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 Due to the stunning advancement of power electronics, DC power system is 

getting immense attention in the field of research. Protection and hereafter 

the protective devices for the DC power system application are two vital 

areas that need to be explored and developed further. Designing a protective 

device such as DC circuit breaker possesses a lot of challenges. The main 

challenge is to interrupt a current which does not have a natural zero crossing 

like AC current has. In addition, energy is stored in the network inductances 

during normal operation. Instantaneous current breaking is opposed by this 

stored energy during circuit breaker tripping, hence, all the DC circuit 

breaker topologies proposed in literature use snubber network, nonlinear 

resistor to dissipate this stored energy as heat during the current breaking 

operation. However, it is possible to store this energy momentarily and reuse 

it later by developing an improvised topology. In this paper, the prospects of 

energy recovery and reuse in a DC circuit breaker was studied and a new 

topology with regenerative current breaking capability had been proposed. 

This new topology can feed the stored energy of the network back into the 

same network after breaking the current and thus can improve the overall 

system efficiency. 
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1. INTRODUCTION 

Microgrid concept has emerged as the new norms for electricity distribution recently. As stated in 

literature that “Microgrids are local energy networks that involve renewable energy sources and storage 

systems”. DC microgrid is a convenient mechanism for integrating distributed energy resources (DERs) and 

local loads into a fully integrated system. Different types of voltage source converter (VSC) like AC to DC, 

DC to DC are used as building blocks for the microgrid network. DC micro grids have demonstrated 

superiority over AC micro grids in terms of reliability, efficiency, control simplicity, integration of 

renewable energy sources, and connection of DC loads. Nevertheless, DC power system is also getting 

immense attention in the field of HVDC transmission, electric vehicle, electric traction load. Despite these 

many advantages, there are significant challenges to design an appropriate protection scheme for DC power 

system as well. Basically, the challenge stems from the nature of DC fault current, which can rapidly 

increase to more than a hundred times of the nominal current during sudden fault inception and has no 

naturally occurring zero crossing point like AC has. Proper grounding architecture, fast and efficient fault 

detection strategy, fault current limiting method and an appropriate DC circuit breaker (DCCB) are required 

https://creativecommons.org/licenses/by-sa/4.0/
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to address the challenges of DC system protection [1]-[3]. DCCB used for current interruption in a DC 

network is an integral part of the system. In this paper, different types of DCCB topologies had been 

discussed to exploit their limitations and a new topology with unique current breaking feature was presented 

and evaluated. The structure of this paper is as follows: Section 1 gives the brief background of the topic 

along with literature reviews, related works, and problem statement. Section 2 introduces and discusses the 

new DCCB topology. Section 3 describes the research methodology in detail with a methodology flow chart 

and later discusses the mathematical modelling and working principle of the proposed topology thoroughly. 

Section 4 presents the simulation results, compare the performance with conventional topology and thus 

validates the proposed concept. 

In order to break the current in any network, circuit breakers are used. Circuit breakers usually 

make a break in the current path by separating mechanical contacts or by solid state turn off process. In 

mechanical turn off process, as the contacts separate, arc is initiated in between them, and this arc needs to 

be extinguished quickly to break the current efficiently as well as to keep the contacts undamaged. In AC 

network due to the sinusoidal nature of the current, natural current zero situation arises twice in a full cycle. 

Using different arc extinguishing techniques, circuit breaker usually breaks the current at these current zero 

instances. This process of current breaking is quite straightforward in AC network but in DC network, it is 

not that simple. Natural current zero is not available in DC network and that makes the breaking of DC 

current using conventional circuit breaker very challenging [4], [5]. Furthermore, when current flows in a 

