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ABSTRACT 

This thesis investigates methods to extend the service life of DC circuit breakers using 

inductive voltage spike mitigation techniques aimed at reducing electric arcs during 

switching operations. Unlike AC systems, DC lacks a natural zero-crossing which results 

in large transient voltages that accelerate switch wear and reduce service life. A low-cost 

low-complexity RC circuit was designed using fundamental component equations and 

implemented in Simulink and in hardware revealing effective voltage spike reduction. 

Simulation predicted spike reduction from the megavolt range to approximately 110 V, 

while hardware results showed peak voltages reduced further to 40.1 V with strong 

repeatability. Switches were opened after further testing with and without the RC circuit 

active to show increased surface wear on the latter. Additional surge arresting MOV 

configurations were simulated at higher voltage levels, up to 500 kV. Findings demonstrate 

an effective and accessible method for improving DC system reliability. 
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Chapter 1. Introduction  

1.1 Chapter Introduction  

This chapter introduces the background and motivation for the research presented in 

this thesis. It provides an overview of 3 existing direct current (DC) applications that drive 

the need for this research. These applications include electric vehicles, renewable energy 

sources and high voltage direct current (HVDC) power transmission. DC breaker types are 

reviewed and a major issue, the electric arc, is discussed. The problem statement and 

motivation for this research are provided and the research objectives are outlined. Then, 

the thesis structure is summarized. 

1.2 Background 

DC technology is in the limelight due to various emerging applications. DC differs 

from alternating current (AC) in that electric charge flows in one direction only. AC 

features charges changing direction periodically, typically sinusoidally in power systems. 

DC, however, maintains a set potential with no ñzero-crossingò. DC is naturally produced 

from sources like solar cells, batteries and AC to DC rectifiers. 

 The three key applications that have contributed greatly to the adoption of DC 

technology include electric vehicles (EVs), renewable energy sources such as wind and 

solar and the growing deployment of HVDC power transmission. These applications range 

from low to high voltage/power and present various challenges during the transition from 

legacy AC systems to DC systems. 

The transportation sector is undergoing a significant transformation towards 

electrification of vehicles. Unlike conventional internal combustion engine-based vehicles, 
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EVs utilize battery energy storage technology to power motors within the vehicle. The 

adoption of DC electric drivetrains is motivated largely due to the growing environmental 

concerns such as the proliferation of greenhouse gas emissions. The adoption of EVs 

necessitates robust and efficient DC charging infrastructure to support the increasing 

demand. 

Renewable energy systems have also contributed to increased adoption of DC 

technologies. Solar photovoltaic (PV) cells inherently generate DC power, while wind 

turbines utilize a variety of power converters and DC links for power generation. Similar 

to EVs, there is a global push towards renewable energy adoption as decarbonizing energy 

production becomes a priority. To effectively manage and produce power from renewable 

sources, DC-based architecture is needed due to the reduced transmission losses, increased 

power conversion efficiency and improved compatibility with energy storage technologies, 

such as battery storage. 

HVDC transmission systems offer many advantages over legacy AC transmission 

styles. Higher transmission efficiency may be achieved due to the inherent nature of DC 

and its lack of requirement for reactive power support. Another advantage is not needing 

to be phase-matched or synchronized, unlike AC. Generation sources need only be matched 

to grid voltage amplitude and protected accordingly. Furthermore, DC power is not 

susceptible to the reactive power losses associated with line inductances and stray 

capacitances between the transmission lines and ground. Inductors let DC pass (i.e. through 

the line itself) and capacitors block DC from passing between the line and ground, resulting 

in only resistive (real) power losses in transmission. DC is also not susceptible to the skin 

effect, meaning that more of the cross-sectional area of a conductor is effectively utilized 
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to carry current. This allows for downsizing of conductors where higher frequency AC 

would not be able to match, thus saving additional cost associated with adding 

infrastructure. Modern smart control can also help to offer more reliable and safe operation 

of such a grid. 

In recent years, Hitachi Energy (formerly Hitachi ABB Power Grids) has shown 

promising implementations of Voltage Sourced Converter (VSC) HVDC in Japan with 

hopes to move away from less feasible AC transmission practices [1]. This permits long-

distance bulk power transmission and also enables underground and underwater 

transmission. 

1.2.1 Electric Vehicles (EVs) 

The automotive industry is an exceedingly important area for research and 

development as well as economic growth [2]. As concerns for the environment and more 

notably air pollution increase, methods of transportation that avoid internal combustion 

engines are becoming relevant. EVôs generally consist of a DC battery connected to a 

DC/AC inverter via a DC circuit breaker (CB). The inverter is responsible for driving 

onboard electric motors. The battery is charged via low to medium-voltage charging 

systems that interface with the grid via an AC circuit breaker. Figure 1.1 contains a basic 

topology for EVôs. 
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Figure 1.1 - General EV charging topology 

 A report by the European Union suggests that about 28% of carbon dioxide emissions 

originate in the transport sector, where about 70% of that figure originates directly from 

road transport [2]. As a result, EVs diminish road emissions due to the nature of EV energy. 

Despite the lack of standardization of EV batteries [2], batteries operate in a DC 

environment. This implies that EVs experiences similar challenges to those in the HVDC 

transmission industry. Specifically, interrupting DC via circuit breakers. Furthermore, 

charging the batteries in DC mode can result in voltages of 600-1000 V and current of 250-

400 A according to IEC-62196 [2]. This falls within the range of low voltage direct current 

(LVDC) to medium voltage direct current (MVDC). 

With the emerging renewable energy sources (RESs) adding to the grid to enable 

charging of EVs, CBs remain of high importance to interrupt faults and protect circuits [3]. 
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In LVDC and MVDC, the zero-crossing for the current waveform is absent and therefore 

the same challenge is presented. The work done in [3] shows energy absorption through 

the use of a capacitor in conjunction with insulated-gate bipolar transistors (IGBTs) to 

produce a hybrid CB capable of absorbing energy release in LVDC environments. This is 

especially crucial due to the rising demand for EVs and the higher stress on the grid for DC 

interconnections, as well as on the consumer end with lighting, EV charging and other 

similar technologies [3]. 

1.2.2 Renewable Energy Sources (RESs) 

RESs have become increasingly popular due to growing environmental demands 

alongside lower cost of production [4]. Various DC technologies are employed on different 

renewable sources. In solar PV arrays, the power produced is inherently DC. In wind power 

production, DC links are employed for power interconnections. To transform the power 

level and allow grid connection, DC to AC power converters are necessary. Furthermore, 

a similar need for DC arises with the use of battery storage technology. Due to the 

unpredictability of grid loading, DC batteries are necessary to add some amount of energy 

storage. Large amounts of grid connected batteries are in use to make up for the inability 

of PV arrays to match fixed loads with the intermittent availability of sunlight. RESs 

typically includes solar, wind and/or battery sources connected to a DC bus that interfaces 

with the grid via DC/AC converters. A general RES topology is shown in Figure 1.2. 
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Figure 1.2 - General RES topology 

DC distribution could lead to a reduction in the use of DC/AC converters between 

renewable sources and their loads. This would improve system compactness and efficiency. 

As the technological trend advances towards renewables, there is a need for efficient, 

resilient and reliable DC energy networks. 

1.2.3 HVDC Breakers 

The protection of DC circuits can be achieved via the use of circuit breakers, which 

can be one of the following three categories or varieties shown in Figure 1.3. 
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Figure 1.3 - CB types 

Mechanical circuit breakers (MCBs) are widely in use. They exhibit slower breaking 

times compared to their solid-state counterparts. This slower breaking time serves as an 

advantage as it mitigates the occurrence of excessively high-voltage spikes during the 

switching process. 

 Although mechanical breakers offer robustness, they are susceptible to limitations 

stemming from their mechanical nature. One significant drawback is their relatively short 

service life, primarily due to the wear and tear after each use resulting in mechanical 

failures over time [5]. These failures can arise from factors such as normal service wear 

and tear, mechanical stress and environmental conditions. Furthermore, controlling MCBs 

can prove challenging, especially in complex systems in which precise yet fast control is 

necessary. The need for manual operation or mechanical control mechanisms can introduce 

inefficiencies and limitations in terms of response time and flexibility. These drawbacks 

highlight the trade-offs associated with MCBs, highlighting the growing preference for 

solid-state alternatives in modern switching applications [6]. 
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Solid-state circuit breaker (SSCB) technology is widely recognized in switching 

applications due to its numerous advantages over electro-mechanical CBs. One notable 

advantage is its capability to switch at extremely rapid speeds, facilitating fast transitions 

between on and off states [5]. 

Despite the very clear benefits, the rapid opening times inherent to semiconductor 

switches can lead to the generation of very high inductive voltage spikes due to the line 

inductance voltage being proportional to the derivative of the current passing through the 

line. The sudden halt in current flow results in a near infinite voltage spike. These spikes 

often produce arcs and reduce service life of power systems components [7]. Managing 

these spikes can be particularly challenging, requiring careful consideration and 

implementation of appropriate measures to mitigate potential damage to the system [8]. 

Despite this challenge, the benefits of solid-state technology, particularly in terms of 

efficiency and speed, make it a compelling choice for modern switching applications [9]. 

Hybrid circuit breakers (HCBs) provide a fusion/combination of solid-state power 

electronics and electro-mechanical switches, offering a balanced combination of 

advantages from both technologies . One notable benefit of hybrid circuit breakers is their 

ability to provide fast yet robust performance. By integrating solid-state components with 

electro-mechanical switches, hybrid breakers achieve swift response times while 

maintaining resilience and reliability in diverse operating conditions. Additionally, their 

design provides superior controllability among available options, offering enhanced 

flexibility and precision in managing electrical circuits [9]. The main drawback of SSCBs 

is large conduction losses and the main drawback of MCBs is slow actuation time. The 

hybrid approach aims to eliminate the on-state conduction losses while keeping the high 
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speed breaking [10]. However, it is worth noting that this advanced technology comes at a 

cost, as hybrid circuit breakers tend to be relatively expensive compared with purely 

mechanical or solid-state alternatives. Despite their higher price point, hybrid circuit 

breakers are increasingly recognized as the "mainstream" option in many applications, 

particularly where the combination of speed, reliability and control precision is paramount 

[11]. This mainstream adoption reflects the increasing recognition of their effectiveness in 

meeting the evolving demands of modern electrical systems while offering a well-rounded 

solution for various industrial and commercial applications. Extending the service life of 

these more costly switches would certainly help enhance HVDC adoption and offset the 

initially high investment cost associated with it [9].  

Breaking electrical current using CBs involves separating electrodes in air. This 

presents challenges due to electric arcs. Despite the electrical insulating properties of air, 

the probability of electric arc formation increases with higher system energy. Therefore, 

with higher voltages present across CB electrodes, there is higher risk of arcing. Electric 

arcs greatly reduce the service life and functionality of all CBs. 

1.2.4 Electric Arc Across Switch Contacts 

Air functions as an electrical insulator [12], [13]. However, a large electrical potential 

difference between two contacts/electrodes separated by air can cause the air to break 

down, allowing for electric conduction. This phenomenon is referred to as an electric arc. 

An arc forms specifically when the potential difference reached the breakdown voltage, a 

level at which ions can physically jump the gap between positive and negative electrodes. 

This in turn creates the low resistance plasma column, or electric arc [13]. Air has a 

breakdown voltage of about 30 kV/cm, depending on factors such as humidity, dust 
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particles and pressure [12], [13], [14]. Therefore, for an electrode separation of 1 cm, the 

electrodes would have to withstand a potential difference of approximately 30 kV to cause 

an arc. This phenomenon commonly occurs in high-voltage industrial settings and results 

in many switch failures, as the switch opening essentially involves two electrodes 

physically separating at high voltages [12], [15], [16], [17], [18]. 

1.2.5 Summary of CB Types 

Table 1.1 Features a summary of CB types. 

Table 1.1 - Summary of CB types, adapted from [19] 

 Mechanical CB Solid-State CB Hybrid CB  

Breaking time Medium Very short Short 

Arc impact Serious None Medium 

Service life Short Medium Long 

Commutation reliability  Medium High Medium 

On state loss Low High Low 

Control  Medium Easy Very easy 

Cost Low High Medium 

 

MCBs offer low conduction losses at low cost. However, they suffer from slower 

breaking times and serious arc impacts. SSCBs provide faster breaking times, but suffer 

from higher conduction losses and cost. HCBs offer a compromise with SSCB-like 

breaking times and MCB-like on-state losses. However, the exact implementation may 

feature design complexities that add cost and harm feasibility. 

1.3 Problem Statement and Motivation 

The advancements in DC technology [20], [21], [22] and [23] bring significant 

developments to EVs, RESs and power transmission. Notably, these advancements have 

the potential to extend the reach of power transmission over substantially longer distances 

compared with conventional AC systems. Such capability holds immense potential for 
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interconnecting different power grids and permitting the integration of renewable energy 

sources located in remote areas into the broader energy network, thereby enhancing energy 

resilience and sustainability. 

