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Abstract 

With the rapid development of DC grids, resonant DC circuit breakers (RDCBs) have be-

come critical for fault isolation. However, existing RDCBs often suffer from severe energy 

mismatches, and components, including mechanical switches, resonant capacitors, and 

power electronic devices, suffer from excessive internal overvoltage during the current 

interruption process. To address these issues, a novel RDCB with a capacitor self-charging 

current excitation source (CES) is proposed in this paper. First, by controlling the charging 

process of CES by the fault current, the injected energy is matched with the commutation 

requirements, significantly reducing the transient recovery voltage (TRV) applied to the 

mechanical switch. Second, to suppress the voltage applied to the resonant capacitor, a 

metal oxide arrestor (MOA) should be connected directly in parallel with the resonant 

capacitor, avoiding overvoltage caused by the internal oscillation between the resonant 

inductance and the resonant capacitor. Furthermore, an anti-parallel magnetic core is de-

signed for CES, ensuring dynamic current sharing among parallel IGBTs while maintain-

ing a zero-inductance characteristic externally. Simulation results verify that the proposed 

RDCB reduces the peak TRV by at least 64% compared with existing RDCBs. Furthermore, 

the effectiveness of the proposed overvoltage suppression methods is validated, signifi-

cantly improving the interrupting reliability. 

Keywords: resonant DC circuit breaker; capacitor self-charging; transient recovery  

voltage; current sharing 

 

1. Introduction 

With the rapid development of renewable energy integration and flexible DC grids, 

DC circuit breakers (DCCBs) are critical for maintaining system security [1–4]. Neverthe-

less, mechanical DCCB and hybrid DCCB face limitations of high cost and complexity, 

hindering their widespread application in large-scale multi-port DC grids [5–8]. To ad-

dress these challenges, resonant DCCBs (RDCBs) have emerged as a promising research 

direction, providing a highly economical and efficient solution for DC fault isolation 

[9,10]. 
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As shown in Figure 1a, the RDCB topology comprises three functional paths: the load 

current path (LCP), the current commutation path (CCP), and the energy absorption path 

(EAP) [11,12]. The LCP uses an ultra-fast mechanical vacuum switch (MVS) to handle the 

steady-state load current. Within the CCP, a resonant capacitor (Ch) and inductor (Lh) form 

an oscillatory circuit, generating a high-frequency current that counteracts the fault cur-

rent, thereby forcing the MVS current to zero. Residual energy is dissipated via the metal 

oxide arrester (MOA) in the EAP. The current excitation source (CES) is the key element 

for realizing the current commutation from LCP to CCP. Upon fault detection, energy is 

transferred from the CES to LC components (Ch and Lh), generating a high-frequency os-

cillating current in the CCP that opposes the fault current. This interaction forces the MVS 

current to zero, creating an artificial current zero-crossing for interruption. Although the 

CES is also implemented using power electronic devices, it is capable of generating a large 

current with low voltage stress on the CES, significantly reducing the number of compo-

nents required. 

However, existing RDCBs still face arc extinction challenges under wide-range fault 

current conditions. The switching stress of MVS is primarily determined by the pre-arcing 

di/dt and the post-arcing du/dt, imposing stringent requirements on the energy injected 

by the CES. Due to the uncontrolled energy of CES in existing topologies, it is difficult to 

achieve adaptive adjustment in response to the actual fault current. The surplus energy 

injected by the CES exacerbates the interruption stress on MVS, making it difficult to 

match all operating conditions, especially under the special operating condition shown in 

Figure 1b, where transient interruption voltage (TRV) becomes excessively high, resulting 

in the most severe arc extinction condition. Experimental results indicate that when the 

fault current is 6 kA, excessive surplus energy leads to extremely high TRV, causing the 

arc to fail to extinguish despite current zero-crossing, as shown in Figure 1c. Conversely, 

under the 7 kA condition, although the fault current is larger, the oscillating current coun-

teracts the fault current more effectively, resulting in better energy matching. And the 

reliable interruption is achieved, as shown in Figure 1d. The uncontrollable injection en-

ergy of CES in existing RDCBs prevents adaptive response to fault current variations, se-

verely limiting its interruption performance under complex operating conditions. 

Lh Ch

MOA

MVS

LCP

CCP

EAP

0

(a) 

CES

−4

0

4

8

12

(b) 

−4

0

4

8

12

(c) 

(d) 

Ioscillat ing

Ifault

Arc extinction fails despite 
current zero-crossing

 
Ioscillat ing

Ifault
IMVS

 
Ioscillat ing

Ifault
IMVS

time/ms 

time/mstime 

cu
rr

en
t/

k
A

 
cu

rr
en

t/
k

A
 

cu
rr

en
t

 

Figure 1. Overview of arc extinction difficulty. (a) topology of RDCB; (b) specific points where arc 

extinction is difficult; (c) fault current of 6 kA; (d) fault current of 7 kA. 

Meanwhile, during the micro-transient process of forced high-frequency commuta-

tion and intense energy injection, the extremely high rate of current change subjects the 

internal components to severe overvoltage and overcurrent shocks. However, existing re-

search predominantly focuses on system-level interruption mechanisms and macro-topol-

ogy optimization. There is a notable lack of in-depth quantitative analysis regarding the 
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electrical stresses on internal modular components and their suppression methods. Re-

garding overvoltage suppression, MOAs are widely employed in parallel to protect Ch. 

