reclosed by the controller. During the conduction state,
GTO behaves identical to a thyristor. As a semi-controlled device, it turns on by applying
a gate signal and turns off just when the inductor current reaches zero by its dissipation
in the RC branch. The GTO is equipped with snubbers, i.e., a resistor and capacitor,
which are connected in parallel with GTO to absorb the voltage fluctuation that occurs
when it turns off the current.

Check I,,, V,, Detected Commutation | 1., =0 Recovering
Normal mode fault? mode PR
‘ (Turn-off S1, S2) P

Turn-on S1 and S2

Figure 12. Proposed SSCB control block diagram.
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Figure 13. Fault current handling stages.

6. Proposed SSCB Operation Principle

To explain the operation of the proposed breaker, short circuit fault is assessed in the
transmission line where the power flow direction is from MMCI in rectifier operation to
MMC2 in inverter operation. The short-circuit fault characteristic in a half-bridge MMC-
HVDC transmission system can be found in [12,43]. The operation of the breaker can be
divided into four operation states i.e., normal state, fault occurrence state, breaking or
commutation state, and demagnetizing state.

The operation principle of the proposed breaker and transition process of the cur-
rent direction from one state to another at both the sending and receiving side is depicted
in Figure 14. Figure 14a indicates the current flowing in normal operation before fault
occurrence. In this state, S1 and S2 switches at both sides remain in the on state, and
freewheeling diodes are off. Hence, the current flows stably through the main path of the
breaker i.e., IGBTs valves at the sending end and reverse conducting diodes at the re-
ceiving end. Figure 14b shows the current direction when a short circuit fault happens in
the DC line. In this case, the current increases rapidly at the sending side. When the cur-
rent became larger than the predefined threshold value, it is detected as a fault, and the
interruption process starts with opening the S1 and S2. Simultaneously, the fault current
is commutated to charge the snubber capacitors Cs. Contrariwise, at the receiving side, as
a part of the current flows through the fault point, so the current of inductor L decreases.
The current decrease is detected, and the control signal of the transistor turns off. As no
forward current flows through S1 and S2 of the SSCB2, therefore, no state change hap-
pens at this time. When the inductor current reaches zero, the reverse diodes turn off, and
the current commutates to charge the snubber capacitors. The current flow direction
during charging the snubber capacitors of SSCB1 and SSCB2 is shown in Figure 14c. Fault
current can be calculated by Equation (2) [42].

Vac

Idc(t) = Idc(o) + I
dc

(®) )
where 1,;.(0) is the line rated current, V. is the rated voltage, L, represents the in-
ductance of the DC line, and t is the time.

When the capacitors are fully charged, the freewheeling diodes turn on, as illus-
trated in Figure 14d. The stored energy in the capacitors and line inductance is naturally
dissipated with zero-crossing in the RC branch of the breakers and fault impedance. Fi-
nally, the capacitors are discharged, the fault current is removed, and also, the inductance
L is demagnetized by RC through a fast GTO switch.
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(d) Demagnetization state

Figure 14. Operation principles of proposed SSCB at both ends.

7. Energy Absorption Capability of the Proposed Breaker

In the AC systems, the energy absorption at current zero is equal to zero because the
current in the main circuit is zero. Contrariwise, in DC systems during fault occurrence,
when the CB is turned off, the current is not zero, and there will be significant energy

stored in the circuit [44].

According to the proposed breaker topology in this paper, when short-circuit fault
occurs, the S1 and S2 switches at both sides will be turned off, and Vi will not supply any
power. Hence, the energy absorption in the DC breaker only consists of energy stored in
the line inductance L. This energy generated by the current lo is given by Equation (3)

[45,46].
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1 1
W, = 5Lac I§ = 50159 X 107 x 712.36? = 40.342 [Joule] 3)

where I, is the amplitude of fault current.