Moreover, evolving DC technology can lead to increased grid capacity allowing 

further accommodation of multiple generating sources. These can include renewable 

energy sectors such as wind and solar which natively output DC power or make use of DC 

power converters. This enhanced flexibility in power management represents a large stride 

towards welcoming a diversified and environmentally conscious energy landscape. 

Furthermore, the prospect of extending reliable electricity access to remote and 

underserved regions is another beneficial outcome of these technological strides. By 

surmounting geographical barriers, advanced HVDC systems can pave the way for socio-

economic development and improved quality of life in harder-to-reach areas. Additionally, 

HVDC transmission can bring forth a significant economic benefit. Through efficiency 

gains and optimized infrastructure utilization, there may be great cost reduction in power 

transmission and distribution. This could yield significant financial savings over the long 

term, positioning HVDC as an economically viable solution for meeting the growing 

energy demands of society. 

The ongoing evolution of DC technology will bring a transformative era in vehicles, 

renewables and power transmission, characterized by enhanced efficiency, sustainability 

and accessibility. As these advancements continue to unfold, there will be a reshaping of 

the global energy landscape in profound ways. 
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A significant challenge persists with the lack of supporting technology. To reap the 

benefits of DC, the creation of much more reliable and cost-effective DC circuit breakers 

is key.  

AC circuit breakers are able to make use of a zero-crossing in which the breaker 

contacts can be opened when potential reaches zero with low risk of electric arcing. DC 

lacks this zero crossing and therefore DC circuit breakers suffer from increased wear and 

tear on breaker contacts resulting from electric arcs. DC circuit breakers must evolve to 

match the resilience of AC systems. Without such technology, the cost and environmental 

benefits of DC are thwarted by the low service life of expensive circuit breaker 

replacements. As EVôs, renewable energy and DC power transmission is developed, the 

need for this supporting technology continues to grow. 

1.4 Objectives 

The objectives of this research are to analyze the behaviour of a DC circuit breaker in 

a low-voltage circuit application to identify the effects of inductive circuit elements on 

breaker wear. Then, this research aims to address these effects by designing, simulating 

and building a circuit that extends breaker service life. Additionally, actual DC switches 

will be examined to reveal if any noticeable reduction of wear is present after testing. 

Lastly, the use of surge arresters and their effect on DC switching will be studied. 

1.5 Thesis Outline 

This thesis is organized into seven chapters. Chapter 1 provides the background, 

introduces the problem statement and highlights the motivation for the research. Chapter 2 

presents a literature review based on the state-of-the-art DC circuit-breaking technologies. 

This provides a foundation for the research gaps addressed in this thesis. Chapter 3 includes 
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the research methodology and the mathematical approach used to design a proposed circuit. 

Chapter 4 explains the experiment plan and presents the technical rationale behind key 

design choices. It also includes the circuit build in simulation, simulation results, the 

experiment build and the experiment results. Chapter 5 summarizes the work and 

conclusions drawn. Lastly, Chapter 6 lists all references cited throughout the thesis to 

ensure proper acknowledgement of prior research and other supporting materials. 

1.6 Chapter Summary 

This chapter introduced DC technology, discussed the differences between DC and 

AC technologies, then outlined some growing industry applications of DC. The key issue 

of lacking supporting technology in the form of efficient and reliable circuit breakers were 

identified and the objectives of this research are outlined. Finally, the thesis structure was 

summarized. 
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Chapter 2. Literature Review 

2.1. Chapter Introduction  

This chapter reviews ten recent papers dealing with the topic of circuit breakers. These 

papers deal with mechanical, solid state and hybrid breakers and provide the background 

to the recent research activities in this field. 

2.2. Paper 1: Fully Soft-Switched DC Solid-State Circuit Breakers 

Kheirollahi et al. [24] introduced a fully soft-switched DC solid-state circuit breaker 

that uses resonant-assisted topology and an auxiliary LC network to produce a zero-current-

switching (ZCS)-capable circuit breaker. This device is also capable of zero-voltage-

switching (ZVS) to enable a no-arc turn-on. Using this configuration, the overlap between 

voltage and current transition is minimized and lower switching losses are obtained 

alongside an enhancement to thermal performance. 

Three operational steps are identified in this work. Firstly, there is the normal 

conduction period where the switch is closed and current flows under normal conditions. 

Secondly, there is the fault current commutation period with the aid of the resonant branch. 

Finally, there is the transient energy dissipation period through the snubber network in 

which the commutation energy is absorbed. 

Simulation and experimental results are provided using a 200 V/20 A prototype of the 

proposed switch. Results presented show the case of fault interruption within 50 µs with 

under 5% voltage overshoot. The proposed design outperforms conventional SSCBs in 

efficiency and reliability. Highlighted applications included HVDC systems, electric 

vehicles and renewable microgrids. Each application requires fast response time and 
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compact designs. In comparison with other breaker designs, the proposed soft-switched 

SSCB outperforms legacy designs and minimizes mechanical wear inherent to mechanical 

and hybrid designs. 

Several weaknesses were noted in the design of the switch. Limited power scalability 

poses an issue as the design was validated at low voltage (200 V). Also, the design features 

an auxiliary resonant circuit which affects cost and manufacturability of the device. 

Furthermore, there is the complexity of an added control synchronization feature as precise 

timing is a requirement for ZCS and ZVS operation. Lastly, there are challenges with 

energy absorption as the design is validated for low-energy release. 

Soft switching of DC circuit breakers is crucial to reducing key issues such as arcing 

and high-frequency voltage oscillation causing spurious gate turn-on events in SSCBs [24]. 

Hard switching results in increased switching losses and equipment damage, which directly 

correlates with higher switch operating costs and reduced service life. 

One major downside of using SSCBs, mentioned in Chapter 1, is the higher ON-state 

conduction losses. When the switch is closed and current is being conducted, there is a 

large amount of energy being converted to heat through the switchôs resistive components. 

This design is summarized in Table 2.1. 
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Table 2.1 - Fully Soft-Switched DC SSCB summary adapted from [24] 

Feature Details 

Breaker Type Fully Soft-Switched DC SSCB 

Key Innovation 
Uses fully soft-switched topology and SiC MOSFETs with resonant 

commutation to achieve ZCS and ZVS operation 

Performance 

¶ Microsecond response range 

¶ Reduced switching losses 

¶ Validated under 400 V conditions 

Advantages 

¶ Enhances SiC reliability and efficiency 

¶ Compact design 

¶ Low stress on switch 

Weaknesses 

¶ Complex control 

¶ Thermal management not characterized in experiment 

¶ Validated for low voltage 

 

2.3. Paper 2: Interlink Hybrid DC Circuit Breaker  

Li et al. [25] introduced an Interlink Hybrid DC Circuit Breaker (IHCB) that combines 

the advantages of SSCBs and MCBs to achieve fast interruption, low ON-state conduction 

losses and high operational reliability. The proposed IHCB incorporates an ñinterlinkò 

branch connecting the main current-carrying path and the auxiliary commutation path 

through a shared energy-transferring inductor and a pre-charged capacitor. 

Under normal operating conditions, current flows through the mechanical branch, 

thereby avoiding conduction losses associated with pure SSCB designs. Upon fault 

detection, the solid-state switch in the interlink branch activates and diverts current from 

the main branch to the auxiliary path. The pre-charged capacitor and inductor generate a 

counter-voltage that forces the current in the main branch to zero, enabling arcless 

mechanical separation of the contacts within the mechanical switch. 
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The design was experimentally validated using a 1.5 kV/200 A prototype, which 

demonstrated fault interruption within 300 µs. The results showed a significant reduction 

in arc energy compared with conventional HCB and SSCB designs. Simulation results 

further confirmed that the design can tolerate fast-changing fault currents while 

maintaining a compact structure with low losses. These characteristics make the IHCB 

suitable for applications such as HVDC grids, DC microgrids and other advanced DC 

systems. 

 Despite the mentioned benefits, Li et al. [25] identified design limitations and 

challenges presenting opportunities for future work. Firstly, the inclusion of the interlink 

branch adds design complexity requiring further timing and synchronization strategies for 

effective use. There must be careful synchronization between the mechanical and solid-

state elements to ensure effective commutation and to prevent overvoltage. Additionally, 

the design was tested for medium voltage and would require further work to validate at 

high voltage (above 10 kV). The response time of the mechanical actuator limits the design 

and a future revision would benefit from the use of electronically assisted actuators to 

achieve response under 100 µs. Overall the IHCB provides a balance between cost, 

efficiency and response speed. 

This design is summarized in Table 2.2. 
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Table 2.2 - Interlink hybrid DC CB summary adapted from [25]  

Feature Details 

Breaker Type Interlink hybrid DC CB 

Key Innovation Uses interlinking current commutation branch with hybrid DC CB 

Performance 

¶ 100 µs response time 

¶ Reduced energy dissipation in main breaker 

¶ Prototyped under 400 V conditions 

Advantages 

¶ Balanced speed and robustness 

¶ Reduced switch stress 

¶ Efficient fault current transfer 

Weaknesses 
¶ Limited scalability 

¶ Coordination for mechanical timing is critical 

 

2.4. Paper 3: Multiport Current Injection Hybrid DC Circuit Breaker With Simple 

Bridge Arm Circuit  

Zhu et al. [26] proposed a Multiport Current Injection Hybrid DC Circuit Breaker 

(MCI-HCB) designed to provide fast, low-loss and scalable fault interruption for HVDC 

grid systems. Conventional, HCBs utilize a singular commutation path. Conversely, the 

MCI-HCB introduces multiple current injection ports and a simplified bridge-arm circuit 

employing a single capacitor to manage multi-terminal DC grids with added efficiency. 

The design consists of a main mechanical switch (common to HCB designs), a 

semiconductor commutation branch and the multiport current injection circuit. The 

injection circuit includes a pre-charged capacitor and an inductor network to support rapid 

fault suppression. 

Under normal operating conditions, current flows through the main mechanical branch 

to avoid system losses. Once a fault is detected, the following sequence of events occurs: 
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1. Fault is detected within 2-3 ms initiating ultra-fast disconnector (UFD) switch 

contact separation 

2. Two discharge circuits are generated as bridge arm circuit and main breaker 

are turned on 

3. Capacitive discharge process occurs 

4. Capacitor voltage reaches zero and fault current continues in main breaker 

5. Main branch is turned off and fault current is commutated to metal-oxide 

varistor (MOV) 

6. Fault current is reduced to zero once energy is fully absorbed 

As described, the current injection circuit rapidly introduces a counter-current forcing 

main branch current to zero to enable arcless mechanical separation of main branch switch 

contacts. 

This design was simulated and prototyped using an 800 V/100 A system. The MCI-

HCB was validated to interrupt fault current within 250 µs and kept voltage across the 

semiconductors under 1.2 kV. The design achieved a 60% reduction in conduction loss 

over purely SSCB designs. Furthermore, the design provides more modularity for HVDC 

applications. The simplified bridge arm enabled a reduction in overall component count 

and complexity as it reduces required IGBT strings and capacitors. It also preserved the 

reliability of commutation under varying load and fault conditions. This improves 

suitability for multiport HVDC grids, renewable generating nodes and other DC systems 

that require coordinated protection. 

However, Zhu et al. [26] identified several challenges for the design. Precise current 

injection timing depends greatly on the accuracy of the fault detection and the 
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synchronization between the injection ports and main mechanical switch circuit. Poor 

coordination could result in incomplete current commutation or transient overvoltage 

across the semiconductor components. Additionally, the switching process requires 

significant discharge of the injection capacitor which was not optimized. Over several 

switching cycles, a large energy loss would occur, presenting inefficiency. Moreover, while 

the multiport structure adds scalability benefit, coordination complexity would rise as 

multiple breakers interact within the DC system. Finally, the design was validated at 

medium voltage and would require further validation for HVDC. 

This design is summarized in Table 2.3. 

Table 2.3 - Multiport current injection HCB summary adapted from [26]  

Feature Details 

Breaker Type Multiport Current Injection Hybrid DC CB 

Key Innovation 
Multiport Hybrid DC Breaker using current injection & simple 

bridge arm to reduce component count 

Performance 

¶ Simulated at 500 kV three-terminal HVDC levels 

¶ <200 µs interruption 

¶ Reduced energy switching stress 

Advantages 

¶ One-capacitor simplified design 

¶ Compact and modular design 

¶ Low stress on semiconductors 

Weaknesses 
¶ Limited real experimental validation 

¶ Requires optimization for high-current scalability 

 

2.5. Paper 4: A DC Solid-State Circuit Breaker Based on Transient Current 

Commutation 

Kheirollahi et al. [27] proposed a novel DC SSCB topology that relies on silicon 

carbide (SiC) MOSFETs and a transient current commutation (TCC) strategy to improve 

breaker reliability by mitigating transient spikes during switch turn-off. The design is also 
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simplified in comparison with traditional SSCBs as it does not require real-time DC 

detection, but instead uses time-sequenced control. 

The proposed SSCB integrates a fast active injection circuit (AIC) in a parallel branch 

to produce short reverse current pulses during faults, reducing fault current to zero. By 

artificially reducing main switch current to zero during faults, a zero-current turn-off is 

made possible. This minimizes the effect of parasitic inductances on the circuit. Also, this 

causes a reduction in the effect of voltage oscillations and spurious turn-on events that 

commonly affect SiC based DC SSCBs. 