Existing topologies typically connect the MOA across the entire Ch-Lh loop [13–15]. How-

ever, this configuration neglects the effect of Lh. Under high-frequency excitation, this 

oversight allows trapped energy to recirculate within the Ch-Lh loop, triggering local res-

onances that elevate the voltage across far beyond the external clamping level, leading to 

insulation failure. Regarding current balancing, the low-voltage CES requires parallel IG-

BTs to meet high short-circuit current. However, due to variations in on-state voltage 

drops and non-simultaneous switching actions, severe dynamic current imbalance is eas-

ily induced among the parallel branches [15,16]. Although active control methods based 

on temperature compensation, gate timing adjustment, or distributed active triggering 

have been proposed [17–19], these methods mainly aim to eliminate switching incon-

sistency and often have limited effectiveness for existing device differences. Moreover, 

under complex control schemes, significant induced voltage spikes are readily generated 

in the external circuit. This distortion of the output square wave subsequently suppresses 

the normal growth of the resonant current. 

To address these issues, a novel RDCB with a self-charging CES is proposed to ensure 

the reliable arc extinction of MVS caused by excessive TRV. As the charging process of 

CES is controllable by the fault current, the injected energy is always matched with the 

current commutation requirements, significantly reducing TRV below 4.5 kV (reducing it 

by at least 64%) applied on MVS. It effectively suppresses the overvoltage, ensures reliable 

interruption, and provides comprehensive overvoltage suppression. The rest of this arti-

cle is organized as follows: an overview of the RDCB and the principle of TRV generation 

is provided in Section 2. The topology and characteristics of the proposed RDCB with 

capacitor self-charging CES are presented in Section 3. The overvoltage stress and sup-

pression for Ch and parallel IGBTs of the proposed RDCB are analyzed in Section 4. A 

simulation model based on PSCAD is developed to verify the effectiveness of the pro-

posed RDCB and overvoltage suppression methods in Section 5. Finally, a comprehensive 

comparison regarding economic cost, TRV, and pre-charging requirements between the 

proposed CES and existing CES is provided in Section 5. 

2. Overview of RDCB and the Generation of TRV 

2.1. Overview of RDCB 

The structure of the RDCB is shown in Figure 2. Under normal operating conditions, 

the MVS is closed, and the current (If) flows through LCP. 

LCP
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CCP
Ios

IMVS

ILC LhCh

MOA

EAP

IMOA

If
CES2
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Figure 2. Structure of RDCB. 

During the interruption process, the MVS is opened, and a stable square-wave volt-

age is generated by CES to continuously charge the LC components in the CCP, thereby 
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exciting the resonant current Ios. The current through LCP (IMVS) is the fault current (If) 

minus Ios. Once the amplitude of Ios exceeds If, the arc in MVS is extinguished, resulting in 

complete current commutation from LCP to CCP and arc extinction in the MVS. Subse-

quently, Ch continues to be charged by If until the voltage on Ch (UCh) reaches the reference 

voltage of the MOA. If is then commutated to the EAP and gradually attenuated to zero 

through the energy dissipation of MOA. 

Consequently, the key for RDCB to achieve current commutation is that CES contin-

uously injects energy into the LC components during the commutation process. This en-

ergy alternates between Lh and Ch, manifesting externally as an oscillating current and 

voltage with progressively increasing amplitudes. 

2.2. Type of CES 

Existing CES for RDCB can be categorized into two types: the pre-charged capacitor 

type and the MOA switching type. 

2.2.1. Pre-Charged Capacitor CES and Its External Characteristic 

The pre-charged capacitor type CES is generally located in CCP, as shown by CES1 

in Figure 2 [20–22]. It consists of a bridge circuit in conjunction with a pre-charged capac-

itor, as listed in Table 1. The pre-charged capacitor serves as a voltage source, using the 

bridge topology to control its discharge polarity. Upon fault occurrence, the direction of 

output voltage of the CES (UCES) is controlled to remain consistent with the direction of Ios, 

thereby realizing the continuous discharge of Ch. As a result, UCh rises continuously, forc-

ing Ios to increase progressively and providing a reliable current zero-crossing point for 

MVS. 

Table 1. The structure of the pre-charging capacitor type CES, and its output voltage. 

 Full Bridge Half Bridge 

IGBT 

T1

D1

T3

D3

T4

D4

T2

CDC

D2

ba
UE

 

T1 D1

T2

CDC

D2

b

a

UE

 

SCR 

SCR2

D1

SCR4

CDC

D2

SCR3SCR1

D3

D4

ba
UE

 

CDC b

a

UE

SCR1

SCR2

D1

D2

 

UCES 0
 0  

Taking a full-bridge IGBT circuit as an example, when Ios is counterclockwise, T2/T3 

are controlled to turn on, and Ios flows through a-T2-CDC-T3-b. The CES outputs a positive 

pre-charged capacitor voltage, UCES = Uba = UE. When Ios is clockwise, T1/T4 are controlled 

to turn on, and Ios flows through b-T4-CDC-T1-a. The CES outputs a negative pre-charged 

capacitor voltage, UCES = Uba = -UE. 