8. Parameters Design of the Proposed Breaker

In order to calculate the parameters, a 220 kV SSCB based on series connected IGBTs
is developed for the proposed transmission system to achieve the current breaking ca-
pability. The snubber resistor Rs paralleled with IGBT is used for static voltage balance,
and Cs is used to address the dynamic voltage balancing problem [47]. The total in-
ductance of the DC line is 19.08 mH (0.159 mH/km). The total delay time from starting the
current increasing until the IGBT’s turn off is assumed to be 50 usec. The increase of in-
ductor current during the delay time is given [32]:

-6
Alge = Ve - ~212 = 220 X 10° X 22 = 576 A, )

19.08X1073
The rated current of HVDC line is:

P 20x10°
lratea = rated  — 3= 90.09 A. (5)
Vdc-rated 220%10

Considering the 90.09 A rated current and assuming the protection level is 150%, the
over-protection level current is obtained to be 136.36 A. Hence, the required turn-off
rating of the breaker is 712.36 A by adding the inductor increasing current Al,,.

The total difference in IGBTs turn-off time At can be assumed to be 0.5 usec. The
charging time of the snubber capacitors is designed to be 5 psec, which is larger than the
difference in turn-off time by a factor of 10. Therefore, the snubber capacitance to meet
the condition is given by [48]:

_ Atogflturn—off _ 0.5x712.36
Cs = 10%Vgqe  10%-220000 0.01 pF. (6)
The remained stored energy in Cs needs to be released totally during the on state of
IGBT, and the on-state time to» must be greater than the discharge time when the capaci-
tor voltage drops to zero. Assuming the fon =25 usec, the snubber resistor is calculated as
follows [49]:

_ton _ 25 _
Rs = 5Cg  5x0.01 500 €. @)

According to the stored energy in L, the branch resistor is calculated as:
w, _ 40.342
ty 712362 x1x 1076

R=>

5 =79.5Q 8)

Iturn—off

where tais the energy dissipation time. The branch resistor R is selected to be 100 Q.
According to Figure 11, the RC branch is the series connection of resistor R and ca-

pacitor C. By applying the KVL, the exact value of C can be obtained as:
Vae = Ve +Ve = IR+ 9/, )
where Q is the charge of the capacitor, and it is given by:

Q = CV,[1 — ere]. (10)

The rate of charging is typically described in terms of a time constant RC. The ca-
pacitor C value is adjusted to be 10 UF for the simulation. The breaker parameters are
summarized in Table 1.
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Table 1. Parameters of the proposed DC breaker.

Parameters Value
Branch resistor (R) 100 Q
Branch capacitor (C) 10 pF
Snubber resistor (Rs) 500 QQ
Snubber capacitor (Cs) 0.01 pF

9. Simulation Results

To clarify the comparison between different solid-state breaker topologies presented
in Section 4 and show the effectiveness of the proposed breaker over others, simulation is
carried out in MATLAB Simulink software. This case study has been done for the trans-
mission of 20 MW power from MMC1 to MMC2 when a short-circuit fault occurs in the
DC line. The MMC-HVDC parameters are listed in Table 2. The fault detection method is
based on the comparison of voltage and current in the DC link with their rated values, as
shown in Figure 15. At 2 sec, the short-circuit fault occurs in the DC line and is detected.
After 0.2 sec, the fault is cleared, and the system is returned to the normal operation.

Table 2. Parameters of the MMC-HVDC transmission system [2,39-43].

Parameters Value
HVDC line voltage 220kV
Transmission distance 120 km
Resistance of transmission line 1.39 mQ/km
Inductance of transmission line 0.159 mH/km
Capacitance of transmission line 100 uF
Suppression inductances (L4, Ls, Lc, Ls, Ls, L) 80 mH
Cell capacitor (Csm) 300 uF

L b
136A

—— fault

comparator >_,

150kV ——p [
VL — OR

Figure 15. Fault detection method.