A key innovation of the design lies in the modified MOV branch. This branch includes 

a SiC MOSFET and resistor to disconnect the MOV from power during the OFF-state, 

effectively reducing voltage on the MOV to zero. This configuration prevents MOV 

degradation and leakage current to extend the allowable DC bus voltage beyond 

conventional MOV and MOV resistor capacitor diode (RCD) based breakers. The authors 

demonstrated that this modification reduces voltage stress on the main switch and enabled 

the safe use of lower clamping-voltage MOVs. 

The design procedure was developed to optimize the pre-charged capacitor and 

commutation inductor to achieve rapid fault response. Both LTspice simulation and 

experimental validation were employed using a 380 V/80 A prototype. The results showed 

a fixed response time of only 9.4 µs, independent of system voltage or current levels. Also, 

a full elimination of power shocks to the main switch was observed. The AIC-SSCB 

achieved a 99.92% measured transient power reduction compared with typical MOV and 

MOV-RCD based SSCBs. This design also achieved higher reliability under fault 

conditions. Multiple parallel MOSFETs support permits scalability and modularity. These 
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attributes make the proposed design suitable for industrial applications such as data centers 

and DC distribution systems. 

The AIC-SSCB significantly improved performance. However, this design features 

added active and passive components, increasing complexity and cost. Furthermore, the 

design was validated using a lab setup in low voltage levels. High-voltage levels are yet to 

be validated. Additionally, the analysis performed assumed ideal component behaviour and 

does not report thermal stress over longer periods and aging of SiC devices. Lastly, the fast 

response time and energy dissipation capabilities of the design were discussed, but the 

continuous operation under repeated faults was not tested experimentally. 

This design is summarized in Table 2.4. 

Table 2.4 - DC SSCB with TCC summary adapted from [27]  

Feature Details 

Breaker Type SSCB using SiC MOSFETs with transient current commutation 

Key Innovation 
Active injection circuit commutates current and reduces parasitic 

inductance. Isolates MOV branch in ON-state to avoid degradation 

Performance 

¶ 380 V/80 A prototype tested 

¶ 9.4 µs interruption time 

¶ Eliminates transient power shock on main switch 

Advantages 

¶ Removes power shock and gate oscillations 

¶ Extends SSCB service life 

¶ Modular design 

¶ Extends allowable DC bus voltage 

Weaknesses 

¶ High circuit complexity 

¶ Higher cost due to increased components 

¶ Requires optimized tuning of active injection and MOV 

branch 
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2.6. Paper 5: A Series-Type Hybrid Circuit Breaker Concept for Ultrafast DC Fault 

Protection 

Shen et al. [28] proposed a novel series-type hybrid circuit breaker (S-HCB) capable 

of ultrafast fault protection. The design features interruption times within the microsecond 

range. High conduction losses typical of SSCBs are addressed by conducting load current 

through fully metallic conductors under normal operating conditions. This configuration 

results in significantly lower ON-state losses compared with conventional SSCB and 

hybrid circuit breaker (HCB) designs. 

To interrupt fault current, the S-HCB injects a counter voltage via a pulse transformer 

that is driven by an active injection circuit. This enables fault interruption in less than 10 

µs without the need for precise synchronization between electrical and mechanical 

components, which is a typical issue for HCBs. 

The overall S-HCB design topology consists of a series mechanical switch and a pulse 

transformer with the secondary winding in series with the DC bus. Under normal 

conditions, the voltage injection circuit remains off, ensuring no semiconductor losses. 

Once a fault is detected, the pre-charged capacitors in the voltage injection circuit discharge 

through power transistors to inject a transient voltage via the transformer. This exceeds the 

DC bus voltage, driving the fault current down until it reaches zero. Following this, the 

power transistors operate in PWM mode to maintain some AC ripple current in the 

transformer secondary. This controlled ripple current allows the mechanical switch to open 

safely under near-zero-current and near-zero-voltage conditions, preventing arcing 

between switch contacts. 
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Simulation using MATLAB Simulink was performed. A 10 kV/100 A model was 

developed and showed fault interruption results within 10 µs. This outperformed legacy 

SSCB and HCB equipment. Unlike parallel-type HCB designs, the S-HCB maintains total 

fault current near-zero throughout the opening process of the mechanical switch. This 

enables the elimination of energy absorption branches from the circuit. Expensive MOVs 

are not required in this design. Instead, energy is stored electromagnetically in the pulse 

transformer. This improves speed and efficiency. 

A 2 kV/30 A experimental prototype was used to validate simulation results. The 

measured waveforms confirmed the design is successful in reducing fault current to zero 

within 10 µs and maintaining a small AC ripple until the switch is fully opened. This 

occurred approximately 250 µs after fault detection. The prototype demonstrated arcless 

switch opening. 

Despite promising performance, the design introduces several challenges and areas for 

future work. Scalability remains a concern, as the design was tested at medium voltage. It 

would require further validation at high voltage. Higher power levels would require higher 

energy absorption and thermal management. Also, it would require more electrical 

insulation. There is also complexity in the transformer and control circuitry required. This 

adds challenge to precisely coordinate the high-voltage pulse injection required to reduce 

fault current, as well as PWM modulation. The authors identified multiscale and 

multiphysics challenges that include pulse transformer modeling, high-voltage pulse 

shaping in excess of 10 kV and thermal effects with respect to short and high-energy faults. 

This design is summarized in Table 2.5. 
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Table 2.5 - Series-HCB summary adapted from [28] 

Feature Details 

Breaker Type Series-Hybrid DC 

Key Innovation 
Conducts through metallic conductors and uses transformer-

coupled voltage injection for fault interruption 

Performance 

¶ 2 kV/30 A prototype specifications 

¶ 600 V test fault cleared in <10 µs  

¶ Simulated at 10 kV/100 A 

Advantages 

¶ No conduction loss in ON-state 

¶ Ultrafast arcless interruption 

¶ No MOV required for energy absorption 

¶ Simple PWM control 

Weaknesses 
¶ Complex thermal/electromagnetic coupling challenges 

¶ Prototype only tested at low voltage 

 

2.7. Paper 6: Novel Hybrid DC Circuit Breaker Based on Series Connection of 

Thyristors and IGBT Half -Bridge Submodules 

Zhang et al. [29] proposed an HCB topology that combines thyristors with insulated 

IGBT half-bridge submodules to achieve fast interruption, low conduction losses and 

reduced cost for HVDC applications. The design addresses a key challenge to HCBs; the 

higher semiconductor counts and costs. It does so by shifting the turn-off surge voltage to 

the thyristors and using the IGBT half-bridges to apply a reverse voltage enabling reliable 

and fast thyristor turn-off. 

The proposed HCB consists of three components: a load commutation switch (LCS), 

a UFD and the main breaker branch composed of the thyristor IGBT half bridge hybrid 

connection. Also, there is an RCD snubber and MOV for energy absorption. Under normal 

operating conditions, current flows through the mechanical branch to reduce ON-state 

losses. Upon detection of a fault, the LCS turns off which commutates current to the hybrid 

main-breaker. Then, the IGBT half-bridges produce the reverse voltage across the 
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thyristors thereby forcing a zero-current turn-off. The design also supports sequential 

capacitor charging across each submodule during the UFD opening. This enables fast 

response without additional external charging circuitry. 

This design features fast reclose and re-breaking functionality allowing for rapid 

system restoration following temporary faults which is a highly important feature to 

multiterminal HVDC systems. Re-breaking utilizes precharged half-bridge capacitors 

which eliminates the recharge delay typical of conventional HCBs. The authors also 

proposed a bidirectional configuration that employs a diode bridge network to achieve 

protection for both directions of current flow. 

Simulation was conducted using a 100 kV/9 kA model that demonstrated fault current 

interruption within 430 µs, with thyristors successfully forced off and supporting about 

80% of the transient voltage spike. Breaker voltage rose to the MOV clamping level 

without an excessive overshoot. The total breaking time was increased by less than 0.5 ms 

when compared with full IGBT designs. An experimental prototype was developed at 1.2 

kV/135 A and confirmed fast turn-off, commutation and rebreaking performance. 

Notable weaknesses include the increased control complexity between thyristors and 

IGBT half-bridges, precise voltage balancing requirement for insulation and voltage 

scaling and the added circuitry size. 

This design is summarized in Table 2.6. 
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Table 2.6 - HCB based on series connection of thyristors summary adapted from [29] 

Feature Details 

Breaker Type HCB based on series connection of thyristors 

Key Innovation 
Uses IGBT half-bridges to apply reverse voltage across series 

thyristors to enable fast turn-off 

Performance 

¶ Simulation: 100 kV / 9 kA HVDC breaker 

¶ Experiment: 1.2 kV / 135 A downscaled system 

¶ Fault interruption within 430 µs 

¶ Reclose/rebreak function verified experimentally 

Advantages 

¶ 60% reduction in IGBT count and total cost 

¶ High current-carrying via thyristors 

¶ Comparable interruption speed to SSCBs 

¶ Modular and scalable 

Weaknesses 

¶ Increased control coordination complexity between 

thyristors and IGBTs 

¶ Requires precise voltage balancing and insulation for high-

voltage scaling 

¶ Added circuitry increases size and design complexity 

 

2.8. Paper 7: Design and Validation of a MVDC Isolated Active Voltage Injection 

Based HCB 

Mirza et al. [30] proposed an MVDC HCB that introduces isolated active voltage 

injection using a Voltage injector Building Block (VIBB). Unlike typical HCBs, the VIBB-

HCB does not use any semiconductors in series with the main DC branch, thus eliminating 

conduction losses. Alternatively, a SiC-based converter drives the VIBB to inject a counter-

voltage during fault conditions. This provides microsecond-scale fault interruption while 

ensuring the mechanical switch opens under ZVS and ZCS conditions. 

The VIBB is built on an E-core integrated magnetic structure that is designed for flux 

cancellation under normal operation to ensure negligible added inductance. During a fault, 

the auxiliary SiC converter energizes windings to inject the negative voltage opposing DC 



28 

 

bus voltage. This rapidly forces fault current to zero. In doing so, the design achieves 

arcless switching and near lossless steady-state performance. 

The authors presented comprehensive design and analysis including magnetic core 

design, capacitor sizing and SiC switch thermal performance under transient conditions. 

Finite Element analysis was performed and transient simulation was performed in Ansys 

Maxwell. A laboratory prototype was developed at 130 V/6 A. The results showed fault 

clearing time within 220 µs, with outer core saturation occurring in 155 µs and ZCS 

opening of the main breaker after 8 µs. 

The design provides the advantage of full electrical isolation between the injection and 

main circuit, compact design and elimination of expensive MOVs due to lack of residual 

energy. The use of SiC converters provides an ultrafast response time with reduced stress 

on devices. However, scaling to higher MVDC levels remains untested. Furthermore, the 

complex magnetic components add to manufacturing difficulty. This design is summarized 

in Table 2.7 

  



29 

 

Table 2.7 - MVDC isolated HCB summary adapted from [30] 

Feature Details 

Breaker Type MVDC isolated active voltage injection HCB 

Key Innovation Fully isolated voltage injection using E-core magnetic coupling 

Performance 

¶ Finite Element simulation (ANSYS Maxwell) 

¶ Experiment: 130 V / 6 A downscaled system 

¶ Switch open under ZVS and ZCS after 8 µs 

¶ Total clearing time of about 220 µs 

Advantages 

¶ No semiconductor loss on main DC branch 

¶ Fast clear time (<250 µs) 

¶ No MOVs required 

¶ Full isolation between main line and injection circuits 

Weaknesses 

¶ Validated at low voltage 

¶ Complex magnetic E-core and windings 

¶ Long-term stability not addressed 

 

2.9. Paper 8: A Solid-State Circuit Breaker for DC System Using Series and Parallel 

Connected IGBTs 

Xi et al. [31] proposed an SSCB design that enhances fault protection in MVDC 

systems such as electric aircraft and renewable energy integration. The SSCB uses series- 

and parallel-connected IGBTs to gain benefits of both strategies. These include high 

voltage and current ratings, voltage balancing, current sharing and thermal management. 

This topology was selected as it overcomes limitations of slower MCBs and complex 

HCBs. 

The SSCB incorporates RCD snubber circuits and MOVs to manage transient voltage 

spikes and absorb residual energy originating from inductive circuit elements. Static 

voltage balance is achieved via resistor networks while dynamic balance is achieved via 

RCD snubbers. The design employs two IGBT modules connected in parallel each 

containing two series-connected IGBTs. This produces a compact unidirectional topology. 
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A microcontroller-based gate driver synchronizes switching across each device to ensure 

balanced conduction and interruption. 

Under normal operating conditions, current flows through IGBT branches equally. 

Upon detection of a fault, the following sequence of events occurs: 

1. IGBTs turn off, diverting current into the RCD snubber circuit 

2. Capacitors charge until the voltage exceeds the MOV threshold 

3. Current transfers to the MOV branch, which absorbs energy and drives the 

current to zero 

4. RCD capacitors discharge through resistors, resetting the system 

Simulation using PLECS software showed successful current interrupting results. 