For the half-bridge circuit configuration, when Ios is counterclockwise, T1 is turned 

on, and Ios flows through a-CDC-T1-b. The CES outputs a positive pre-charged capacitor 

voltage, UCES = Uba = UE. However, when Ios is clockwise, T2 is turned on, and Ios flows 

through b-T2-a. The CES outputs zero voltage, UCES = Uba = 0. 
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2.2.2. MOA Switching CES and Its External Characteristic 

For the MOA switching type, CES is generally located in LCP, as shown by CES2 in 

Figure 2 [23–25]. This structure replaces the pre-charged capacitor in the full-bridge topol-

ogy with an MOV, which effectively acts as a voltage source by using its resistance effect 

to generate a voltage drop, leading to two configurations: the MOA switching type and 

the ordinary resistor switching type, as listed in Table 2. When current flows through the 

resistor, a resistive voltage drop appears across its terminals; when no current flows 

through the resistor, the voltage is zero. By controlling the turn-on and turn-off states of 

the power electronic switches paralleled with the MOA, the CES is controlled to output a 

positive voltage when current is positive, and zero voltage when current is negative, 

thereby enabling continuous discharge of LC components. 

Table 2. The structure of the MOV switching type CES and its output voltage. 

 MOA Ordinary Resistor 

 

MOAL

KBP

a b

T1

D1

D2

T2

 

R

KBP

b
D1

D2

T2

T1

 

UCES 0  0  

Due to the nonlinear characteristics of the MOA, the terminal voltage is clamped at 

its residual voltage when conducting current. Therefore, by controlling the switching op-

eration of MOA, a controllable square-wave voltage can be generated. For an ordinary 

resistor, the terminal voltage depends on the magnitude of the current flowing through it. 

Consequently, when the current is positive, UCES is a sinusoidal waveform superimposed 

with a positive DC bias voltage. 

2.2.3. Energy Injection Principle of the CES 

For the MOA switching CES, the energy absorbed by the MOA after a fault occurs is 

given by (1). 

CES CES MVS CES f os system CES os( ) ( )( ) = ( )W u t I dt u t I I dt W u t I dt= = − −    (1) 

Consequently, the energy injected by CES into LC components is the energy injected 

by the system into the CES minus the energy absorbed by the MOA in CES, as (2). 

inj CES os( )W u t I dt=   (2) 

Given the voltage withstand limitation of the device, the square-wave voltage can 

provide a constant voltage during the conduction period, making the energy injected in 

each cycle essentially constant, thereby maximizing the energy injection growth, as shown 

by the blue curve in Figure 3. In contrast, for the ordinary resistor, the voltage is a sinus-

oidal waveform superimposed with a positive DC bias voltage, causing the energy in-

jected to be limited by the voltage, resulting in slow energy growth. Therefore, to maxim-

ize commutation efficiency, UCES should be a square-wave voltage as much as possible. 
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Figure 3. Schematic of energy and voltage characteristics for different UCES. 

Regardless of the CES type, the circuit schematic diagram of the energy injection into 

LC components is shown in Figure 4. 
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Figure 4. Circuit schematic diagram of the energy injection. 

Assuming no energy is dissipated by stray resistances in the loop, a schematic dia-

gram of the electrical quantity variations in the energy injection loop is shown in Figure 

5. 
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Figure 5. Schematic diagram of the electrical quantity variations during the energy injection pro-

cess. 

As shown in Figure 5, initially, Ios is zero, and no energy is stored in Ch and Lh. During 

the first half-cycle (positive half-wave of Ios), since Ios and UCES are in the same direction, 

the CES injects energy into the LC components. Ios increases gradually, charging Ch, as (3). 

h

os
h CES

d ( )
( )

d
C

i t
L U u t

t
+ =

 
(3) 

According to (3), UCh is equal to UE when Ios reaches its peak value. Charging of Ch 

continues until Ios falls to zero, at which point UCh rises to 2UE, and the total energy injected 

into LC components (Winj) is 2ChUE2. 
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For the pre-charged capacitor CES, UCES is controlled to be in the same direction as 

Ios. During the negative half-wave, UCES is also negative, and the energy injection principle 

is the same as that for the positive half-wave. By the end of this period, UCh amplitude 

rises to 4UE, and Winj increases to 8ChUE2. Subsequently, in each subsequent cycle, UCh in-

creases by 4UE, and Winj increases by 8(2n − 1)ChUE2 (where n is the cycle number). 

For the MOA switching CES, only positive or zero voltage is output by the CES, and 

the positive or negative of Ios is controlled to match accordingly. During the negative half-

wave, UCES is zero, resulting in no energy output. UCh remains unchanged, and Winj is 

maintained at 2ChUE2. Thereafter, UCh increases by 2UE, and Winj increases by 2(2n − 1)ChUE2 

(where n is the cycle number). 

In summary, although the operating modes of the two CES are different, their square-

wave output voltages are essentially constant. Therefore, Winj increases gradually in each 

cycle. 

2.2.4. Generation Mechanism of TRV Across MVS and Re-Strikes Risks 

A typical process of the existing RDCB is shown in Figure 6. Within microseconds 

after the current zero-crossing, MVS contacts gradually separate, forming an equivalent 

gap capacitance (Cg) between the moving and stationary contact plates. When Winj exceeds 

the commutation requirement (Wcom), surplus energy (Wsur) cannot be dissipated instanta-

neously and is transferred to Cg. Since Cg is typically very small (tens to hundreds of pF), 

even a small Wsur results in a sharp rise in the voltage across MVS, generating the transient 

recovery voltage (TRV), as shown by the blue-shaded region in Figure 6a. In this paper, 

TRV is defined as the first voltage peak across the MVS immediately after the current zero-

crossing. This definition is adopted because the first peak of TRV is the most critical factor 

affecting the arc extinction and re-strikes risks of MVS. If the first peak exceeds the dielec-

tric recovery strength of the MVS, re-strikes will occur immediately. 

During the resonance process, the total energy of LC components is determined by 

the energy injected by the CES, which is jointly composed of the energy stored in Ch and 

Lh. When the amplitude of Ios reaches If and the current zero-crossing is achieved, the en-

ergy required for the commutation process corresponds only to the energy stored in Lh. 