DC network, energy is stored in the inductance of the line as well as in the filter elements of the DC/DC 

converters. As a result, current in this network cannot be broken instantaneously, otherwise it will create 

high potential stress on the breaker contacts, create and maintain arc for longer period of time and damage 

the contacts in the process. Similarly, in case of solid state turn off process, sudden ceasing of current flow 

in an inductive DC network will develop a high potential stress across the device and may damage it. For 

safe and efficient breaking of DC current, it must be reduced to zero and the stored energy of the network 

must be dissipated during the process. Snubber network or impedance network or nonlinear resistor or a 

combination of them are used in the DCCB to absorb and dissipate the network energy as heat and to assist 

in the current reduction followed by breaking. As per literature, DC circuit breakers are mainly divided into 

three categories: 1) Mechanical circuit breakers which are similar to the traditional mechanical switches; 2) 

Solid-state circuit breakers that perform interruption by power electronic devices and 3) Hybrid circuit 

breakers that combine both mechanical and solid-state technologies together. Besides, with the development 

of power electronics, DC solid-state circuit breakers have also been greatly improved and an upgraded 

version called Z-source solid-state circuit breaker has been proposed [6]-[8]. 

The basic mechanical circuit breaker (MCB) is composed of a mechanical switch, a commutation 

circuit, and an energy absorber circuit. The scheme of MCB using passive and active commutation circuits 

are shown in Figure 1(a). Under normal operating condition, the mechanical switch conducts the load 

current. Once the breaker receives a trip signal, the mechanical switch opens, and an arc is initiated. The arc 

voltage forces the current to shift from the load current path to the commutation path. Then the commutation 

circuit consisting of a capacitor and inductor in series generates a growing current oscillation. While the 

amplitude of the oscillating commutation current (Ic) becomes sufficiently large, zero-crossing points are 

created in the mechanical switch current (In) and the mechanical switch extinguishes the arc and interrupts 

the current at the first zero crossing point. A metal oxide varistors (MOV) is used to limit the voltage across 

the switch. The main advantages of MCBs are low power loss and relatively low cost; however, slow 

response time and limited current interruption capability are the main disadvantages [9], [10]. 

Semiconductor based switches are used as the current interrupting element in DC circuit breaker to 

address the problem of slow time response. A typical solid-state circuit breaker (SSCB) is shown in  

Figure 1(b). Among the different type of semiconductor switching devices, thyristor, GTO, IGCT and IGBT 

are mostly used as SSCB. The operation procedure is very simple in SSCB. Except thyristor, all the 

remaining switches are fully controllable meaning that they can be turned on or turned off easily by control 

signal. But thyristor requires extra commutation circuit for turn off process and it takes time and this delay 

leads to high fault current. However, thyristors have the lowest conduction losses and such a low on-state 

loss results in reduction of overall costs of the SSCB. A MOV is used parallel to the switching device to 

limit the voltage surge during current interruption. Though SSCB provides faster operation but higher 

conduction loss and bulky cooling systems are two of its limitations [11]-[14]. 
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(a)  (b) 
  

Figure 1. Typical DCCB topology; (a) MCB with: (1) Passive commutation circuit,  

(2) Active commutation circuit; (b) SSCB based on: (1) IGBT, (2) Thyristor  

 

 

Hybrid circuit breaker (HCB) is a new class of DCCB that combines both the MCB and the SSCB 

to take advantages of both. As a result, HCBs have advantages such as fast response, low power loss and 

negligible arcing across the mechanical contacts. As shown in Figure 2(a), a conventional HCB has three 

main parts including a fast-mechanical switch (FMS), a high-voltage solid state (SS) switch as the main 

breaker (MB), and a MOV. During normal operation, the current passes through FMS. When a trip signal is 

received, the FMS starts opening and sends a turn-on signal to the MB. Due to the arc voltage, current shifts 

naturally from the FMS to the MB. Once the FMS gains sufficient breakdown strength, the MB is turned off 

and the voltage increases rapidly because of circuit inductances. While the voltage reaches breakdown 

voltage, the MOV turns on to clamp voltage and the fault current now commutes through MOV and decays 

to zero. Finally, when the current becomes zero, the residual current breaker (RCB) opens to provide 

complete galvanic isolation. Despite having many advantages, HCB has few challenges as well. Differences 

in reaction times and current ratings of the FMS branch and MB branch, dependency of mechanical contacts 

separation on the fault magnitude, requirement for a higher arc voltage are few of the challenges [15]-[17]. 