Accurate thermal and electrical performance was also shown. A 1 kV/150 A SSCB 

prototype was built using Infineon IGBTs and EPCOS MOVs. Experimental testing 

showed an even distribution of current between parallel branches and even voltage across 

devices in series during normal and faulted conditions. The SSCB achieved interruption of 

1 kA fault current within 700 µs (including energy absorption time). It maintained a 

clamping voltage of 1.68 kV. Thermal testing revealed that the device could maintain 150 

A conduction continuously within operating temperatures with forced air-cooling. 

However, the SSCB design is still limited to high ON-state losses, measured at 763W 

under 303 A. The system also depends on forced-air cooling to maintain temperatures, 

which adds to operating complexity and reliability concerns. Furthermore, repeated faults 

were not experimentally verified. 

This design is summarized in Table 2.8. 



31 

 

Table 2.8 - SSCB with parallel and series IGBT summary adapted from [31]  

Feature Details 

Breaker Type 
Fully solid-state DC circuit breaker using series-parallel IGBT 

configuration with RCD + MOV 

Key Innovation 
Uses series-parallel configuration for IGBTs to gain benefits of both 

approaches 

Performance 

¶ Finite Element simulation (ANSYS Maxwell) 

¶ Experiment: 130 V / 6 A downscaled system 

¶ 1 kA fault current interrupted in 700 µs 

¶ Total clearing time of about 220 µs 

Advantages 

¶ Fast interruption time (<1 ms) 

¶ Strong voltage and current balancing 

¶ Precise thermal control 

Weaknesses 

¶ High conduction losses 

¶ Forced air-cooling required 

¶ No long-term testing 

 

2.10. Paper 9: A Comprehensive Review of Impedance-Source Network DC Circuit 

Breakers 

Abed et al. [32] presented a review of impedance-source network DC circuit breakers 

(ISCBs). They are a class of SSCBs that achieve natural commutation of semiconductor 

devices without the need for external control signals. This paper was motivated by the 

rising need for fast, compact and efficient fault isolation. 

Unlike conventional SSCBs that depend on forced commutation and active control 

circuitry, ISCBs use impedance networks to extinguish current via self-induced negative 

voltages. The impedance networks are composed of coupled inductors and capacitors. The 

design permits self-turn-off capability for breakers. This enables automatic fault clearing 

without additional external sensing or commands. Therefore, ISCBs combine the speed of 

SSCBs with the simplicity and reliability of passive networks. 



32 

 

The ISCBs were classified based on their impedance structure and directional 

capabilities, as follows: 

¶ Z-Source DC Breakers (ZCBs): Using cross, series or parallel LC networks, 

natural commutation can be achieved. Early implementations offered low 

losses and fast interruption but lacked a common ground and reconnection 

transients. Later designs used coupled inductors and transformers for 

compactness and to eliminate current reflection. 

¶ C-Source or Gamma-ZCBs (CZCBs): By replacing dual inductors in ZCBs 

with a coupled inductor and series capacitor, effectively a low-pass filter is 

made. This reduces current reflection and offers simpler construction due to 

smaller component count. 

¶ T-Source Breakers (TCBs): These use two magnetically coupled windings 

with one capacitor arranged in a ñTò formation. Resolves ZCB issues like input 

resonance, lack of common ground and large inrush current. Allows for 

tunable current gain via transformer turns ratio which enables bidirectional 

operation with microsecond response times. 

¶ Y-Source Breakers (YCBs): Uses three coupled inductors and one capacitor in 

a ñYò network to achieve balanced bidirectional operation with high reverse 

current gain and minimal reflected energy. Offers best overall performance 

from compact design, low losses and filtering. 

The authors compared performance in 36 ISCB designs. Emphasis was placed on fault 

interruption speed, current reflection, size, control complexity and filtering behaviour. 
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Coupled-inductor designs outperformed non-coupled designs largely due to size and 

symmetrical current handling. 

2.11. Paper 10: HVDC Circuit Breakers: A Comprehensive Review 

Mohammadi et al. [33] produced a comprehensive review on HVDC circuit breaker 

technologies and includes recommendations for improvement. HVDC breakers are 

important in protecting HVDC systems by isolating faults. 

Each major breaker type is explored: 

¶ Mechanical DC CBs: interrupt fault currents within 60 ms with low power 

losses 

¶ Solid-state DC CBs: Faster interruption times (1-2 ms) with higher power 

losses 

¶ Hybrid DC CBs provide a balance with interruption times of 2 ms and low 

power losses 

The authors cite real-world implementations for different designs. An active current 

injection DC CB prototype was used in the Nanôao project in China. This involved a three 

terminal flexible 160 kV DC installation. Also, DC commutation CB prototypes were used 

and showed acceptable performance in a west-east power transmission project connecting 

Xiluodu (Southwest China) to Zhejiang (East China). This was a 5 kV prototype. Several 

other prototypes were listed. 

Future research proposes improving HVDC CB technology to enhance performance 

and economic viability. An emphasis on scalability and robustness was made. The authors 

cited that a target should be made on component optimization. Also, establishing standards 



34 

 

for HVDC, such as power loss thresholds and operating speeds is necessary for 

benchmarking and comparison. Real-time simulation and actual field implementation are 

necessary for performance validation of various designs. 

2.12 Research Gaps 

There is limited publicly available information regarding the robust implementation 

of low-cost passive methods for reducing inductive voltage spikes in DC CBs. Designs that 

reduce the spike feature costly components and often complex control coordination 

strategies. Reference [34] was presented at the 2018 IEEE Switchgear Committee Spring 

Meeting and it included substantial information on the status of DC breaking. It includes 

key differences on existing AC breaking strategies and DC breaking, such as the absence 

of zero-crossing. However, there is a lack of information, detailed analysis and 

experimental validation of purely passive low-cost voltage spike mitigation techniques in 

DC switching. Furthermore, there is little information on the exact methodology that 

should be used to design such a passive solution. Lastly, the physical impact of voltage 

spike reduction on switch contacts requires more documentation to isolate the effects of 

spike reducing circuit elements. This thesis focuses on addressing these issues in greater 

detail. 

2.13 Chapter Summary 

This chapter explored current literature focused on circuit-breaking technology. State-

of-the-art methods of DC circuit-breaking were compared. Research gaps were identified 

based on the ten papers explored in this chapter. 
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Chapter 3. Methodology 

3.1 Chapter Introduction  

This chapter covers the design principles for the proposed circuit to reduce the 

inductive spike in DC switching. The full design equations are derived from fundamental 

passive component equations. These design equations are then used to solve the proposed 

circuit component parameters and determine specifications. 

The design validation is described in further detail. Concerns on how the design 

performance and success criteria are evaluated are outlined. 

3.2 Target Application Assumptions 

Across each of the 3 target applications (EVs, RESs and HVDC), effective DC circuit-

breaking is critical to ensure safe operation and circuit protection. Each application 

featuring varying voltage levels are susceptible to the same voltage spike conditions from 

circuit inductances that yield energy discharge in the form of electric arcs. These discharges 

lead to breaker degradation and eventual failure. These application topologies vary, but 

may be reconstructed from the same fundamental circuit components that include a DC 

source, a line, the DC breaker and a load. 

3.2.1 Source 

For the purposes of low-voltage modelling with a focus on breaker transients, a DC 

voltage source is used to preserve simplicity. However, for higher power applications, more 

complex modelling is needed to preserve fidelity. 

EVôs utilize batteries to store energy and act as a DC source powering the vehicleôs 

motors and other electrical systems. Batteries are made up of parallel banks of series-

connected cells. Some modelling methods for lithium-ion based batteries include the Rint 
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model, Thevenin model, PNGV model and GNL model [35]. These batteries are typically 

interfaced through power converters to the major EV systems (motors, 12 V auxiliary, etc.). 

RES and HVDC applications also utilize DC power converters as a source, interfacing 

with the AC grid or renewable sources like solar PV arrays. In traditional power system 

analysis, complex networks are often reduced to a Thevenin equivalent for short-circuit 

studies [36]. However, this approach has limitations in converter-dominated systems due 

to their nonlinear and time-dependent behaviour. For early-time fault analysis relevant to 

DC circuit breaker transients, a stiff DC voltage source in conjunction with series resistance, 

smoothing reactor and stray capacitances can be used as a first-order approximation. 

Similar equivalent source-based simplifications have been used in HVDC modelling to 

reduce system complexity while preserving dominant low-frequency dynamics [37]. 

3.2.2 Line 

The line characteristics across each target application vary widely but may be 

simplified upon finding common modelling basis. As conductor numbers and lengths grow, 

added modelling complexity is introduced. 

The closest-fit approximation among each application is a monopolar line with a 

grounded return path. Each system uses differing lengths of line which add additional series 

resistance, inductance and shunt capacitance. For a short line, common to low-voltage 

systems, parameters can be approximated using a lumped resistive-inductive model that 

ignores capacitances [38]. This simplification assumes that the capacitive effects contribute 

minimally, or that they are modelled elsewhere in the system. For the specific goal of 

estimating the voltage spike magnitude on a low-voltage DC breaker, a reduced-order 

model may be employed. 
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To appropriately capture higher voltage scenarios, a separate model is necessary for 

various lengths of line. For longer lines used with higher voltages, modelling an overhead 

monopolar line can be done using a lumped pi section with per-unit-length resistance, 

inductance and capacitance [38]. This approach preserves the lineôs energy storage and 

transient behaviour which is essential for evaluating fast voltage and current changes 

during breaker opening for especially long transmission lines. Longer lines require 

additional cascaded pi sections for accurate energy storage representation. 

3.2.3 Breaker 

At steady-state, a mechanical DC breaker acts as a low resistance path to carry current. 

During a fault, or normal breaking operation, the breaker contacts separate to open the 

circuit at the breaker location. Contact separation does not occur instantaneously but 

instead occurs over a short finite duration, varying depending on design and conditions. 

This is the key difference between modelling of the DC breaker and live experimentation.  

In this study, a load-sided breaker is studied to capture the effect when positioned after 

the line in a DC network. For low-voltage approximation, a breaker model is used due to 

the higher speeds featured on smaller hardware. It is actuated via a voltage signal input. 

This input is essentially a binary on or off signal. However, for higher voltages requiring 

larger mechanical breakers that often operate at relatively slow speeds, the signal is 

replaced with an exponential function to mimic real contact separation timing. This ensures 

accurate representation of transient overvoltage. 

3.2.4 Load 

The exact loading for each type of circuit varies greatly as there is no one specific load. 

EVs primarily power variable speed motor drives which manipulate the power sent through 

to the motors equipped on the vehicle. These motor drives contain capacitive elements. The 
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motors themselves are primarily inductive loads featuring resistive components. The 

motors can be characterized using series RL connections representing armature windings 

in addition to a voltage source representing back-EMF. 

HVDC loading can vary as there is no singular fixed application of HVDC. Typical 

loads include power converters that may feature inductive elements and shunt capacitances 

to maintain system voltage. 

For the low-voltage experimental circuit, a simplification of the load to a static and 

purely resistive element was used. This isolates the effect of the RC absorption branch 

since a resistive load provides a predictable load current used to characterize the circuit. 

For higher voltages, a resistive-inductive load was used in conjunction with a fault branch 

circuit to provide additional insight on energy building and release into the breaker. 

3.2.5 Simplified Low-Voltage Circuit 

Consider the following simplified low-voltage circuit, modelled in PSIM software, in 

Figure 3.1. 

 

Figure 3.1 - Breaker circuit with inductance 
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This example circuit forms the basis for exploring the effect of inductive voltage 

spikes on switches, applicable to all 3 target applications as they all consist of a DC source, 

circuit inductances, a breaker and a load. When the switch SW is closed, it conducts source 

current Iin from the source VDC through to the load current Iout and into the load resistance 

R3. The circuit includes passive components such as the inductor, L1 and the resistor, R1, 

to model a transmission line inductance and resistance. The switch internal capacitance is 

modelled in the circuit switch itself, but is additionally visualized with a dedicated 

capacitive component, Csw. When the switch opens, current is interrupted and causes the 

rapid collapse of the magnetic field and effectively the energy release associated with the 

inductance, L1. This causes a voltage rise across switch contacts Vsw = Vin - Vo which can 

result in an arc depending on the characteristics of the gap between switch contacts. 

3.3 Circuit Design Equations 

In order to size the circuit components, the appropriate design equations must be 

determined. The purpose of the circuit is to minimize the resulting voltage spike released 

from the inductive elements of said circuit. This so called ñinductive spikeò originates from 

the relationship for inductor voltage and current in Equation (3.3.1) below [39]. 

Ўὠ  ὒ
ὨὍ

Ὠὸ
 σȢσȢρ 

Where ὠ, L and I represent the inductor voltage, inductance and current respectively. 