At this point, the energy stored in Ch constitutes Wsur, as shown in Figure 6c. 
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Figure 6. Variation in electrical quantities during the interruption process: (a) voltage; (b) current; 

(c) energy. 
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When Winj matches Wcom within a given cycle, the IMVS current zero-crossing occurs at 

the point where UCh is zero, resulting in a first TRV peak of zero. When Winj exceeds Wcom, 

the first peak of TRV is determined by Wsur. Moreover, the larger Wsur, the higher TRV, 

and the greater the arc extinction pressure. 

The primary cause of TRV across MVS is the imbalance between Winj and Wcom. Since 

Winj, injected by existing CES, increases gradually in each cycle, this imbalance cannot be 

avoided due to the uncontrolled injection characteristic. Particularly under special oper-

ating conditions, such as just following the previous current peak, excessive Wsur may 

cause voltage stress across MVS to far exceed the dielectric recovery strength. As a result, 

arc extinction fails despite current zero-crossing, as exemplified by the example shown in 

Figure 1c. 

3. Topology and Characteristics of Proposed RDCB 

3.1. Topology of the Proposed RDC with Self-Charging Capability 

To solve the above problems, a novel resonant DCB with capacitor self-charging by 

controllable injection energy is proposed, as shown in Figure 7. The proposed RDCB inte-

grates a bypass path switch (KBP), a full bridge equipped with a capacitor (Ce), and a low-

voltage metal oxide arrester (MOAL). The topology eliminates auxiliary charging circuits 

by utilizing the fault current (If) itself as the exclusive charging source. During steady-

state operation, If is diverted through the low-impedance KBP path, minimizing conduc-

tion losses while maintaining MVS continuity. 

LCP

MVS

CCP

Ios

IMVS

ILC LhCh

MOA

EAP

IMOA

If

a b

MOAL

T1

D1

D2

T3
D3

T2 T4

D4

KBP

Ce

IKBP

 

Figure 7. Topology of the proposed RDCB. 

The commutation mechanism is governed by an active energy injection strategy. 

Upon fault inception, KBP and T2/T3 are turned off, forcing If to flow through D1/D4 to 

charging Ce. The MOAL actively clamps to prevent dielectric breakdown during this tran-

sient. Once the charging is completed, T1/T4 and T2/T3 in the full-bridge are alternately 

turned on to synthesize a square-wave voltage. By controlling Ios and UCES to have the 

same direction, CES continuously injects energy into the LC components, exciting a grad-

ually increasing Ios until IMVS is forced to zero, ensuring arc extinction. Once the IMVS is 

forced to zero, the charging path from CES to the LC components is cut off, resulting in 

the energy injection terminating naturally at the moment of arc extinction. 

Since the successful commutation of RDCB depends on the balance between Winj and 

Wcom, the proposed RDCB features an adaptive energy regulation characteristic. The up-

per bound of Winj is dictated by the stored energy in the CES (WCES). By dynamically ad-

justing the Ce charging duration, WCES is precisely modulated, allowing Winj to be con-

trolled for different faults without oversizing the capacitor bank. 
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3.2. Energy Injection Principle 

Assuming a constant current and a linearly varying voltage during the charging pro-

cess, WCES can be simplified as (4) based on its working principle. 
2

2 2
2 f f

CSE e e

e e

1 1
×

2 2 2
e

I I t
W C U C t

C C

  
= =  = 

 

 (4) 

where Ue is the voltage across Ce, and Δt is the charging duration of Ce. 

The output square-wave voltage of CES (UCES) is limited by the finite WCES. A typical 

process of the proposed RDCB is shown in Figure 8. As shown in Figure 8a, UCES gradually 

decreases, indicating that the gain in each injection cycle continues to drop, leading to a 

monotonic decline in the incremental oscillation current (ΔIos) and a corresponding reduc-

tion in the per-cycle injected energy (ΔWinj). 

Once all WCES are injected into LC components, Ios stops growing and stabilizes at a 

constant amplitude, as shown in Figure 8b. At this point, no new energy is added to the 

system, as shown in Figure 8c. The remaining energy simply circulates back and forth 

between Ch and Lh, sustaining the oscillation without further increasing Ios. 
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Figure 8. Variation in electrical quantities during the interruption process of the proposed RDCB: 

(a) voltage; (b) current; (c) energy. 

3.3. Adaptive Characteristics of TRV Across MVS 

In principle, Wcom is equivalent to the magnetic energy initially stored in Lh, as given 

by (5). 

2

com h f

1

2
W L I=

 
(5) 

When WCES is injected into the LC components, the actual Winj is governed by the fault 

current level and the charging duration of Ce, as shown in (4). To enforce Winj = Wcom, the 

charging duration must satisfy (6). 

2

h

2 2
2f

inj e

e

 com h f            
1

        
2 2

    
I t

W L I C LW t
C


=   ==   (6) 

No matter how large or small If is, as long as Δt satisfies (6), Winj perfectly matches 

Wcom, completely eliminating Wsur across the full current range. Consequently, since the 

TRV across MVS is constrained by Wsur, it can be adaptively suppressed to the lowest pos-

sible level regardless of If. Even with a practical safety margin where Winj is slightly larger 

than Wcom, the adaptive characteristic is preserved. Owing to the self-charging nature of 
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the proposed RDCB, UCES decays progressively as WCES is released. This causes the per-

cycle injected energy to diminish gradually. Therefore, the TRV is limited and remains 

markedly lower than that of RDCBs with a pre-charged capacitor and MOA switching 

CES. 