Z-Source circuit breaker (ZSCB) is a developed form of the SSCB. The scheme of the original 

ZSCB is shown in Figure 2(b). While in operation, once the fault occurs, the fault current flows through the 

capacitors as the current through the inductor cannot change instantaneously. At this point, each of the 

capacitor current increases to reach the prefault inductor current. When the capacitor current equals the 

inductor current, the SCR current becomes zero and causes the SCR to turn off. In the next stage, the two 

series (L-C) branches connected to the fault and load form resonance and hence current oscillation is 

developed. During this oscillation, the diodes turn on to bypass the current from the capacitor. The 

capacitors discharge through the resistor and the inductor current also circulates in the 

inductor/resistor/diode loop until it decays to zero. Although ZSCB has some benefits over MCB and SSCB, 

it cannot operate for less severe and lower dynamic fault. In addition to that, ZSCB also faces limitations 

like not having common ground between source and load, undesirable frequency response, high spike 

current during the reconnection [18], [19]. 

 

 

  
(a) (b) 

  

Figure 2. Typical DCCB topology: (a) Hybrid circuit breaker, (b) Z-source circuit breaker 

 

 

Apart from the conventional topologies, some modified and updated versions of them are also 

proposed in literature such as proactive hybrid circuit breaker; hybrid circuit breaker with COMMUTATION 

booster; superconductor based hybrid circuit breaker; ZSCB based on Coupled Inductors, fast current 

releasing SSCB topology, coupled-inductor Solid State circuit breaker, gas discharge tube (GDT) based 

circuit breaker [20], [21]. Table 1 summarizes the advantages and disadvantages of the different topologies. 
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Table 1. An overview of different DC circuit breaker topologies 
S.L. Type Advantages Disadvantages References 

Conventional Topology 
1 Mechanical 

Circuit Breaker 

1. Low contact resistance 

2. Very low power losses 

3. Relatively low cost 

1. Slow operating speed 

2. Limited current interruption 

capability 
3. Low lifetime 

[9-10] 

2 Solid-State Circuit 

Breaker 

1. Ultra fast operation 

2. Very long lifetime 

1. High on-state losses 

2. Relatively high cost 
3. Big size due to heatsink 

[11]-[14] 

3 Conventional 

Hybrid Circuit 
Breaker 

1. Low power losses 

2. No arcing on mechanical contacts 
3. Reasonable operation speed 

1. Complex technology 

2. Current commutation relies on the 
arc voltage 

3. Very expensive 

[15]-[17] 

4 Z-Source Circuit 
Breaker 

1. Automatic tripping for critical fault  
2. Lower cost than SSCBs 

3. Reasonable operation speed 

1. Fault magnitude needs to be higher 
for tripping 

2. Cannot provide prolonged protection 

3. No common ground 

[18], [19] 

Modified Mechanical Circuit Breaker Topology 
1.1 Gas discharge tube 

(GDT) based 
circuit breaker 

1. Fast operation 

2. Reasonable efficiency 

1. Lifetime not proven yet 
2. Continuous power requirement 
3. Expensive 

 [19] 

Modified Solid State Topology 

2.1 SSCB Topology 
with Self-

Adapting Fault 

Current Limiter 

1. Automatic tripping for set fault level 
2. Bidirectional power flow capability 

3. Automatic fault current limiting capability 

1. High on-state losses 
2. Complex architecture 

3. Bigger size 

4. Reliability not proven yet 

[11], [20] 

2.2 Fast Current 

Releasing SSCB 

Topology 

1. Faster operation 

2. Soft turning off operation 

3. Free from surge voltage 
4. Very long lifetime 

1. High on-state losses 

2. No bidirectional power 

flow capability 
3. Source side inductance 

hampers current interruption 

[14], [20] 