From this relationship, it is clear that upon a sudden interruption in inductor current 

(resulting in very large ), a very large voltage across the inductor is produced as shown 

in Equation (3.3.1) [39], [40]. This is the result of the rapid collapse of the magnetic field 

in which the energy is stored. In practice, this sudden current interruption resulting from 
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the opening of a DC breaker causes the difference in potential across the switch contacts 

to rise until an ion is able to jump across the physical gap separating the electrodes. This, 

in turn, forms a plasma column as more ions jump the gap. This is the basis in which an 

electrical arc may form, allowing a large current to flow across the newly formed low 

resistance path of ionized air until it is interrupted or extinguished.  

The sudden current interruption causes an arc due to the release of energy stored in 

the inductor, which is then shifted to the switch. Therefore, the primary concern is to 

dissipate the energy elsewhere to prevent the arc or at least soften the voltage spike enough 

to reduce arc potential. The snubber capacitor stores energy by way of an electric field [39]. 

Together, in series with a resistor, a simple series RC circuit is formed in parallel with the 

switch, also named an RC snubber. The snubber is capable of absorbing the inductive 

energy spike and reducing voltage across the switch. Figure 3.2 shows the updated circuit. 

 

Figure 3.2 - Breaker circuit with inductance and RC network 
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The addition of R2 and C1 allow for an alternative path to dissipate the energy released 

from L1. The switch has 2 notable states. State 1 is shown below in Figure 3.3. 

 

Figure 3.3 - Breaker circuit state 1 

In this state, the breaker is closed and the circuit functions as before. Current flows 

from the source, through the line and breaker and into the load before returning to ground. 

Upon switch opening, the circuit transitions to State 2 shown in Figure 3.4. 
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Figure 3.4 - Breaker circuit state 2 

The switch is opened, thereby interrupting the flow of current to the load. The 

magnetic field in L1 collapses causing the voltage to rise. Rather than continuing the build 

in voltage the snubber circuit absorbs the residual energy released from the circuit 

inductance. This dampens the spike across the switch. Since it is a DC circuit, the capacitor 

charges to a point and then blocks DC from passing through, thereby halting current flow. 

To optimize the spike suppression, the RC snubber must be sized appropriately to 

match the energy stored in L1. Identifying the energy, UL, released by the inductance, L, 

with current IL, is done using Equation (3.3.2) [39]. 
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Ὗ
ρ

ς
ὒὍ σȢσȢς 

 Now, the capacitor must be sized to capture this energy. To size the capacitor 

accordingly, the relationship between capacitor energy storage and capacitance with 

capacitor voltage is observed in Equation (3.3.3) [39]. 

Ὗ
ρ

ς
ὅЎὠ σȢσȢσ 

Where Ὗ  is the energy stored in the capacitor, ὅ is the capacitance and ὠ is the 

voltage across the capacitor. Rearranging Equation (3.3.3) to solve for the capacitance 

results in the formation of Equation (3.3.4) shown below. 

ὅ
ςὟ

Ўὠ
σȢσȢτ 

Finally, the remaining components that require sizing are resistive components (i.e. 

the load, the RC resistive element and the line resistance). These can be found using 

Ohms law shown in Equation (3.3.5) below [39]. 

ὠ ὍὙ σȢσȢυ 

Where V is the resistor voltage, I is the resistor current and R is the resistance. 

Solving for the resistive portion, Equation (3.3.6) is produced. 

Ὑ
ὠ

Ὅ
σȢσȢφ 

Another key point of interest for the load resistance is the power draw. If the 

component is under-sized, there is a potential fire risk as the power dissipation may be 
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too high for the heat dissipation of the selected component. The relationship between 

power, resistance and current are shown below in Equation (3.3.7) [39]. 

ὖ ὍὙ σȢσȢχ 

3.4 Experimental Circuit Solution  

For this thesis, a low-voltage implementation is used for added testing safety and due 

to the lack of availability of a practical high-voltage testing facility. This reduces risk of 

injury in testing and additionally keeps costs far lower than industrial rated high-voltage 

components. As such, a 12 V circuit is selected for ease of component sizing as many 12 

V rated components are readily available. The circuit components can all be solved for 

using the derived design equations. The line inductance is set to 1 mH and the line 

resistance is set to 0.01 ɋ. These smaller values are suitable to model transmission 

characteristics at a scaled down voltage. Firstly, the resistive load can be solved using 

Equation (3.3.6), assuming the circuit operates at 12 V and that the circuit load draws 1 A. 

The steady-state load of 1 A does not represent fault current levels as fault testing will not 

be conducted on the hardware model. The passive circuit is fixed and therefore must be 

sized to accommodate the worst-case scenario energy levels, explored in Chapter 4. 

Ὑ
ρς ὠ

ρ ὃ
ρς   

Being that it is the main circuit load, the power rating must be determined for safe 

operation of the circuit. The resistive power draw is calculated using Equation (3.3.7).  

ὖ ρ ὃ ρς   ρς ὡ 
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This implies that a power resistor capable of dissipating at least 12 W of power is 

necessary, as the entirety of the energy is being converted to heat. Final component 

selection is discussed in the experiment setup. 

Then, the snubber resistor can be solved in a similar fashion. Rather than designing 

with the circuit voltage of 12 V, the snubber voltage should be designed using the max 

voltage spike we permit. For this case, a 110 V maximum spike is selected.  

Ὑ
ρρπ ὠ

ρ ὃ
ρρπ   

Next, the snubber capacitance must be determined. As stated, the purpose of the 

snubber is to absorb energy released from the circuit inductance. Therefore, the energy 

stored in the inductor must first be solved. It is calculated using the relationship between 

inductor energy, inductance and current in Equation (3.3.2). 

Ὗ Ὗ  
ρ

ς
ρ άὌ ρ ὃ πȢπππυ ὐ 

Finally, the snubber capacitance can be solved using the relationship between 

capacitance, voltage and energy in Equation (3.3.4). 

ὅ ς πȢπππυ ὐ
ς πȢπππυ ὐ

ρρπ ὠ
ψςȢφ ὲὊ 

This suggests that the minimum allowable capacitance must be 82.6 nF. If an exact 

match cannot be found, a larger capacitance value is acceptable at additional cost. Another 

important aspect when selecting the capacitor is the voltage rating. It is typical to select at 

least double the maximum expected voltage seen by the capacitor. This implies that the 

minimum voltage rating of the capacitor is twice the maximum voltage spike being 
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designed for. This results in a rating of at least 220 V. A higher voltage rating is also 

acceptable at higher cost. 

3.5 Validation and Success Criteria 

Validating the design requires setting measures of success. Success is measured 

numerically using statistical tools such as standard deviation and variance measurements. 

The success of the design is based upon the mitigation of voltage spikes when the circuit 

breaker contacts separate. However, a successful implementation will feature repeatable 

results over consecutive runs. 

If minimal run-to-run variance is observed, the design is considered successful. 

Consistent performance across 10 experimental test runs is a strong indicator of healthy 

switch operation and extended breaker service life. Service life can be measured using 

surface area for a quantitative assessment. Identical switches are used with and without the 

circuit to observe and measure a difference in contact surface erosion caused by transient 

spikes. Each switch is used in 50 switching cycles and then disassembled to photograph 

and analyze the switch contact wear. 

The validation of the circuit is given in Chapter 4 with the results. 

3.6 Proposed Approach 

Validating this circuit requires simulation followed by actual testing and 

experimentation to measure an improvement in voltage reduction in the proposed low-

voltage circuit. Reasons for software selection and usage details of the selected software 

are given. The experimental prototyping details are outlined with regards to material 

selection and design choices. Using the circuit design solved in this chapter, the simulation 
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is implemented in MATLAB Simulink. Simulation offers a low-cost high-fidelity sandbox 

environment to test and validate the model. 

3.6.1 Simulation 

A variety of circuit simulating software may be used. These can include PSIM, 

MultiSim and Simulink, among many others. For this work, MATLAB Simulink was 

selected. The primary reason being the efficacy and expanded options Simulink offers for 

robust simulation. Many standard simulation blocks and measurement options are included 

and readily available. 

The circuit is fully  implemented and simulated using the ñSimscape Electricalò 

package. This package offers a comprehensive list of standard circuit element models and 

blocks, such as inductors, capacitors, DC sources, switches and resistive loads. This allows 

for full simulation of the proposed circuit. It also includes a data inspector interface that 

can log past runs and overlay data for proper comparison and data analysis while preserving 

basic oscilloscope-like features (zoom, cursors, peak finding, etc.). 

The results are visualized by plotting logged signals in the data inspector. Success is 

measured by analysing the various logged signals for improvements (i.e. reduced voltage 

spikes) with the snubber circuit employed. Key performance indicators include a 

comparison in voltage across the switch with and without the snubber circuit and the overall 

transient spike recovery. 

Higher voltage experimentation and inclusion of a surge arrestor, while not feasible in 

hardware, are conducted in simulation. This serves to validate the design at higher energy 

levels with reduced simplifications, a closer match to practical use. 
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3.6.2 Experimental Model 

The circuit must be implemented safely in a real-world environment to properly 

observe the impact of the snubber on voltage spike reduction across the switch contacts. In 

simulation it is not feasible to predict every real-world impact on circuit parameters. For 

example, in a hardware implementation, there may be stray capacitances and circuit 

inductances that cannot be perfectly accounted for in simulation. Furthermore, real power 

sources can exhibit additional series resistances and capacitances, particularly evident 

when using a battery rather than a bench power supply. In simulation, the sources usually 

create an ñinfinity busò where they are connected allowing for much stiffer behaviours non-

indicative of real-world performance. Therefore, a hardware implementation is key to 

reveal real performance. 

The snubber circuit can be placed directly in parallel with the switch contacts to absorb 

and dissipate the energy released by the circuit inductance. An oscilloscope is used to 

measure the voltage transient across the switch contacts upon opening of the breaker. 

Additionally, a digital multimeter can be used to measure circuit current and power draw. 

Material choice is another important aspect to the testing being performed. It is critical 

that environmentally friendly options be selected wherever possible. For example, the 

power supply can be formed using recycled cells equivalent to new cells in performance. 

More on the exact material selection can be found in the following chapter detailing the 

experimental setup. 

3.7 Chapter Summary 

This chapter provided the methodology with which the thesis circuit was designed 

followed by the justification for each design need. A passive circuit was proposed to solve 
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the problem of inductive voltage spike. The circuit was solved using design equations 

derived from the passive component equations. Validation for the derived circuit and 

success parameters were introduced. 

MATLAB Simulink simulation software was chosen to model the circuit behaviour. 

Reasoning behind the software choice and general guidelines on how to use the software 

for the task of validating this design were given. The design choices were provided with 

implementation strategies and environmental concerns. The design was created using 

environmentally conscious techniques. 
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Chapter 4. Results 

4.1. Chapter Introduction  

This chapter provides the results from the MATLAB Simulink simulation and 

experimental models. 

4.2 Simulation Model 

The test circuit modelled in MATLAB Simulink is shown in Figure 4.1. 

 

Figure 4.1 - Test circuit modelled in MATLAB Simulink 

The series circuit is comprised of a 12 V DC source, a line impedance L1, a switch in 

parallel with an RC snubber branch and the resistive load RL. Circuit elements with a

symbol indicate that monitoring is enabled and the signal data is logged in the Simulink 

data inspector for further analysis. These logged signals include the switch pulse voltage 

signal, the switch contact voltage and the load current. 

 The switching voltage signal is produced using the ñSquare Wave Generatorò block. 

The block is set to a 0.2 Hz frequency with a 1 V amplitude, allowing for 2 full switching 
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cycles over a 10 second run duration. The switch opens at t = 2.5 s and at t = 7.5 s and 

closes at t = 5 s and t = 10 s. Each opening pulse has a duration of 2.5 s. 

First, the simulation is run with the RC snubber circuit disabled. The result (Figure 

4.2) is a large inductive spike at the time of switch opening. 

 

Figure 4.2 - Simulation run without snubber 

The switch opens at t = 2.5 s and at t = 7.5 s. The result is a large inductive spike which 

then settles to the source voltage for the duration of the switch being open. As shown, the 

spike occurs at switch opening times and then settles to 12 V until the next pulse. To more 

closely examine the peak, a horizontally zoomed version of the same run with cursor 

enabled is shown in Figure 4.3. 
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Figure 4.3 - Simulation run without snubber zoomed view 

The spike reaches a peak value in the range of about 1 MV! This large spike will most 

likely result in the formation of an arc across the switch contacts which would add 

significant wear and tear to the contacts at each switching cycle, thereby reducing switch 

service life. Using a breakdown voltage of 30 kV/cm for air-separated contacts, a 1 MV 

spike would cause an arc to form with breaker contacts up to 33.3 cm apart. 

Next, the simulation is run with the RC snubber circuit enabled. The simulation results 

of this are a reduced voltage spike upon switch opening, as shown in Figure 4.4. 
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Figure 4.4 - Simulation run with snubber 

To examine the peak voltage, a horizontally zoomed version of the same run with the 

cursor enabled is shown in Figure 4.5. 
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Figure 4.5 - Simulation run with snubber zoomed view 

Upon switch opening, there is still an inductive voltage spike across the contacts. 