4. Overvoltage Stress Analysis and Suppression for Internal  

Components of the Proposed RDCB 

4.1. Overvoltage Stress of Ch and Its Suppression 

In conventional RDCBs, MOA is typically connected in parallel across the entire CCP 

branch, which consists of Lh and Ch, as shown in Figure 9(a). However, under high fault 

current conditions in HVDC systems, high-frequency energy injection often results in se-

vere overvoltage across Ch. 

During the high-frequency commutation stage, the current (itr) exhibits an extremely 

high rate of ditr/dt. When the total voltage across Lh-Ch reaches the MOA threshold 

(UMOA_ref), MOA turns on and clamps the external terminal voltage at (UMOA_cl). Neverthe-

less, according to KVL, the actual voltage stress on Ch is not constant. Instead, it is gov-

erned by (7). 

tr tr
Ch MOA h MOA_cl

( ) ( )
( ) ( ) h

di t di t
U t U t L U L

dt dt
= −  −  

(7) 

At the current zero-crossing instant, the substantial magnetic energy stored in Lh can-

not be dissipated through the external MOA branch. Since MOA clamps the terminal volt-

age of the Lh-Ch assembly, it fails to provide a low-impedance path for the internal reactive 

power exchange. Consequently, this trapped energy is forced to oscillate within the local 

loop, resulting in a concealed high-frequency resonance across Ch. The theoretical voltage 

significantly exceeds the MOA’s clamping level, exhibiting a significant overvoltage. Be-

cause this internal overstress is difficult to detect via external monitoring, it remains un-

mitigated, accelerating dielectric wear-out and ultimately driving the device beyond its 

safe operating area, resulting in catastrophic avalanche breakdown. 

To address the aforementioned limitations, the proposed RDCB adopts a locally par-

alleled configuration, as shown in Figure 9b. In this topology, the MOA is relocated and 

directly connected across the terminals of Ch, effectively placing Lh outside the MOA 

clamping loop. 

LhCh

MOA

LhCh

MOA

(a) (b)  

Figure 9. The parallel connection position of MOA and Ch; (a) overall parallel; (b) local parallel. 

Consequently, Ch is rigidly bound to the MOA terminal voltage. When the high-fre-

quency oscillating current continuously charges and reaches UMOA_ref, the MOA conducts 

immediately. By eliminating the effect of Lh, the dynamic voltage stress across is strictly 

limited to (8). 

Ch MOA MOA_cl( ) ( )U t U t U=   (8) 

In this configuration, the magnetic energy stored in Lh is released directly into the 

external main circuit to facilitate commutation, rather than circulating locally within the 

submodule. Excess surge energy is safely diverted into the EAP, where it is dissipated as 

heat via its low-impedance path. This localized paralleling strategy fundamentally dis-

rupts the internal resonant loop, thereby eliminating the overvoltage previously dis-
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cussed. Consequently, the voltage stress on Ch is strictly maintained below the safety 

threshold, guaranteeing insulation reliability throughout the service life. 

4.2. Overvoltage Stress of CES and Its Suppression 

As the key driver of the forced oscillatory commutation in RDCB, CES dictates the 

ultimate breaking capacity, as this is fundamentally limited by the output voltage stability 

and the current handling capability of the solid-state switches. To meet these demands, 

CES typically employs a parallel configuration of multiple IGBTs to achieve the required 

current rating. However, this parallel topology introduces significant challenges, as it ren-

ders the devices susceptible to overvoltage and overcurrent failures during dynamic tran-

sients. 

Due to unavoidable disparities in IGBT conduction voltage drops and difficulty in 

achieving perfectly synchronized driving, parallel-connected IGBTs are highly suscepti-

ble to severe current imbalances during dynamic switching intervals, potentially trigger-

ing localized overcurrent failures in the early-conducting IGBT. 

To suppress dynamic current imbalance among parallel branches, the conventional 

method is to add independent reactors in series with each IGBT path. These reactors ex-

ploit the impedance effect of large inductances on di/dt to enforce balanced current distri-

bution, preventing overcurrent. However, these additional series inductors introduce sig-

nificant penalties. They severely retard the current commutation speed between LCP and 

both CCP and EAP. Furthermore, they form a series resonant loop with Ch, which de-

grades the fault interruption capability. Concurrently, the voltage drop across these in-

ductors distorts the square-wave output of CES, thereby reducing the overall commuta-

tion efficiency and breaking performance. 

To resolve the aforementioned contradiction, the proposed RDCB introduces the 

method of embedding the anti-parallel magnetic cores within the IGBT parallel branches 

of CES. Taking a power electronic module with two parallel IGBTs as an example, as 

shown in Figure 10, a magnetic core is nested into each branch. Crucially, one branch 

adopts a forward nesting orientation while the other adopts a reverse nesting orientation. 

Branch1Branch2

m
ag

n
etic co

res

ib

ba

 

Figure 10. Schematic diagram of embedding the anti-parallel magnetic cores within the IGBT par-

allel branches of CES. 

This specific configuration ensures that the currents in the two branches traverse the 

anti-parallel magnetic core in strictly opposite directions, resulting in the equivalent cir-

cuit shown in Figure 11a, where Lse1 and Lse2 are the self-inductances, and M12 is the mutual 

inductance. When the magnetic cores remain unsaturated, Lse1 = Lse2 ≈ M12. 