Simulation results for the first topology (LC resonance breaker) are shown in Figure
16. Figure 16a,b show the voltage waveform of the sending and receiving side breakers,
respectively. Figure 16c depicts the fault current. Figure 16d,e illustrate the current
waveform of the sending and receiving side breakers, respectively. During the normal
conditions, the current flows through the usual current direction from MMC1 to MMC2.
When fault occurs at 2 sec, the fault currents flow from both sides to the fault point. At
this moment, fault is detected when the current reaches its threshold value. After fault
detection, the turn-on signal is sent to Tre of the breaker. At this moment, the reverse
current with respect to the fault current is injected, which generates current fluctuation in
order to achieve the zero-cross point, as shown in Figure 16d. When this point is
achieved, the Ta turns on and the breaker turns off. Due to fast turn off of the breaker, a
surge-voltage of about 243 kV and 248 kV across each breaker and a fault current of about
850 A appear, as shown in Figure 16a—c. As the DC link nominal voltage is 220 kV, during
the fault period, the voltage is kept at a rated value to prevent the overall system dis-
connection. Simultaneously, due to the reconnection of a semiconductor breaker at both
sending and receiving sides, a high over-current i.e., 10120 A and 10050 A, respectively
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d,e.

. The over-current waveforms are shown in Figure 16
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Figure 16. Simulation results of LC resonance CB.

Figure 17 illustrates the simulation results of using second topology (solid-state
breaker with freewheeling diode). Figure 17a,b show the voltage across each switch of
the breaker, which is 110 kV. As the response time of the MOV against surge-voltage is
not standardized, it can be slowed down by factors such as the inductance of component.
Hence, when fault occurs at 2 sec, a high surge-voltage has appeared during the inter-
ruption of IGBTs, which increased the rated voltage of SSCB1 and SSCB2 to 143 kV and
129 kV, respectively. Fault current at the time of interruption is illustrated in Figure 17c.
Likewise, after the fault clearing by demagnetization of inductance L through varistor Ry,
the breakers reconnect the DC line by sending the turn-on signal to the IGBTs. At this
moment, high over-currents i.e., 4400 A and 4365 A, appeared across the breakers. Figure
17d,e demonstrate the current waveforms of both side breakers during their reclosing.
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Figure 17. Simulation results of solid-state CB with freewheeling diode.

Simulation results of the proposed circuit breaker are illustrated in Figure 18. Figure
18a,b show the voltage of the breakers at both ends. The fault current is plotted in Figure
18c. Figure 18d,e show the current waveform of both side breakers, respectively. During
the normal conditions, the current flows from MMC1 to MMQC2. Fault is occurred at 2 sec,
and the current of the DC line is increased. This current flows from both sides to the fault
point. When the current reaches its predefined threshold value, it is detected as a fault. At
this moment, the current is interrupted from IGBTs and commutated to snubber capaci-
tors. Due to the fast turn-off characteristic of IGBTSs, the undesired surge-voltage appears,
as shown in Figure 18a,b. As the dc line nominal voltage is 220 kV, during the fault du-
ration, the breaker maintains the voltage and prevents the overall system disconnection.
As the switches are off, therefore, while charging the snubber capacitors, the current is
decreasing until it reaches zero. At this moment, the zero-crossing point is satisfied, as
shown in Figure 18d,e. Meanwhile, after enough charging the snubber capacitors, the
freewheeling diodes turn on, and the stored energy in the capacitors naturally dissipates
in the RC circuit. Likewise, when the fault current is decreased to the threshold value by
its dissipation in the RC circuit, the turn-on signal is sent to the S1 and S2 to continue the
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power flow. Simultaneously, due to the reconnection of semiconductor switches S1 and
52 at both sides, the over-current appears through the switches, as shown in Figure 18d,e.
The surge-voltage and over-current should be small enough to prevent equipment
damage and comply with the insulation requirements and useful life cycle of the system.
The remaining results of using the proposed circuit breaker are also presented to
further clarify the proper working of the proposed breaker during the fault occurrence in
the DC line. Figure 18f illustrates the voltage of the DC link at both ends, which is kept
constant, i.e.,, 220 kV. Figure 18g displays the current waveform of the DC line. When
fault occurs, the fault current is detected and fallen from its rated value i.e., 90.9 A to zero
by commutating to the snubber capacitors. At 2.2 sec, when the breaker is reconnected,
the current is restored back to its rated value. Figure 18h depicts the AC side sending and
receiving active power and 18i shows the controlled reactive power at both ends. When
the current is forced to zero, the active power also decreases from 20 MW to 0 MW and
the reactive power is controlled to be 0 MVAr to attain high efficiency. Finally, Figure
18j k illustrate the upper and lower arms voltage waveform of the MMC. The voltage
across converters valves during the fault is also kept constant, i.e., 110 kV at each arm.
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Figure 18. Simulation results of proposed solid-state CB.