2.3 Coupled-Inductor 
Solid State Circuit 

Breaker 

1. Automatic tripping for critical fault 
2. Fault current is not reflected to the source 

1. No bidirectional power flow 
capability 

2. Fault magnitude needs to be 

higher for tripping 

[20], [22] 

2.4 Self-Powered 

SSCB Topology 

Using SiC JFET 

1. Automatic tripping for critical fault 

2. Bidirectional power flow capability 

3. Self powered hence, no external 
power supply is required 

1. High on-state losses 

2. Complex architecture 

3. Fault magnitude needs to be higher 
for tripping 

[20], [23] 

Modified Hybrid Topology 

3.1 Proactive Hybrid 
Circuit Breaker 

1. Faster operation 
2. Reasonable efficiency 

1. On-state losses in load commutation 
switch 

2. Very expensive 

[24], [25] 

3.2 Hybrid Circuit 
Breaker with 

Commutation 

Booster 

1. Faster operation with high rate of rise of 
the fault current 

1. Losses in the coupled inductor 
2. Very expensive 

[5], [6] 

3.3 DC Circuit 

Breaker with 
Superconductor 

based Current 

Limiter 

1. Low losses 

2. Inherent fault current limiting 

1. Self-oscillation circuit needed for the 

mechanical switch 
2. Cryogenic system required 

3. Very expensive 

[5], [6] 

3.4 Superconductor 

based Hybrid 

Circuit Breaker 

1. Low losses 

2. Fast operation 

1. Cryogenic system required 

2. Very expensive 

[26] 

Modified Z-source Topology 

4.1 Bi-directional 

ZSCB based on 
Cross Connection 

1. Fault current is not reflected to the source 

2. Bidirectional power flow capability 
3. Moderate conduction losses 

1. No common ground 

2. Complex architecture 
3. Bigger size 

4. Relatively costly 

[18], [20] 

4.2 Bi-directional 
ZSCB based on 

Series Connection 

1. Provides common ground 
2. Bidirectional power flow capability 

3. Moderate conduction losses 

1. Fault current is reflected to 
the source 

2. Complex architecture 

3. Bigger size 
4. Relatively costly 

[4], [18], 
[20] 

 

4.3 Bi-directional 

ZSCB based on 
Coupled Inductors 

 

1. Provides common ground 

2. Bidirectional power flow capability 
3. Fault current is not reflected to the source 

4. Moderate conduction losses 

1. Complex architecture 

2. Bigger size 
3. Relatively costly 

[4], [18], 

[20] 
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Different types of DCCB topologies have different advantages and limitations. But all the 

topologies have a common drawback in terms of current breaking technique. Almost all the topologies use 

either snubber network or impedance network or nonlinear resistor or a combination of them as absorber 

circuit to dissipate the stored energy of the network as heat during each current breaking operation. This 

conventional current breaking technique makes the DCCB an inefficient device in the network. Because a 

significant amount of energy is wasted during every current breaking operation in a high current network. 

But instead of dissipating, the stored energy can be reused in a similar way like the regenerative braking in 

electrical drive system works. As we are striving for more energy efficient technology for every day 

application for a sustainable future, if there is a slightest scope of energy conservation, it should be grasped 

whole heartedly. However, from the knowledge of literature, there is hardly found any study that deals with 

energy reuse capability of a DCCB topology. Hence, this paper will explore the scopes and techniques of 

current breaking with regeneration, will propose a new DCCB topology with energy regeneration capability, 

will build the mathematical modelling and validate the proposed concept through simulation. 