When the IGBTs are not perfectly synchronized during turn-on and turn-off, internal 

circulating currents are induced within the parallel branches, as shown in Figure 11b. The 

introduction of the anti-parallel magnetic cores provides a high equivalent self-inductance 

and mutual inductance for each independent IGBT branch. Acting as independent reac-

tors, these cores present a high impedance that suppresses current imbalances and en-

forces balanced current distribution during turn-on and turn-off. 
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For the external current, the two parallel IGBT branches can be reduced to a single 

equivalent branch, as shown in Figure 11c. With the introduction of the anti-parallel mag-

netic cores, due to the mutual inductance, the equivalent inductance of this branch is Lse1 

+ Lse2 − 2M12 ≈ 0. This presents an extremely low inductance to the external circuit, having 

a negligible impact on the current commutation speed between the LCP and both the CCP 

and EAP. 

icir

Lse2+M12

Lse1+M12

Lse1+Lse2 2M12

ib
M12

Lse2

Lse1

ib

(a) (b) (c)
 

Figure 11. Equivalent circuit of magnetic cores: (a) overall equivalent circuit; (b) internal circulating 

current; (c) external current. 

The implementation of the anti-parallel magnetic cores design effectively prevents 

the overvoltage generated by the independent reactors from being superimposed on UCES 

during IGBT turn-off. Consequently, a stable, distortion-free square-wave voltage can be 

output by CES without requiring extra stray inductance. This approach not only elimi-

nates the risk of turn-off overvoltage in IGBTs but also ensures rapid current commutation 

between the LCP and both the CCP and EAP, thereby guaranteeing the reliable interrup-

tion of RDCB. 

5. Simulation Verification 

5.1. System Model 

To verify the effectiveness of the proposed RDCB, simulations were conducted on 

the Zhangbei four-terminal project using PSCAD. The system model is shown in Figure 

12, and the parameters are listed in Table 3. To ensure the resonant waveforms remain 

undistorted, a simulation time step of 1μs and the Intel(R) Visual Fortran Compiler were 

selected for precise analysis. The MVS is modeled with an opening time of 2 ms and a final 

contact gap of 26 mm, featuring a time-varying separation speed and a kV/μs-level dy-

namic dielectric recovery strength [26]. 

DCCB

f

Kangbao Station

Zhangbei Station

Fengning Station

Beijing Station

MMC

 

Figure 12. Schematic diagram of the Zhangbei four-terminal project. 
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Table 3. Simulation system parameters. 

Parameters Value 

rated voltage ±500 kV 

faulty line Kangbao–Fengning 

fault distance 100 km 

faulty branch line rated current 1.5 kA 

fault location 60 km from Fengning station 

fault inception time 1 s 

resonant inductance of RDCB Lh = 53.052 µH 

resonant capacitance of RDCB Ch = 4.7746 µF 

capacitance of CES Ce = 3.7 mF 

capacitor charging time Δt = 0.5 ms 

5.2. Typical Fault Interruption Analysis 

The typical fault interruption waveforms under a fault current of 10 kA are shown in 

Figure 13. 

As shown in Figure 13a, upon fault detection, CES is activated at t1. Meanwhile, KBP 

and T2/T3 are turned off, and If is commutated to the full-bridge circuit to charge the Ce 

within the CES. At t2, the charging of Ce is completed. Subsequently, T1/T4 and T2/T3 are 

conducted alternately, whereby energy is continuously injected into LC components from 

CES, leading to a gradual increase in the amplitude of Ios. At t3, Ios reaches If, and If is 

commutated to CCP, thereby charging Ch. Once UCh reaches the reference voltage of the 

MOA, If is then commutated to the EAP and gradually attenuated to zero through the 

energy dissipation of MOA. 

As shown in Figure 13c, WCES increases gradually during the charging phase of Ce. 

After charging is completed, energy is periodically transferred from the CES to LC com-

ponents, causing a continuous decrease in WCES. The energy injection is halted as soon as 

Ios reaches If. Since Ios is near its peak value at this instant, Winj is primarily concentrated in 

the Lh, leaving minimal energy in Ch. Consequently, Wsur is negligible, and TRV is sup-

pressed to an extremely low level of 0.3 kV, as shown in Figure 13b, ensuring reliable arc 

extinction of the MVS. 
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Figure 13. Typical waveforms of the fault interruption process. 
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5.3. Adaptability Analysis of TRV Across MVS for Different Fault Currents 

The TRV values generated by the proposed RDCB under different fault currents are 

shown in Figure 14. 

As shown in Figure 14, compared with RDCB employing pre-charged capacitor CES 

and MOA switching CES, the proposed RDCB reduces the TRV by a maximum of 96% 

and a minimum of 64%, significantly reducing TRV during interruption. Particularly un-

der low-current conditions, TRV is nearly zero, enabling overvoltage-free interruption. 

Regarding the dynamic trend, while TRV of the pre-charged capacitor type and the MOA 

switching type exhibits periodic variations with increasing current, that of the capacitor 

self-charging type is stably kept at a low level and shows a slowly rising trend with If 

increases. 
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Figure 14. TRV under different interruption currents. 

The underlying physical mechanism for these distinct trends is rooted in the energy-

matching characteristics of each topology. 

For the pre-charged capacitor CES and MOA Switching CES, Winj per oscillation cycle 

is essentially uncontrollable. Within a specific current range, current interruption success-

fully occurs inside the same commutation cycle because Wcom remains smaller than or 

equal to Winj. In this cycle, a smaller If requires less Wcom, leaving a larger Wsur. Conse-

quently, a higher Wsur results in a higher TRV. When If scales up such that the required 

Wcom exceeds Winj of the current cycle, interruption fails in this cycle, forcing the wait for 

the next cycle. Since the cumulative injected energy gradually escalates with the number 

of cycles, a higher If eventually triggers interruption in a later cycle with a much higher 

total energy injection, thereby leading to an overall increasing TRV trend across different 

cycle thresholds. 