However, the spike is now greatly reduced to a value of about 110 V as energy is absorbed 

by the pre-calculated RC snubber. At a sample time below 1 µs, the rise time is near 0, as 

the breaker is modelled with an ideal switch. With these successful modelled results, the 

circuit is implemented with physical hardware. 

4.3 Experimental Model Setup 

The 12 V circuit setup is implemented and monitored using hardware outlined in the 

following section. 
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4.3.1 Parts Selection 

The experimental setup requires the following components using design specifications 

determined in Chapter 3: 

- Battery pack (LiFePO4 4S5P 12.8 V nominal pack) 

- 1X 12 ɋ, 20 W resistor & copper heatsink 

- 1X 1 mH, 10 A inductor 

- 1X 0.091 µF, 630 VDC snubber capacitor 

- 1X 10 ɋ, ¼ W resistor 

- 1X 100 ɋ, ¼ W resistor 

- 1X 660 ɋ, ¼ W resistor 

- 1X Schneider - Conext DC Breaker 80 A - 125 A 125/160 VDC 

- 1X Prototyping solder board 

- 1X Green LED 

- Misc. wire, connectors, solder, thermal interface material 

Functional circuit components are summarized below in Table 4.1 for their use with 

the proposed circuit. 

Table 4.1 - Functional circuit elements and ratings 

Item Key Specification Relevant Circuit 

Need 

Component Rating 

Load Resistor 12 ɋ 12 W minimum 20 W 

Line Inductor 1 mH 1 A minimum 10 A 

Snubber Capacitor 0.091 uF 220 V minimum 630 VDC 

DC Breaker 125/160 VDC 1 A minimum 80-125 A 

 

Derating components to about 20-50% of their maximum rated values is typical as a 

safety margin. For testing purposes, even higher rated components are used. 
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The power supply in-use is a high current 12 V nominal lithium iron phosphate battery 

pack featuring recycled Headway 8 Ah LiFePO4 cells operating at rated specifications. The 

pack was assembled using 3D printed cell holders and recycled copper PCB traces acting 

as high current bus bars. Table 4.2 below summarizes the specifications of each cell: 

Table 4.2 - Headway LiFePO4 cell specifications 

Specification Value 

Nominal Voltage 3.2 V 

Chemistry LiFePO4 

Full Charge Voltage 3.65 V 

Full Discharge Voltage 2.5 V 

Capacity 8 Ah 

Max Continuous Charge 80 A 

Max Continuous Discharge 120 A 

 

The DC breaker data sheet [41] and the line inductor data sheet [42] are provided in 

Appendix A. 

4.3.2 Circuit Assembly 

The circuit was assembled using prototyping or ñperfò board. Each component was 

laid out along the perf board to match the circuit flow shown previously in Figure 3.2. This 

board type is commonly used as a go-between of breadboarding and printed circuit boards 

(PCBs). A summary of relevant board types considered for this experiment is shown in 

Table 4.3. Based on the information in the table, the clear choice for this circuit is perf 

board. 
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Table 4.3 - Circuit board summary 

Feature Breadboard Perf Board PCB 

Purpose Prototyping 
Semi-permanent 

testing 

Permanent 

circuit 

Connections Spring-loaded contacts 
Through-holes 

with copper pads 

Copper traces 

and pads 

Soldering 

Required 
No Yes Yes 

Reusability Yes 
Limited via 

desoldering 

Limited via 

desoldering 

Durability  
Not durable (connections 

may loosen) 
Durable Durable 

Complexity of 

Circuit  
Small-medium circuits Medium High 

Cost Low Low-medium High 

Time to Build Fast Medium Very slow 

 Perf boards permit circuit interconnects to be made flexibly with either wire or solder 

traces made by heating solder and flowing it between copper pads. The circuit can also be 

modified throughout testing by resoldering interconnects, a key feature to test the circuit 

under varied setups. 

Using the perf board, the circuit was assembled according to the circuit diagram in 

Figure 3.2. The assembled circuit is shown in Figure 4.6. 

 

Figure 4.6 - Assembled circuit front view 
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The front view of the circuit (Figure 4.6) shows the major components of the hardware 

implementation. The circuit contains the line inductance, RC snubber, the load resistance 

with a heatsink and an additional LED to light and show the ON state for the circuit.  

The rear view of the circuit (Figure 4.7) contains all solder connections. 

 

Figure 4.7 - Assembled circuit rear view 

The circuit contains an additional LED and series current-limiting resistor all parallel 

to the load resistor. This serves to visually demonstrate the ON state, when current is 

flowing through the load. It provides a negligible current increase and overall effect on the 

circuit. The breaker top view is shown in Figure 4.8. 
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Figure 4.8 - Breaker top view 

The breaker side view is shown in Figure 4.9. 

 

Figure 4.9 - Breaker side view 

Power to the circuit is provided by the LiFePO4 battery pack shown in Figure 4.10. 
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Figure 4.10 - LiFePO4 battery 

The pack uses Headway LiFePO4 cells configured in 4S5P to provide high-current 

capable 12.8 V nominal power. 

4.3.3 Measurement 

Measurements are obtained via the Hantek 6022BE USB oscilloscope (Figure 4.11) 

which provides the waveform capture at the exact moment the switch opens. It can trigger 

automatically based on a set voltage. This feature is instrumental in capturing the exact 

moment the switch opens and the resulting voltage spike. 

 

Figure 4.11 - Hantek 6022BE 
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Oscilloscope measurements are acquired using the Hantek 6022BE software with the 

switch voltage appearing on channel 1 and attenuation set to 10x matching the probe 

configuration. The vertical scale is initially set to 10 V/div and is adjusted as required to 

accommodate higher voltage signals. Prior to measurement, the oscilloscope is grounded 

and calibrated. 

The trigger is initially set to 22 V/div and later adjusted down to about 18 V/div to 

improve sensitivity. In trigger mode, the waveform is set to be captured once the input 

voltage exceeds the trigger setting. Therefore, the exact trigger value is not critical provided 

it falls between the peak voltage, expected to surpass 18 V, and the nominal circuit voltage 

of about 12.8 V. 

Exact voltage measurements are gathered using the horizontal cursors following 

waveform capture. Voltage and time scales are adjusted to better match each trial waveform 

for clarity. The time base is initially set to 50 µs/div. 

Current is measured using a series connected DC multimeter to account for total 

system current draw and permitting calculation of losses. 

4.4 Experimental Results 

Results are collected for varied circuit conditions. Firstly, the voltage spike reduction 

across the switch is measured with the RC branch enabled in the hardware model. Then, 

the circuit is modified to exclude the RC branch and measure the resulting wear and tear 

on the DC switch. Lastly, the effects of a surge arresting MOV are explored. 
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4.4.1 Voltage Spike Reduction 

The circuit is designed and built according to details outlined in previous chapters of 

this thesis. Power is applied to the circuit and the DC breaker is closed. The oscilloscope 

was connected across the breaker contacts to measure the potential difference in volts. The 

oscilloscope trigger was set to 14 V for the first run. Upon opening the switch, the spike 

shown in Figure 4.12 was captured. The experiment was reset and repeated 10 times 

achieving similar results. 

The test is conducted 10 times to evaluate repeatability, ensure statistical reliability, 

and verify the circuitôs effectiveness in extending switching service life. Transient 

switching events occur very quickly and are sensitive to small variations in contact 

separation speed, contact surface conditions, parasitic capacitances and even 

electromagnetic interference. A singular measurement is therefore insufficient in isolating 

the effect of the circuit alone. 

By conducting the test multiple times under identical conditions, it is possible to 

quantify the variance in voltage spike run-to-run and then evaluate the RC branch 

effectiveness. Repetition also enables statistical analysis in the form of variance and 

standard deviation calculations. Furthermore, repeating the experiment to achieve similar 

results proves the results are not singular nor coincidental events, but rather direct evidence 

of successful circuit performance. Lastly, the repetition permits the capture of any potential 

degradation of the switch over each run. Absence of such degradation further proves 

effective spike suppression and switch service life extension. 
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Figure 4.12 - Experiment results 1 

The first run showed a maximum peak of about 36.2 V. Placing cursors at 10% and 

90% of the peak value, the rise time is measured to be approximately 7.54 µs. The second 

experiment run is shown in Figure 4.13.  

 

Figure 4.13 - Experiment results 2 
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The second run showed a maximum peak of 29.8 V, the lowest recorded peak voltage. 

This run featured a rise time of approximately 11.5 µs. The third test run is shown in Figure 

4.14. 

 

Figure 4.14 - Experiment results 3 

The third run showed a maximum peak of 40.1 V, the highest recorded. This required 

a change in vertical scaling from 10 V/div to 20 V/div to better capture the entire transient 

spike. The setting was returned to 10 V/div thereafter. This run also featured the fastest rise 

time of approximately 5.13 µs. This suggests a correlation between shorter rise time and 

larger voltage spikes, agreeing with the relationship between inductor current interruption 

speed and voltage magnitude observed in Equation (3.3.2). 

Runs 4 through 9 of the experiment showed results in-line with previous runs and the 

waveforms are not shown. The data for these runs is included in Table 4.4. The tenth and 

final test run is shown in Figure 4.15. 
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Figure 4.15 - Experiment results 10 

The final run showed a 38.8 V maximum. The overall shape, duration and peak are 

very similar to that of the first run. This is evidence of consistent switching performance 

over numerous switch openings and closings. 

The values for each run are shown in Table 4.4. 

Table 4.4 - Experiment peak voltages 

Test run Peak voltage 

1 36.2 V 

2 29.8 V 

3 40.1 V 

4 30.0 V 

5 31.4 V 

6 38.4 V 

7 36.1 V 

8 34.5 V 

9 37.4 V 

10 38.8 V 

The lowest voltage peak is shown in the second run, featuring a maximum spike of 

only 29.8V. The highest voltage peak was shown in the third run, featuring a 40.1 V peak. 
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Based on the above results, the mean peak voltage is calculated to be 35.27 V. Then, 

the squared deviations are obtained by subtracting the mean from each measured value and 

squaring the result. Summing these squared deviations yields the sum of squares. The 

population variance is obtained by dividing the sum of squares by the number of data points 

for the population. This equates to a value of 12.49 V2. The standard deviation is calculated 

as the square root of the variance, which equates to 3.53 V. This implies that the 

experimental run voltage peaks were 3.53 V from the mean peak value on average. 

Recall that in simulation tests, the magnitude of the large spike across contacts without 

the RC circuit was measured in the order of 1 MV. Using a base voltage of 12 V, the 

simulated spike can be expressed as 83333.33 p.u. 

As for the experiment, the mean voltage spike peaks at just 35.27 V. Following this 

initial transient, the voltage across the switch then settles to the supply voltage level, as 

expected. On a 12 V base, this results in a spike value of only 2.94 p.u. on average. 

Comparing the simulated peak spike to the real-world experimentation, there is almost 

99.99% improvement. The near infinitive result originates from the original spike being 

nearly infinite due to the rapid simulated switch opening times and therefore very large 

voltage spike, as shown in Equation (3.3.1).  

The worst-case scenario 40.1 V (3.31 p.u.) peak result exceeds what the circuit was 

designed for (110 V max spike). A potential reason for an even further reduction in voltage 

spike can be the slower actual circuit-breaking time than simulated. This is reflected in the 

5.13 µs rise time of the voltage waveform. Comparing that to the simulation with a rise 

time of near 0 s, the lower overall voltage peak in the physical breaker can largely be 

attributed to slower breaking time. Also, additional capacitance in the network from the 
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battery pack, connections and circuit elements, as well as the internal series resistance of 

the battery pack can further reduce the spike. Those parameters act in favour of the result, 

being that additional series resistances and parallel capacitances simply add to the existing 

RC network being tested. A perfect test with a limitless and ideal supply is not feasible but 

these results deliver promising performance. 

The total measured current draw remained at 1.03 A between trials and is consistent 

with the expected draw for the load resistor and parallel status LED circuit. It indicates 

negligible losses through the additional circuitry at steady-state. 

4.4.2 Service Life 

This experiment was performed with the snubber circuit enabled and disabled to 

measure a difference in switch service life. Several duplicate switches were used to observe 

a difference in performance. After testing, the switches are opened to observe the condition 

of the switch contacts. 

The switch is comprised of a rocker that alters switch state by depressing and releasing 

a moving contact. An unused moving contact is shown in Figure 4.16. 

 

Figure 4.16 - Switch moving contact 
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Beneath the moving contact is the fixed contact. Figure 4.17 shows an unused fixed 

contact, circled in red. 

 

Figure 4.17 - New fixed contact 

These two contact types carry the current through the switch and are responsible for 

breaking the current when separated. Therefore, any wear-and-tear present after testing will 

be observed on these contacts. 

The experiment is conducted using a new switch with the RC branch enabled. The 

switch is opened and closed 50 consecutive times. Then, the switch is replaced with a new 

switch and the experiment is repeated 50 consecutive times with the RC branch eliminated 

from the circuit. Post-test, two switches are opened to reveal the fixed contacts and are 

compared in Figure 4.18. 
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Figure 4.18 - Switch contact with snubber disabled (top) vs. switch contact with snubber enabled (bottom) 

The switch used in the trial in which the RC branch is enabled shows clear visual 

evidence of increased contact wear in comparison with the switch used in the trial in which 

the RC branch is enabled. The GNU image manipulation program (GIMP) is an open-

source image analysis tool used to process and evaluate digital images. To quantify the 
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total wear, GIMP is used to measure the total worn surface area, revealing a 5.88% total 

worn surface shown (Figure 4.19). 