 

 
2. PROPOSED WORK 

Regenerative braking is a well-known technique used in electrical drive system. When a motor 

runs, mechanical energy is stored in the rotor as rotational kinetic energy. In electrical drive system, when a 

running motor needs faster deacceleration, the drive system forces the motor to operate as a generator by 

taking electrical energy from it and feeding this electrical energy back into the source. Thus, the mechanical 

energy of the rotor is absorbed by the drive system and a negative torque is generated which deaccelerates 

the motor faster. In addition, the energy absorbed by the drive system is reused to recharge the battery if 

battery was used as a source or simply used to supply to other loads connected to the source. This technique 

increases the overall efficiency of the system on a greater scale. Similarly, in a DC network, energy is stored 

in terms of current in the network inductances and while breaking this current, the energy can be absorbed 

and fed back to the source afterwards. Brief summary of some related scholarly and patented works is shown 

in Table 2 which establishes that the concept of regenerative current breaking in circuit breaker [21] is very 

much novel and the terminology has not been either used in any literature. Though some studies presented 

topologies which utilize network energy to operate itself and does not require any external power [22], [23]; 

but those are not dealing with the greater domain of energy regeneration.  

 

 

Table 2. Summary of related scholarly and patented works 

S.L. Searched Title 
Number of Patented 

Works Found 

Number of Scholarly 

Works Found 
Remarks 

1 DC circuit breaker 42,463 2,631 - 

2 DC circuit breaker with 

regenerative current breaking 

0 23 None of the scholarly works is related to 

the “Regenerative Current Breaking” 
phenomenon in DCCB. 

3 Regenerative current breaking in 

DC circuit breaker 

2 23 None of the searched results is related to 

the “Regenerative Current Breaking” 
instead they refer to “Regenerative 

Braking” in electrical motor drives. 

4 Regenerative effect in DC circuit 

breaker 

9 31 

5 Regeneration in DC circuit 
breaker 

15 44 None of the patented works or scholarly 
works is related to the “Regeneration in 

Circuit Breaker” instead they refer to 

“Energy Regeneration” in Traction 
Motors, Storage System. 

6 Circuit breaker with regeneration 0 97 

7 Circuit breaker with energy reuse 
capability 

0 40 

Source: https://www.lens.org 

 

 

Figure 3 presents the proposed DCCB topology which is consisted of mechanical switches, 

thyristors, diodes, IGBT, capacitor and inductor. As per the proposed regenerative current breaking concept, 

upon receiving a trip signal, the source current is diverted from the main branch to the impedance network 

(L-C network) inside the circuit breaker to reduce the current to zero initially; and to store the energy within 

the capacitor in terms of voltage. Once the current reduces to zero, the load is isolated from the source side 

and subsequently the stored energy of the capacitor is fed back into the source side network. This topology is 

expected to regenerate energy after breaking the current in any DC network. The detail working principle 

and mathematical modelling are presented in section 3. 
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Figure 3. Proposed DCCB topology 

 

 

3. RESEARCH METHOD 

This section describes the research methodology, presents the methodology flow chart, and finally 

discusses the mathematical modelling and working principle of the proposed topology thoroughly. 

 

3.1. Methodology 

A detail graphical representation of the research methodology is stated in Figure 4 that shows 

different phases of the research. The research work was conducted through simulation and analysis to meet 

the following two objectives: 

a. To design and model a new DCCB topology with regenerative current breaking capability. 

b. To simulate and evaluate the performance of the proposed model. 

 

Phase-1: Literature review and simulation of the existing DCCB models 

The first step of this research was to extensively go through literature on different DCCB 

topologies, to understand their working principle and to find out their limitations. Special focus was given to 

their current breaking mechanisms to exploit the drawbacks and to generate new ideas for feasible solution. 

 

Phase-2: Modeling of the proposed regenerative current breaking technique 

The mathematical model of both current breaking and regeneration operation was developed in this 

phase. Later, a new topology was devised to be best fitted with the mathematical model followed by 

developing a control algorithm for generating coordinated switching signals for the topology.  

 

Phase-3: Simulation and analysis 

In the final phase, the proposed DCCB was simulated in PSIM software. A radial DC network with 

source resistance and inductance was used for simulation. The proposed DCCB model was applied in this 

network to break the current and to regenerate current afterwards. In addition to that, properties such as 

current breaking time, voltage stress on the breaker, voltage disturbance in the network. were thoroughly 

investigated and evaluated. 