For the capacitor self-charging CES, the energy injection is adaptively regulated. To 

guarantee reliable current zero-crossing, a pre-designed engineering energy margin is in-

herently incorporated. As If increases, both the self-charging voltage UCES and Winj per cy-

cle scale up accordingly. Under higher current levels, it becomes slightly more challenging 

to achieve a perfect energy match, leading to a moderately larger surplus Wsur and TRV. 

Therefore, the reported TRV for the capacitor self-charging CES exhibits a stable, mono-

tonic growth trend with the increase in If, without the severe step-like fluctuations ob-

served in existing CES. 

5.4. Comparative Analysis of Ch Overvoltage Suppression 

The comparison of the UCh in the proposed RDCB under the full-parallel and partial-

parallel MOA configurations is shown in Figure 15. 
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Figure 15. Comparison of UCh between full-parallel and partial-parallel structures. 

As shown in Figure 15, in the overall parallel structure, the terminals of both Lh and 

Ch are clamped by MOA. This forces the magnetic energy stored in Lh to recirculate 

through Ch, triggering a severe overvoltage across Ch. Consequently, UCh escalates to a 

peak of 2.2 p.u. under high-frequency oscillation, posing a critical threat to the insulation 

integrity of Ch. In contrast, the proposed local parallel structure shows superior overvolt-

age suppression performance. Benefiting from the structural advantage of connecting the 

MOA directly across Ch, the effect of Lh is effectively eliminated. Consequently, the peak 

voltage is strictly clamped at approximately 1.5 p.u. This represents a significant voltage 

reduction of about 32%, effectively lowering the voltage requirements for Ch and substan-

tially enhancing operational reliability. 

5.5. Comparative Analysis of CES Overvoltage Suppression 

The comparisons of UCES and Ios in the proposed RDCB with independent reactors 

and the anti-parallel magnetic cores are shown in Figure 16. 
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Figure 16. Comparison between RDCB with independent reactors and the anti-parallel magnetic 

cores; (a) UCES; (b) Ios. 

As shown in Figure 16a, the incorporation of independent reactors introduces addi-

tional inductance directly into the output voltage loop. Due to the superposition of volt-

ages across these inductors, the actual UCES deviates from the ideal square-wave voltage, 

generating severe overvoltage spikes up to 1.5 p.u. This significant waveform distortion 
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substantially suppresses the continuous growth of the resonant current. Conversely, with 

the integration of magnetic cores, the additional inductance is effectively canceled out 

from the perspective of the output loop. This allows CES to deliver a stable, high-quality 

square-wave voltage, providing ideal excitation conditions for the resonance process. As 

shown in Figure 16b, if independent reactors are adopted, their additional inductance in-

evitably enters the resonant loop, which not only reduces the resonant current amplitude 

but also decelerates the current rising rate, severely compromising the ability of the sys-

tem to interrupt fault currents rapidly. In contrast, the proposed magnetic core method 

avoids these drawbacks, effectively enhancing both the operational performance and re-

liability of the RDCB under fault conditions. 

6. Comparison of Different CESs 

To verify the superior performance of the proposed capacitor self-charging CES, a 

comprehensive comparison is conducted among the capacitor self-charging CES and ex-

isting CES (pre-charged capacitor type and MOA switching type) across the terms of eco-

nomic cost, TRV, and pre-charging requirements. The detailed comparison results are 

summarized in Table 4. 

Table 4. Comparison of RDCBs with Different CESs. 

 Cost (RMB) TRV (kV) Reliability and Maintenance 
Pre-Charging  

Requirement 

Pre-charged capacitor 246,000 3~42 
Low (risk of MVS re-strikes at specific conditions; re-

quires regular pre-charging check) 
Yes 

MOA switching 213,000 4~42 
Low (risk of re-strikes at specific conditions; MOV deg-

radation over time) 
No 

Capacitor self-charging 259,000 <4.5 High (guaranteed arc quenching; self-sustained) No 

It is important to note that the primary objective of this study is to address the arc 

extinction unreliability caused by excessive TRV in existing RDCBs. Therefore, the com-

parison in Table 4 focuses on TRV performance and interruption reliability, which are the 

dominant metrics for the proposed topology. 

The component pricing is referenced to the core technical data of the CES provided 

by Henan Pinggao Electric Power Co., Ltd. For instance, the unit costs of high-voltage 

capacitors and MOAs are set to 2 RMB/J and 30 RMB/kJ, respectively. 