10. Discussion

According to simulation results in Section 9, Table 3 summarizes the actual values of
surge-voltage, over-current, fault current, and its interruption time for each SSCB to-
pology studied in this paper.

Table 3. Surge-voltage, over-current, fault current, and fault current interruption time comparison.

CB Topology LC Resonant SSCB with Proposed
SSCB Freewheeling Diode SSCB
SSCB1 Surge-voltage (kV) 243 143 118
SSCB2 Surge-voltage (kV) 248 129 117
SSCB1 Over-current (A) 10,120 4400 1200
SSCB2 over-current (A) 10,050 4365 1221.5
Fault current (A) 850 480 712.36
Interruption time (usec) 5 5 5

As in the proposed SSCB and also SSCB with a freewheeling diode, two IGBT
switches are connected in series for the simulation and the nominal voltage of the HVDC
line is 220 kV; therefore, the voltage of each switch is 110 kV. In LC resonance CB, there is
one IGBT switch; hence, its nominal voltage is 220 kV. As it is evident from simulation
results and Table 3, at the moment of fault occurrence and high breaking speed, the
surge-voltage of the proposed SSCB1 and SSCB2 is respectively 118 kV and 117 kV (in-
creasing only 8 kV and 7 kV from its rated value). It shows that the surge-voltage of the
proposed CB during current interruption is considerably smaller than other topologies.
In addition, the over-currents during the reclosing of IGBTSs are respectively 1200 A and
1221.5 A. It shows almost eight and four times less than the first and second CB topolo-
gies. Although the fault current of SSCB with a freewheeling diode is lower compared to
other topologies, the arc generated during the current interruption can cause adverse ef-
fects and problems such as higher energy absorption and losses in the system. In addi-
tion, the challenge with using this CB topology is its lower efficiency in terms of sup-
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pressing surge-voltage and over-current due to using traditional MOV. However, the
fault current interruption time is considerably small, i.e., 5 psec and is the same in all
three topologies, because the structure of the main branch of the breaker equipped with
fast IGBTs is same for all topologies. By applying the proposed circuit breaker equipped
with the resistance—capacitance freewheeling branch and fast GTO switch, the
surge-voltage and over-current is extremely reduced compared to two other topologies.
In addition, as it is clear from the results in Figure 18, the DC line voltage during the fault
is kept constant with proposed breaker. Furthermore, the reactive power is controlled to
be zero, which prevents the power and voltage losses. Therefore, the overall efficiency
and quality of the voltage and transmission active power is assured. Moreover, the sys-
tem could return to normal operation in a short time and without disconnection of the
converter stations.

11. Conclusions

This paper has provided the circuit configuration of a new solid-state DC circuit
breaker and its operation in an MMC-HVDC transmission system. DC short-circuit fault
has been applied, and the proposed breaker were compared to two other recent
surge-less SSCB topologies through simulation results. The comparison was based on
their surge-voltage and over-current suppression capability during the fault. It was ob-
served that by applying the proposed SSCB, fault current is interrupted in a short time.
The surge-voltages and over-currents are extremely reduced compared to other topolo-
gies. The power transmission is restored without disconnection of converter stations.
Furthermore, since the proposed SSCB does not need the auxiliary circuit for providing
zero current-cross point and also has no mechanical parts, therefore, the complexity and
cost of the breaker can also be reduced. Moreover, due to having small surge-voltage and
over-current, the insulation level of the equipment would be decreased, accordingly.

As a conclusion, this topology of the circuit breaker is suitable and feasible for
high-voltage DC applications such as for a multi-terminal HVDC transmission system
and the connection of strong AC networks with bi-directional power flows. As a future
study, it is essential to execute experiments with actual equipment based on the proposed
circuit breaker in a multi-terminal MMC-HVDC transmission system.
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