 

 

 
 

Figure 4. Methodology flow chart 
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3.2. Modeling 

Mathematical modelling of the proposed topology is explained in this subsection. Necessary 

differential equations based on simple circuital analysis are developed and then solved to find the time 

domain responses which justifies the working principle.  

 

3.2.1.  Mathematical model for current breaking 

The proposed regenerative current breaking technique was formulated based on the concept that 

inductor and capacitor form resonant circuit which creates current oscillation when connected to a voltage 

source and they store energy cyclically in terms of current (I) and voltage (V) respectively. Energy stored in 

an inductor and capacitor is calculated as 
1

2
𝐿𝐼2 and 

1

2
𝐶𝑉2respectively where, L stands for inductance and C 

for capacitance. As shown in Figure 5(a), when current flows in a DC network, energy is stored in the source 

inductance Ls. As soon as the breaker receives a trip signal, the fast-operating mechanical switch (S2) opens, 

and an arc voltage is initiated. At the same time, gate pulses are sent to the thyristors (T1 & T2). Due to this 

combined effect, the load current is commutated from the main branch in to the secondary branch 

(impedance network) as shown in Figure 5(b). This impedance network consisting of L and C generates a 

current oscillation at its natural resonant frequency. This current oscillation diverts the main branch current 

completely and thus the arc voltage cannot go very high and the arc is extinguished very quickly. The 

current oscillation is governed by (1). It is to be noted that the source current and load current are 

synonymous here.  

 

 

  
(a) (b) 

  

Figure 5. Current breaking operation in the proposed circuit breaker: (a) Source current path before tripping 

initiated, (b) Source current path after tripping initiated 

 

 

(𝐿𝑠 + 𝐿)
𝑑𝑖(𝑡)

𝑑𝑡
+ (𝑅𝑠 + 𝑅𝐿) 𝑖(𝑡) +

1

𝐶
∫ 𝑖(𝑡)𝑑𝑡 = 𝑉, 𝑖(𝑡 = 0) = 𝐼0 (1) 

 

where, V=DC source voltage, Ls=source inductance, Rs=source resistance, RL=load resistance, i(t)=source 

current, Io=initial value of source current, L=breaker inductance, C=breaker capacitance. The solution of (1) 

is given by (2) where, 𝛼 =
(𝑅𝑠+𝑅𝐿)

2 (𝐿𝑠+𝐿)
 is the damping factor, 𝜔𝑟 =

1

√(𝐿𝑠+𝐿) 𝐶 
 is the resonance frequency, 𝛽 =

√𝛼2 − 𝜔𝑟
2, 𝐴 = 𝐼0 and 𝐵 =

𝑉+𝐼0(𝛼𝐿−𝑅𝑠)

𝛽𝐿
 . 

 

𝑖(𝑡) = 𝑒−𝛼𝑡(𝐴 𝑐𝑜𝑠 𝛽𝑡 + 𝐵 𝑠𝑖𝑛 𝛽𝑡) (2) 
 

In (2) is a damped oscillation which decays to zero ultimately as shown in Figure 6(a). However, 

during the first zero-crossing point of this oscillating current, the thyristors (T1 and T2) are turned off by 

natural commutation and the capacitor C remains charged as shown in Figure 6(b). As the thyristors are now 

turned off, the load becomes totally disconnected from the source completing the current breaking operation 

successfully. 
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(a) (b) 

  

Figure 6. Dynamic responses during current breaking operation: (a) Current and voltage oscillation as per (2), 

(b) Current breaking and capacitor charging 

 

 

3.2.2.  Mathematical model for regeneration 

Once the thyristors are turned off, the IGBT turns on and the capacitor C discharges through the 

inductor L, and thus stored energy of the capacitor is transferred to the inductor as shown in Figure 7(a). The 

current response is governed by (3) whose solution is (4) where, Vco=initial capacitor voltage, 

ir(t)=regenerated current and 𝜔𝑟
′ =

1

√𝐿 𝐶 
 is the resonance frequency.  