Taking a 100 kV/25 kA RDCB as an example, the economic analysis focuses on the 

cost disparity arising from differences in main components. From a cost perspective, the 

existing pre-charged capacitor CES consists of a bridge circuit and a pre-charged capaci-

tor. In a full-bridge circuit, a large-capacity capacitor of 23 kJ (3 kV/5 mF) is required, 

which costs approximately 46,000 RMB. Given that the maximum voltage rating of the 

IGBTs (4.5 kV/8 kA) is 4.5 kV, four IGBTs are required for the full-bridge circuit, costing 

approximately 200,000 RMB. Although the number of arms in a half-bridge circuit is re-

duced, its output voltage must be twice that of the full-bridge circuit to oscillate to the 

same current level within the same timeframe. Consequently, the capacitance (6 kV/5 mF) 

must be four times larger, requiring two IGBTs in series per arm to withstand the capacitor 

voltage, totaling still four IGBTs. Therefore, from an economic perspective, the full-bridge 

circuit is the most economical, totaling approximately 246,000 RMB. The existing MOA 

switching CES comprises an MOA, two trigger IGBTs, and a current transfer switch. When 

the current flows through MOA, approximately 100 kJ of energy must be absorbed, cost-

ing about 3000 RMB. Two series-connected IGBTs are required for each current direction 

to withstand the clamping voltage of the MOA, resulting in a total of four IGBTs with a 

cost of approximately 200,000 RMB, while a transfer switch rated at 6 kV costs about 
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10,000 RMB, resulting in a cumulative cost of 213,000 RMB. In comparison, the proposed 

capacitor self-charging CES consists of a full-bridge circuit with a capacitor, a current 

transfer switch, and an MOA. The full-bridge circuit cost is virtually identical to that of 

the pre-charged capacitor CES. With the additional transfer switch and MOA factored in, 

the total cost is approximately 259,000 RMB. It is noted that in an actual high-voltage DC 

(HVDC) grid, the economic cost of DCB is vastly dominated by massive infrastructure 

components, such as MVS, resonant capacitors, and MOA. Taking the Zhangbei ±500 kV 

project as a reference, the total cost of 500 kV/25 kA/3 ms DCB can reach up to 100 million 

RMB, whereas the cost of CES accounts for less than 1% of the total. Therefore, the minor 

component increment introduced by our proposed CES has a negligible economic impact 

on the system-level effective cost. 

Regarding TRV characteristics, as analyzed in Section 3.3, RDCB employing pre-

charged capacitors and MOA switching CESs exhibit relatively high TRVs. The former 

fluctuates repeatedly within a range of 3 kV to 42 kV, whereas the latter fluctuates between 

4 kV and 42 kV, both of which pose a high risk of arc re-strikes. In contrast, with the pro-

posed capacitor self-charging CES, TRV is well maintained below 4.5 kV, effectively pre-

venting arc re-strikes. 

Regarding the reliability and maintenance, RDCB employing pre-charged capacitor 

CES exhibits a relatively low long-term reliability due to the persistent risk of MVS re-

strikes under unmitigated TRV. Concurrently, their reliance on auxiliary charging infra-

structures necessitates regular pre-charging verification checks, increasing operational 

overhead. For the MOA switching CES, it still suffers from low comprehensive reliability, 

due to the similar re-strike risks and the inevitable degradation of MOAs subjected to 

repetitive energy-absorption stresses over time. In contrast, the proposed self-charging 

RDCB guarantees a small TRV across all conditions by self-adaptively matching the injec-

tion energy to the commutation requirements, ensuring reliable arc extinction. Moreover, 

since no auxiliary pre-charging circuit is required, this topology requires almost no pre-

charging checks. 

Regarding the pre-charging requirement, the pre-charged capacitor CES requires 

pre-charging of the capacitor based on the maximum interruption current. In contrast, 

MOA switching CES uses the nonlinear voltage-current (V-I) characteristics of the MOA 

for passive clamping, while the proposed capacitor self-charging CES relies on the fault 

current for active charging. Consequently, both of the latter types do not require pre-

charging operations. 

7. Conclusions and Future Work 

A novel RDCB with capacitor self-charging by controllable injection energy is pro-

posed in this paper, aiming to resolve the conflict between reliable fault interruption and 

internal overvoltage stress in flexible DC grids. By using the fault current for charging, 

the proposed RDCB precisely matches Winj with Wcom, thereby suppressing Wsur and lim-

iting TRV. To mitigate component insulation, relocating MOA directly across the capaci-

tor severs the internal local oscillation path, while the anti-parallel magnetic cores enforce 

dynamic current sharing among parallel IGBTs without introducing external loop induct-

ance. Simulation results confirm that the proposed RDCB ensures current zero-crossing 

and reduces TRV below 4.5 kV. The proposed self-charging RDCB offers a compact, reli-

able solution for multi-terminal HVDC grids by eliminating pre-charging peripherals and 

suppressing TRV across the full current range. Furthermore, the efficacy of the proposed 

overvoltage suppression methods is verified, thereby guaranteeing reliable interruption 

across the full current range. Finally, while the current offline fixed charging timing strat-

egy offers zero-latency benefit, it is sensitive to fluctuations under complex grid condi-
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tions. Future research will focus on this limitation by implementing a real-time closed-

loop correction framework with high-speed sampling and control hardware. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

DCCBs DC circuit breakers 

RDCB Resonant DC circuit breaker 

CES Current excitation source 

TRV Transient recovery voltage 

MOA Metal oxide arrestor 

LCP Load current path 

CCP Current commutation path 

EAP Energy absorption path 

MVS Mechanical vacuum switch 

Ch Resonant capacitor 

Cg Equivalent gap capacitance of MVS 

Lh Resonant inductor 

If Fault current 

IMVS The current through LCP 

Ios Resonant current 

UCh Voltage across Ch 

UCES Output voltage of the CES 

UMOA_ref MOA threshold 

UMOA_cl Clamping voltage of MOA 

Winj Energy injected into LC components 

Wcom Commutation requirement 

Wsur Surplus energy 

WCES Energy stored in the CES 

ΔIos Incremental oscillation current 

ΔWinj Incremental injected energy 

Lse1, Lse2 Self-inductances of anti-parallel magnetic cores 

M12 Mutual inductance anti-parallel magnetic cores 
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