 

Figure 4.19 - Worn surface (left) vs. total surface (right) 

This increased wear is the direct result of arcing and erosion due to the lack of energy 

absorption present when the RC branch is disabled. The switch featuring lower contact 

wear shows that the RC branch effectively suppresses the effect of the circuit inductance 

and eliminates the voltage spike upon switch opening. This diminishes electric arcs on 

switch contacts and lowers wear. 

Another method of quantifying wear is measuring contact resistance. As a baseline, a 

new switch should feature a very low contact resistance (near 0 ɋ), indicating minimal 

surface degradation and efficient electrical continuity. A used switch with worn or 

damaged contacts should show higher resistance measurements as the surfaces become 

damaged, oxidized or even contaminated over time and with heavy use. These changes to 

the surface reduce effective conducting surface area and increase resistance across contacts. 

Increased resistance introduces conduction losses and heating over the resistive drop. 

Eventually, failure is indicated by an effectively open circuit where a very high resistance 

is measured across the contacts. 
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The resistance measured for the switch used with the RC circuit is 0.01 ɋ, a very small 

measurement. After probing the worn switch used with no RC circuit, a 0.4 ɋ measurement 

is recorded. Measurements on this scale are sensitive to probe placement, lead resistance 

and contact pressure and should therefore be interpreted alongside other observations. 

Considering the visible contact damage, the increase in measured resistance supports the 

conclusion that the contacts have degraded in the absence of RC energy absorption. 

4.4.3 Surge Arresters 

Surge arresters and transient suppression devices are available in a variety of formats 

with metal-oxide varistors (MOVs), gas discharge tubes (GDTs), transient voltage 

suppressor (TVS) diodes and flyback diodes being the more common choices. They each 

serve to absorb energy corresponding to voltage spikes by diverting current elsewhere (to 

ground in the case of GDTs) or dissipating energy internally (MOVs, TVS). The 

application of surge arresters in the experimental test circuit is further studied. 

GDTs utilize a gas filled tube that does not conduct at nominal voltage. This tube is 

placed typically in a line-to-ground configuration. When exposed to high surge voltages, 

the gas within the tube is ionized to create a low resistance path to ground, diverting the 

surge energy away and protecting the circuit. Similarly, varistors are used to divert excess 

energy away during surges. They act as high impedance nonlinear devices at nominal 

circuit voltages. During a surge, they become low resistance conductors that clamp the 

voltage to some designed setpoint. In the 12 V DC circuit-breaking application, the varistor 

placement and effect is studied in 4 configurations: (1) line-to-ground before the switch, 

(2) line-to-ground after the switch, (3) parallel to the switch without the RC snubber branch 

enabled, and finally (4) parallel to the switch with the RC snubber branch enabled. The 
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MOV simulation parameters are set with a clamping voltage of 60 V, an off-resistance of 

108 ɋ, an on resistance of 0.2 ɋ, a terminal resistance of 10-3 ɋ and a capacitance of 1 nF. 

These are mostly default values and should mimic real life scenarios. 

4.4.3.1 Varistor placed after the switch (load-side) 

The MOV is placed in parallel between the line-to-ground on the load-side just after 

the DC switch and the RC branch is disabled as shown in Figure 4.20. Results are shown 

in Figure 4.21. 

 

Figure 4.20 - Varistor placed after the switch 
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Figure 4.21 - Varistor placed after the switch results 

In this configuration, the MOV has no effect on suppressing the voltage spike. This is 

due to the MOV being disconnected from the circuit upon the switch opening, electrically 

isolating it from the transient. The energy released from the inductor is therefore unable to 

be diverted through the MOV since it is no longer connected to the circuit. 

4.4.3.2 Varistor placed before the switch (source-side) 

The MOV is placed between the line-to-ground on the source-side just before the DC 

switch and the RC branch is disabled (Figure 4.22). Results are given in Figure 4.22. 
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Figure 4.22 - MOV placed before switch 

 

Figure 4.23 - MOV placed before switch results 

The MOV successfully clamps the voltage at 60 V upon switch opening. However, 

the voltage does not settle at the nominal circuit voltage but instead oscillates at 

approximately 160 kHz between the clamping voltage, 60 V, and about -33.6 V. This 

ringing is caused by the modelled capacitance of the MOV (1 nF) and the line inductance 

(1 mH) resonating at the natural frequency of the LC circuit formed when the switch opens. 

This frequency is based upon the inductance and the capacitance of the LC circuit. Equation 
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(4.4.1) provides the relationship between angular frequency, inductance and capacitance 

for an LC circuit [39].  

‫  
ρ

ὒὅ
τȢτȢρ 

Where ɤ is the angular frequency, L is the inductance and C is the capacitance. 

Provided that the frequency is equivalent to ɤ/2ˊ [39], Equation (4.4.1) can be rearranged 

to solve for the natural frequency of the LC tank circuit in Equation (4.4.2). 
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Substituting in the line inductance of 1 mH and the MOV capacitance of 1 nF yields a 

natural frequency of 159.155 kHz. Using the cursor function, the frequency of the 

oscillating signal presented in Figure 4.23 is confirmed to be approximately 160 kHz. 

System damping is required to suppress these oscillations. 

4.4.3.3 Varistor placed across the switch (parallel) 

The MOV is placed across the DC switch and the RC branch is disabled (Figure 4.24).  

 

Figure 4.24 - Varistor placed across the switch 
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The corresponding results are shown in Figure 4.25. 

 

Figure 4.25 - Varistor placed across the switch results 

When placed across the switch, the MOV is able to successfully clamp the maximum 

voltage to 60 V. However, the voltage continues to oscillate at about 160 kHz (the natural 

frequency of the formed LC circuit) from -33 V to about 60 V. The oscillation amplitude 

decayed until stabilizing around a 37 V peak-to-peak, or -7 to 30 V. The decay is a result 

of resistive losses and intermittent conduction from the MOV. The oscillations are not 

symmetrical due to the DC bias from the 12 V source, shifting the waveform into the 

positive region. 
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The decay from resistive losses is examined further. An additional 100 kɋ resistor is 

placed from line-to-ground (Figure 4.26), creating an additional ground path for residual 

energy stored in inductive and capacitive circuit elements.  

 

Figure 4.26 - Varistor with damping resistor to ground 

Results are given in Figure 4.27.  

 

Figure 4.27 - Varistor with damping resistor to ground results 
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The top subplot view of the switch pulse signal is unchanged. The second (middle) 

subplot view shows the switch voltage with (blue) and without (green) damping. The MOV 

is still able to clamp the maximum voltage at 60 V. After clamping, there is more voltage 

decay with damping since the residual energy can be conducted through the 100 kɋ resistor 

to ground. The voltage settles between 5 and 19 V oscillations, down from the -7 to 30 V 

oscillations shown without damping. The waveform oscillation frequency is the same since 

there has been no change to inductance nor capacitance between runs. While providing a 

path to ground, the 100 kɋ resistance is large enough to circumvent large system losses. 

To further reduce the oscillation amplitude, a smaller resistance may be used. However, 

this would further increase system losses. Conversely, a capacitor can be added to eliminate 

the oscillations, forming the RC branch.  

4.4.3.4 Varistor placed across the switch with RC branch (parallel) 

Lastly, the MOV is placed across the DC switch and the RC branch is enabled as 

shown in Figure 4.28. The corresponding results are shown in Figure 4.28. 

 

Figure 4.28 - Varistor placed across the switch with RC branch 
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Figure 4.29 - Varistor placed across the switch with RC branch results 

This configuration shows successful results of clamping the maximum voltage at 60 

V upon switch opening, damping the residual circuit energy and suppressing oscillations. 

The voltage peaks at 60 V where it is clamped, and then quickly settles to 12 V. 

The combination of the RC circuit and MOV parallel branches adds additional cost 

and layer of design complexity but fully eliminates oscillations resulting from the LC 

circuit formed upon switch opening. 

4.4.3.5 Energy usage analysis 

To further reveal the effect of the MOV &  RC branch on oscillation elimination, the 

energy use of each component is evaluated. Electrical energy is the measure of electrical 

power used over a period of time. The instantaneous relationship between power and 

energy is in Equation (4.4.3) [39]. 
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Where P is the instantaneous electric power (W), defined as the product of voltage (V) 

and current (A); U is the electrical energy (J); and t is the time (s). Rearranging Equation 

(4.4.3) to solve for electrical energy yields Equation (4.4.4). 

Ὗὸ  ὖὸὨὸ τȢτȢτ 

Applying this to the Simulink simulation, the circuit was revised to include additional 

metering and calculation blocks necessary to determine energy usage (Figure 4.30).  

 

Figure 4.30 - MOV & RC energy usage circuit 

The voltage and current of each component are modelled as continuous, time-varying 

signals which are multiplied together to obtain the instantaneous power. The power signal 

is passed to an integrator block to compute the energy. Results are shown in Figure 4.30. 
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Figure 4.31 - MOV (red) & RC (purple) energy usage results 

The results show the switch opening pulse in the top subplot compared to the 

component energy usage in the bottom subplot. As shown, the largest energy usage for 

both the MOV (red) and RC (purple) components is mainly at the instant the switch opens, 

t = 2.5s. Following this, the total energy consumption is mostly unchanged until the next 

switch opening at t = 7.5s. The MOV consumes about 0.00028 J each pulse, whereas the 

RC snubber consumes roughly 0.00021 J. As established in Chapter 3, the total calculated 

energy released by the inductor during switch opening is approximately 0.0005 J. The sum 

of the energy consumed by the MOV and the RC branch accounts for this released energy, 

indicating that the additional branch circuitry effectively diverts the excess energy away 

from the switch contacts and thereby reduces the potential for electric arcing. The MOV 

consumes more energy than the RC branch as it dissipates energy immediately as the switch 
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voltage exceeds the clamping voltage. The residual oscillations are then eliminated by the 

RC branch, contributing largely to the RC energy usage. 

4.4.4 Medium Voltage with Fault 

The passive circuit is applied to a medium-voltage level application (Figure 4.32). The 

circuit parameters are modified to accommodate a 2 MW MVDC profile (5 kV, 400 A, 5 

km monopolar line) and an additional load-side fault set to trigger temporally. For the 

purposes of breaker transient study, the DC source, assumed to be a power converter, is 

simplified to a 5 kV DC voltage source, a 10 mH smoothing reactor common in converter 

stations, an equivalent series resistance and stray capacitance from the DC bus to ground 

[37]. The load is similarly adjusted from purely resistive to a 2 MW resistive-inductive 

profile to prevent stiff loading characteristics. As the line is relatively short, it is modelled 

using a lumped pi section with a resistance of 0.02 ɋ/km, a capacitance of 10 nF/km and 

an inductance of 1 mH/km. 

 

Figure 4.32 - MVDC Simulink model 

The breaker is actuated using an exponential signal rather than a digital 0 or 1. This is 

done to provide realistic opening and closing speeds. 
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The RC and load component sizing follows the design methodology found in Chapter 

3. The maximum voltage selected is 7.5 kV for the 5 kV nominal system, maintaining a 

1.5 p.u. margin for overvoltage as observed in [43], [44], [45]. To break steady-state current 

of 400 A, the RC circuit requires an 18.75 ɋ resistor and a 14.2 ɛF capacitor. However, 

the fault branch is designed to build up to 11 kA of fault current after 90 ms of triggering, 

at which point the breaker is set to open. Using this current value, the RC circuit parameters 

must change to a 0.68 ɋ resistor and 53.8 mF capacitor to absorb the additional energy.  

The simulation is run with the RC and MOV branches disabled and with no fault 

occurrences to observe steady-state circuit-breaking. The results are shown in Figure 4.33. 

 

Figure 4.33 - MVDC steady-state circuit-breaking simulation run 
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This results in a peak of approximately 7.61 MV at the point of breaker opening. Then, 

the RC and MOV branches, tuned for the larger fault current, are enabled and the unfaulted 

results are shown in Figure 4.34. 

While the transient overvoltage is completely suppressed, using the fault current-tuned 

RC branch values to break steady-state current levels causes long charging times due to the 

RC time constant being much larger in the faulted scenario. 

 

Figure 4.34 - MVDC steady-state circuit-breaking simulation run with fault-tuned RC and MOV branches 

This overdamped circuit delays voltage recovery across the breaker and shows 

extremely slow performance, taking approximately 700 ms to recover. Therefore, a 
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dynamic approach is taken where two RC branches are used. One RC branch is always 

enabled and is composed of the 18.75 ɋ resistor, R1, and 14.2 ɛF capacitor, C1, tuned for 

steady-state breaking performance. Then, an additional RC branch suited for fault current 

is switched into the circuit upon detection of a fault. This RC branch is composed of the 

0.28 ɋ resistor, R2, and 10.8 mF capacitor, C2. When adding these branches in parallel, 

they equate to roughly the value of the fault RC branch due to the large difference in 

magnitude. The dynamic approach is applied to the unfaulted scenario in Figure 4.35. 