 

 

  
(a) (b) 

  

Figure 7. Regeneration operation in the proposed circuit breaker: (a) Capacitor transfers energy to the 

inductor, (b) Inductor releases energy in to the source side network 

 

 

 

𝐿
𝑑𝑖𝑟(𝑡)

𝑑𝑡
+

1

𝐶
∫ 𝑖𝑟(𝑡) 𝑑𝑡 = 0,  𝑖𝑟(𝑡 = 0) = 0,  𝑉𝐶(𝑡 = 0) = 𝑉𝑐𝑜   (3) 

 

𝑖𝑟(𝑡) = 𝑉𝑐𝑜√
𝐶

𝐿
𝑠𝑖𝑛 𝜔𝑟

′𝑡) (4) 

 

In (4) is a simple sinusoidal response which cyclically transfers energy back and forth in between L 

and C as can be seen in Figure 8(a). But as soon as the capacitor is completely discharged in this oscillation, 

the control system turns off the IGBT forcing the inductor current to flow through diodes (D1 & D2) and thus 

energy from inductor is released into the source side network. This phenomenon of releasing energy back 

into the source side network is defined as regeneration and is shown in Figure 8(b). The equation for the 

regenerated current and its time domain response are given by (5) and (6) respectively. 

 

(𝐿𝑠 + 𝐿)
𝑑𝑖𝑟(𝑡)

𝑑𝑡
+ 𝑅𝑠 𝑖𝑟(𝑡) = 𝑉, 𝑖𝑟(𝑡 = 0) = −𝐼𝑟0  (5) 

 

𝑖𝑟(𝑡) = −𝐼𝑟0 𝑒
− 

𝑅𝑠
𝐿𝑠+𝐿

 𝑡
+

𝑉

𝑅𝑠
(1 − 𝑒

− 
𝑅𝑠

𝐿𝑠+𝐿
 𝑡

)  (6) 
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where, Vco=initial capacitor voltage, Iro=initial inductor current. The regenerated current ir(t) from inductor 

L has a peak value of Iro that exponentially reduces to zero while being fed back. Once the regenerated 

current reduces to zero, the auxiliary switch (S1) turns off and the breaker resets for next operation. 

 

 

  
(a) (b) 

  

Figure 8. Dynamic responses during regeneration: (a) Current and voltage oscillation as per (4), (b) 

Regenerated current as per (6) 

 

 

4. RESULTS AND DISCUSSION 

This section discusses the results of the simulation studies and thus validates the proposed concept. 

The proposed DCCB topology was modeled and simulated in PSIM software. Both current breaking and 

regenerative action of the proposed topology were studied and validated.  

 

4.1.  Simulation 

For simplicity, a simple radial DC network as shown in Figure 9 was simulated taking the following 

simulation parameters: VDC=400 V, LS=200 mH, RS=0.1 Ω, RL=0.9 Ω, L=50 mH, and C=2000 µF. The 

simulation was run for 2 second and satisfactory results as discussed in the following subsections were 

found. 

 

 

 
 

Figure 9. Simulated DC network 

 

 

4.1.1.  Current breaking 

The current commutation, reduction and voltage across main contact are shown in Figure 10(a) 

which shows that the DCCB turns on at time, t=0.055 s upon receiving a closing pulse and the source current 

rises and reaches to 400 A. At time, t=1.5 s, the circuit breaker receives a trip signal and the tripping starts. 

At the initiation of tripping, the main contact open, and the thyristors turn on forcing the source current to 

shift into the impedance network as can be seen in Figure 10(a). The impedance network forms resonance 

and due to the resonance effect, the current zero point is created, and the thyristors turn off at this point 

isolating the load from the source side. Figure 10(b) shows the current and voltage responses in the 

impedance network. As the current zero point is reached and thyristors turn off, the capacitor remains 

charged until it discharges during regeneration. The current breaking time found in the simulation was 

recorded as 51.6 ms.  
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(a) (b) 

  

Figure 10. Currents and voltages in the main branch and impedance network during circuit breaker operation: 

(a) Current commutation and switch voltage, (b) Current and voltage in the impedance network 

 

 

4.1.2.  Regeneration 

When the source current reduces to zero, the DCCB becomes ready for regeneration sequence. The 

IGBT turns on at time, t=1.57 s and the charged capacitor starts discharging to the inductor. Energy is 

transferred from the capacitor to the inductor. As soon as the capacitor discharges completely and capacitor 

voltage becomes zero, the IGBT turns off forcing the inductor to conduct through diodes. As a result, the 

inductor releases the energy into the source side network and regeneration takes place. The inductor current 

which later becomes regenerated current is shown in Figure 10(b). A simple control algorithm generates the 

coordinated switching signals for the switching devices. The control and switching signals are shown in 

Figure 11(a). The mechanical switches turn on upon receiving a closing pulse. Switch (S2) turns off and 

thyristors turn on upon receiving a tripping pulse. Then the IGBT turns on to initiate regeneration. The 

regenerated current and power along with source voltage are shown in Figure 11(b). It is found that 111 A of 

average current with a peak value of 125 A and around 78 MW of average power with a peak value of 312 

MW have been regenerated from the breaking of 400 A current. The energy density during regeneration is 

very high since the regeneration time period is very small, 0.15 ms only. The amount of regenerated energy 

is calculated as 11.87 kJ. The summary of the simulation result is shown in Table 3. 

 

 

Table 3. Simulation results 
S.L. Criteria Achievement 

1 Current Breaking Time (Ttrip) 51.6 ms 

2 Regenerated Current (IR) 111 A (Average) 

3 Regenerated Power (PR) 78 MW (Average) 
4 Regenerated Energy (ER) 11.87 kJ 

5 Energy Recovery Efficiency (ɳ) 35.4% 
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(a) (b) 

  

Figure 11. Control signals and current voltage responses of the source side network: (a) Control signals and 

switching signals, (b) Source current, voltage, and power during simulation 

 

 

4.2.  Performance evaluation 

The transient responses during current breaking of a conventional topology and the proposed 

topology are shown in Figure 12 where the distinctions are clearly visible. Though the tripping time for both 

the topologies are almost equal but the main novelty of the proposed topology is its regeneration capability. 

Conventional topology dissipates energy in the absorber circuit as shown in Figure 12(a) while the proposed 

topology regenerates it as can be seen in Figure 12(b). This regeneration effect is claimed to be the novel 

feature of the proposed topology.  

 

 

  
(a) (b) 

  

Figure 12. Transient responses during current breaking in conventional and proposed topology (All the 

voltages have been scaled down to 1/5th of the actual value): (a) Current breaking in a conventional topology, 

(b) Current breaking in the proposed topology 

 

 

5. CONCLUSION 

Different types of DCCB topologies were investigated in this paper. One of the common limitations 

of the existing topologies was found to be their inefficient current breaking technique. So, a new and 
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efficient current breaking technique along with a new topology was proposed and validated through rigorous 

simulation. The amount of energy that can be regenerated totally depends on the current that needs to be 

broken and the system inductances. Hence, highly inductive DC network is going to be a very suitable area 

for the application of the proposed topology as it will ensure efficient current breaking and will conserve 

energy. However, it was found that the short time duration of the regenerated current had created high power 

surge due to high energy density. It might be possible to minimize the power surge by regulating the 

regenerated current. A high voltage surge was generated as well during breaker turn off process and this 

surge voltage needs to be limited to keep it within acceptable equipment ratings. In addition, the energy 

recovery efficiency of the proposed model was found to be 35.4% which is still very low. So, future scopes 

are there to extend this study further to resolve the issues such as regulating the regenerated current to make 

it smoother, keeping the system voltage within acceptable limit during breaker turn off process and to 

increase the energy recovery efficiency. 
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