 

Figure 4.35 - MVDC steady-state circuit-breaking simulation run with dynamic RC and MOV branches 
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The peak voltage is successfully clamped at 7.51 kV, roughly 1.5 p.u., which is within 

design limits. Then, the RC and MOV branches are disabled and a fault is introduced at 0.5 

s of simulation time, as shown in Figure 4.36. 

 

Figure 4.36 - Faulted MVDC circuit-breaking simulation run 

The fault current rises slightly above 11 kA at the time of breaker actuation (0.59 s). 

As per the inductor energy Equation (3.3.2), as current increases, the energy stored 

increases proportionally to the square of the current. The peak voltage reaches about 4.76 

MV. This result is lower than the unfaulted scenario despite much higher fault current. This 

is explained by the location of the fault branch. The load-side fault branch effectively 
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bypasses the load branch. The fault features a lower inductance than the load and as the 

short circuit to ground diverts current into the fault branch, load branch inductance is 

ignored. Despite a much larger current, the energy immediately available at the breaker is 

now lower without the load inductance, resulting in a lower immediate voltage spike. The 

RC and MOV branches are then enabled yielding the results in Figure 4.37. 

 

Figure 4.37 - Faulted MVDC circuit-breaking simulation run with dynamic RC and MOV branches 

As seen in the figure, once the fault block is triggered at 0.5 s, a fault signal (green) is 

sent to enable the fault-tuned RC branch. 90 ms following that, the breaker opens. This is 
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a typical response time for breakers and should be representative of real energy building 

within the line and other inductances. The peak voltage reaches 7.532 kV upon breaker 

opening, and after 6 ms, rises again to 7.559 kV, about 1.51 p.u. This is acceptable control 

of overvoltage. 

Based on these results, the addition of a secondary dynamically controlled fault-tuned 

RC branch yields successful results for the MVDC circuit in both the faulted and unfaulted 

cases. 

4.4.5 High Voltage with Fault 

The circuit parameters are again modified to accommodate a 2000 MW HVDC profile 

(500 kV, 4000 A, 90 km monopolar line) and an additional load-side fault. This circuit 

features the DC power converter source modelled again using a DC voltage source, 

smoothing reactor, series resistance and stray capacitance to ground. The load profile is 

similarly adjusted to a 2000 MW resistive-inductive load profile to prevent stiff loading 

characteristics. A key difference between MVDC and HVDC modelling is the longer line 

requirements. The transmission line is modelled using several pi sections as transient 

energy availability greatly affects performance at longer line lengths. The line is 

reconstructed using the overhead transmission line block set to a 90 km length and is 

composed of 10 pi segments. The line parameters are 0.02 ɋ/km, 10 nF/km and 1 mH/km. 

The full model is shown in Figure 4.38. 
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Figure 4.38 - HVDC Simulink model 

The HVDC simulation is run excluding the RC and MOV branches and using a 

temporal trigger set to open the circuit breaker once the circuit reaches steady-state (0.59 

s). The results are shown in Figure 4.39. 

 

Figure 4.39 - HVDC steady-state circuit-breaking simulation run 
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At 0.59 s of simulation time, the breaker opens producing a peak voltage of about 656 

MV approximately 2.1 ms thereafter, a very large result capable of producing an arc at up 

to 218 m in air. The load current immediately drops to 0 A as the source is fully 

disconnected from the load. The dynamic approach used in MVDC testing is applied to the 

HVDC model. The steady-state tuned RC branch is always enabled and is composed of the 

187.5 ɋ resistor, R1, and 5.4 ɛF capacitor, C1. Then, an additional RC branch suited for 

fault current is switched into the circuit upon detection of a fault. This RC branch is 

composed of the 39.47 ɋ resistor, R2, and 121 ɛF capacitor, C2. Adding the dynamic RC 

and MOV branches produces the results shown in Figure 4.40. 

 

Figure 4.40 - HVDC steady-state breaking simulation run with dynamic RC and MOV branches 
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The MOV is set to clamp at 750 kV. With both the energy absorption branches present, 

the transient voltage spike is now reduced to about 755 kv. The simulated voltage overshoot 

reached 1.51 p.u., closely matching the design target of 1.5 p.u. and confirming the 

accuracy of the design within acceptable tolerance. A load-side fault is introduced to 

explore breaking fault current levels. The RC and MOV branches are disabled to observe 

the effect of fault current on the DC breaker, shown in Figure 4.41. 

 

Figure 4.41 - Faulted HVDC breaking simulation run 

The fault occurs at 0.5s of simulation time and the breaker opens 90 ms following that 

at 0.59s of simulation time. Again, this is a typical response time for breakers and should 

permit energy to build within the line and other inductances. The current reaches a value 

of approximately 19 kA at the time of breaking. The breaker voltage reaches about 9.21 

MV. While still very large, this peak is lower than the previous unfaulted result of 656 MV. 
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Like the MVDC result, this can be explained by observing the fault location. The fault, 

featuring a lower inductance than the load itself, is positioned just after the breaker. The 

short circuit to ground diverts current into the fault branch, effectively ignoring the load 

branch inductance. Despite a much larger current, the energy immediately available at the 

breaker is now lower without the load inductance. Enabling the RC branch yields the results 

shown in Figure 4.37. 

 

Figure 4.42 - Faulted HVDC breaking simulation run with dynamic RC and MOV branches 

The peak voltage value is now clamped to approximately 730 kV, or 1.46 p.u. This is 

well within designed limits. The fault current is provided a path through the MOV where 

it is captured by the load current sensor. The current drops to near 0 A approximately 70 

ms following breaker actuation. 
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These results show successful overvoltage mitigation at high system voltages with a 

dynamic approach. The design maintains an approximately 1.5 p.u. margin for protection. 

4.5 Chapter Summary 

This chapter presented the MATLAB  Simulink simulation results using the circuit 

parameters calculated in Chapter 3. The circuit was simulated with the RC branch enabled 

and disabled and results are analyzed. The experimental prototype was built and tested 

using a Hantek 6022BE oscilloscope and accompanying software to capture results. The 

measured RC voltage spike reduction results were processed using statistical methods, 

showing strong indication of success with low run-to-run variance and standard deviation. 

Also, the final run exhibited similar performance to the first run, showing low wear on 

switch contacts following each trial run. Then, the circuit setup was varied to examine 

switch wear with and without the RC branch. Strong indication of wear reduction and 

extended service life was shown with the RC branch enabled. The use of a surge-arresting 

MOV to further clamp the voltage spike and dissipate energy was studied across 4 

configurations. When used in parallel with the switch and in conjunction with the RC 

snubber, the MOV provided superior voltage clamping and suppression of residual energy 

oscillations. MVDC and HVDC simulations incorporating fault current levels were used to 

evaluate circuit effectiveness at higher energy levels, over longer lines, and with less 

idealized sources, breakers and loads.  
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Chapter 5. Conclusion 

This thesis is focused on investigating the service life of DC circuit breakers due to 

electric arcs resulting from inductive voltage spikes. This is a persistent problem in low- to 

high-voltage DC applications in which DC breakers are vital, like EVs, RESs and HVDC 

power transmission. This investigation is aimed at low-complexity methods to extend DC 

circuit breaker service life. 

DC breakers are inherently more susceptible to inductive voltage spikes during circuit-

breaking operation due to the absence of a natural zero-crossing in DC systems, unlike AC 

equipment. Transient voltage spikes can exceed component ratings and lead to contact 

erosion, switch degradation and overall system failure. Furthermore, at higher voltages the 

breakdown of air (30 kV/cm) becomes a concern. The key challenge lies in implementing 

a cost-effective, low-loss solution to mitigate voltage spikes without increasing circuit 

complexity or compromising efficiency. 

A test circuit (shown in Chapter 3) was used to demonstrate the voltage spike reducing 

capability of passive components in DC circuits. The test circuit was designed for a 12 V 

nominal operating voltage and a simulated 110 V maximum voltage spike. Experimentally, 

the measured voltage spike reached a peak value of 40.1 V, significantly lower than the 

110 V simulated result. The experimental data showed a standard deviation of 3.53 V, 

across ten trials with no visible outlier. The consistency and low deviation demonstrates 

strong evidence of repeatability and reliable transient suppression. The total measured 

current draw through the protective circuit and load together was about 1.03 A, indicating 

that the protective circuitry introduced negligible losses and maintained efficiency. 
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Simulation results predicted that the voltage spike would be reduced from the 

megavolt range down to about 110 V as per the design of the RC circuit. In the experiment, 

the actual spike reached a maximum of about 40.1 V, showing greater spike suppression 

than anticipated. This greater performance is likely due to non-ideal component 

characteristics that are difficult to model accurately in simulation. These factors include 

internal series resistance and parasitic capacitances from the battery pack, additional wiring 

inductances and solder joint characteristics. These characteristics can influence the 

behaviour of the transient in unexpected ways. 

Service life testing clearly demonstrated the protective effect of the RC circuit branch. 

Switches were subjected to 50 test cycles with and without the RC branch. The switch used 

without the RC branch exhibited contact wear corresponding to 5.88% of the total surface 

area. The surface wear alongside an increase in contact resistance is direct evidence of 

service life extension as the surface area would continue to degrade over time until failure. 

Additional simulation work revealed the effect of surge arresters on the existing test 

circuit. A metal-oxide varistor was placed in 4 key locations within the circuit to document 

the varying impacts on voltage spike reduction. The MOV clamped the transient voltage 

spike to the set clamping voltage of 60 V when placed before the switch and across the 

switch. However, when placed before the switch, voltage oscillations due to LC resonance 

was introduced. When placed across the switch, the oscillations were damped by the load 

resistance and were therefore reduced but not eliminated. Additional damping resistance 

was added to achieve further suppression but not total elimination. Then, the RC snubber 

branch was used in conjunction with the MOV to achieve 60 V clamping with no 

oscillation, becoming the optimal configuration tested. Energy analysis confirmed that the 
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MOV and RC branch together absorbed all of the released inductive energy calculated prior 

(~0.0005 J), preventing energy dissipation across the switch contacts. 

MVDC and HVDC simulation tests were conducted to validate design capabilities in 

overvoltage suppression at higher energy levels. These tests revealed a critical flaw in that 

the individual passive circuit branch can only be tuned for optimal performance at one 

current level. To remedy this, a dynamic approach was taken in which multiple individually 

tuned passive circuit branches can be dynamically switched in and out of the circuit 

depending on the current level being broken. For example, upon detection of a fault, a fault-

tuned passive branch can be switched in to absorb additional energy. This approach adds 

the cost of the additional branch and some complexity in coordination. The branch must be 

switched into the circuit prior to CB opening for effective energy absorption. 

Overall, the work presented in this thesis contributes several important advancements 

to the study of DC breaker reliability and transient suppression. First, it demonstrates that 

a simple, low-cost and fully passive circuit can be integrated to reduce voltage spikes by 

more than 99.99%. This was confirmed both in simulation and through experimental 

validation. The advantage of the low-cost and fully passive aspect of this solution is higher 

accessibility and adoption rate. Also, through direct visual inspection of physical switch 

contacts, this thesis provides a service life study revealing less wear on switch contacts as 

a direct result of the passive circuit. This study demonstrates that a reduction in transient 

voltage will extend breaker service life. Lastly, this thesis produces a clear and repeatable 

methodology for designing and implementing passive RC snubber circuits and surge 

arresters using basic principle component equations to produce similar results in other 

circuits. These findings provide a strong foundation for extending service life and 
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reliability of DC switching systems, particularly in emerging applications like EVs, RESs 

and HVDC power transmission applications. This thesis contributes both theoretical insight 

and practical validation towards more resilient DC power infrastructure. 

While the physical circuit performed well at low-voltage levels, future work validating 

at higher voltage and current levels is needed to confirm scalability. MVDC and HVDC 

simulation up to 500 kV, 2000 MW nominal showed promising performance. However, at 

higher energy levels in hardware testing, component insulation and safety become critical 

factors. Furthermore, result gathering would require measuring equipment rated to 

accommodate higher voltages. Another limitation of the work done is the relatively small 

number of test cycles, constrained by practical feasibility. To rigorously validate the work 

for long-term field service, significantly more switching cycles (potentially thousands) 

would be required. Automated control of the circuit would be critical to achieve this. 

The experimental findings demonstrate that the RC snubber circuit provides a low-

cost, practical and effective method on reducing voltage spike in DC breaker applications. 

Hardware experimental validation confirmed successful voltage spike reduction and 

reduced switch wear. Supplementing the RC branch with a surge arresting MOV showed 

an optimal configuration in which the spike voltage is clamped to the designed clamping 

voltage and the transient quickly clears to the nominal circuit voltage. 
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Appendix A. Component Specifications 

A1. Schneider DC Breaker Data Sheet [41] 
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A2. Line Inductor  Data Sheet [42] 

Please see next page
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