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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 naturatl@@ssing which rgults
in large transient voltages that accelerate switch wear and reduce service lifecéstow
low-complexity RC circuit was designed using fundamental component equations and
implemented in Simulink and in hardware revealing effective voltage spiketred.
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 thoerdR@
active to show increased surface wear on the latter. Additional surge arresting MOV
configurations wersimulatedat higher voltage levelsip 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 overviewdéxistingdirect current (DCapplicationghat drive
the need for this researchhese applications include electric vehicles, renewable energy
sources antdigh voltagedirect curren{HVDC) power transmissiodC breaker types are
reviewed and a major issue, the electric arc, is discu3sed problem statemerand
motivation for this researcare providedand theresearchobjectives are outlined. Then,

the thesis structure simmarized.

1.2Background
DC technology isin the limelightdue to variousmergingapplications DC differs
from alternating current (AC) in that electric charge flows in one direaidg. AC
features charges changing direction periodically, typically sinusoidally in power systems.
DC, however, maintai nscraossseitn gpoo.t el@ iiasd nna tt

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

The tree keyapplicationsthat have contributed greatly to thedaption of DC
technologyinclude electric vehicles (EVs)enewable energy sourceach asvind and
solarandthe growing deployment ¢VDC power transmissiamheseapplicationgange
from low to high voltaggowerand present various challengising the transitiofirom

legacyAC systemgo DC systems

The transportation sectoils undergoinga significant transformation towards

electrification of vehicledJnlike conventional internal combustion engimesed vehicles,



EVs utilize battery energy storage technology to power motors within the vehicle. The
adoption ofDC electric driverainsis motivated largelylue to thegrowing environmental
concernssuch asthe proliferation of greenhouse gas emissioi$e adoption of EVs
necessitates robust and efficient DC charging infrastrud¢tureupport the increasing

demand.

Renewable energy systems have atsmtributed toincreasedadoption of DC
technologies Solar photovoltaic (PV) cells inherently generate DC powsdrile wind
turbinesutilize a variety of power converters and DC links jorwer generationSimilar
to EVs, there is a global push towards renewable ersetggtionasdecarbonizing energy
production becomesiority. To effectively manage and prodysewer from renewable
sources, Débased architecture ieeedediue to the reduced transmission losgegeased
power conversion efficien@gnd improved compatibility witenergy storage technologies,

such adattery storage.

HVDC transmissionsystemsoffer many advantagesver legacyAC transmission
styles. Higher transmission efficiency may be achiede@ to the inheremtatureof DC
andits lack of requirement for reactive power suppémotheradvantage is not needing
to be phasenatchedr synchronizedunlike AC. Generation sources need only be matched
to grid voltage amplitudeand protected accordinglyzurthermore, DC power is not
susceptible tothe reactive power losses associated with line inductances and stray
capacitanceketween théransmissiorines and groundnductors let DC pagse. through
the line itselfJand capacitors block DC from passing between the line and grasuiditing
in only resistive (realpowerlossedn transmissionDC is also not susgtible to the skin

effect, meaning that mord the crosssectional area of a conductoreectively utilized

2



to carry current. Thisllows for downsizing of conductors where higher frequency AC
would not be able tomatch thus saving additional cosdssociated withadding
infrastructureModern smart contratan also help to offer more reliable and safe operation

of such a grid.

In recent yearsHitachi Energy (formerly Hitachi ABB Power Grids)has shown
promising implementationsf Voltage Sourced Convert€¢¥SC) HVDC in Japan with
hopes to move away from lefeasibleAC transmission practisdl]. Thispermitsiong-
distance bulk power transmissiorand also enablesinderground andunderwater

transmission

1.2.1 Electric VehicleEVS)
The automotive industry is an exceedingly important area for research and

development as well asconomic growth2]. As concerns for the environment and more
notably air pollutionincrease methods of transportation that avoid internal combustion
enginesare becomingrelevantEV6s generally consist of a
DC/AC invertervia a DCcircuit breaker(CB). The inverteris responsible for driving
onboard electric motors. The battery is charged via low to medaltage charging
systems that interface with the gkich an AC circuit breakerFigurel.1 contains a basic

topology for EVOs.



Motors

L |

J DC/AC Inverter

DC
Breaker

+

JAC/DC Rectifier

AC
Breaker

Figure 1.1 - General EVchargingtopology

A report by the European Union suggests #faiut28% of carbon dioxide emissions
originate in the transport sector, whatsout70% of that figureoriginatesdirectly from
road transpoif2]. As a result, EVdiminishroademissions due to the nature of EV energy.
Despite the lack of standardization of EV batterjdg batteries operate in a DC
environment. This implies that E\éxperiencesimilar challengego those in thédvVDC
transmission industrySpecifically, interrupting DC via circuit breakers. Furthermore,
charging the batteries in DC mode can result in voltages 61600 V and current of 250
400 A according to IE®2196[2]. This falls within the range of lowoltagedirect current

(LVDC) to mediumvoltagedirect current (MVDC)

With the emerging renewable energy sour(®®ESs)adding to the grid to enable

charging of EVsCBsremain of high importance to interrupt faults and protect cirgBiits

4



In LVDC and MVDC, the zer@rossing for theurrentwaveform isabsentand therefore

the same challenge is presented. The work dofig] ishows energy absorption through

the use of a capacitor in conjunction wittsulatedgate bipolar transistordGBTS) 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 obagd other

similar technologie§3].

1.2.2 Renewable Energ8ources (RESS)
RESs have become increasingly popular duegtowing environmental demands

alongside lower cost of productif¢#]. Various DC technologies are employed on different
renewable sourcel solarPV arrays, the power produced is inherently DGvind power
production, DC links are employed for power interconnectidistransform the power
level and allow grid connectio@C to AC power converters are necessdtyrthermore,

a similar need foDC arises with the use of battery storage technology. Due to the
unpredictability of grid loadingDC batteries are necessary to add some amoueriefyy
storage Large amountsfayrid connected batteries are in use to make up fointdzslity

of PV arrays to matcHixed loads with theintermittent availabilityof sunlight. RESs
typically includes solar, wind anfbr battery sources connected to a DC bus that interfaces

with the grid via DC/AC converters. A general RES topology is shovgiare1.2.



Wind Solar (PV)

AC/DC DC/DC
Converter Converter

DC Bus

DC/DC AC/DC
Converter Converter

®

Figure 1.2 - General RESopology

—O/O—

Battery Energy Storage

DC distribution couldead to a reduction ithe use of DC/AC converters between
renewable sources and their loads. This would improve system compactness and efficiency.
As thetechnologicaltrend advancegowards renewableshere 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 shofigumne1.3.



Energy
Absorption

—O/O— 40/0_

Mechanical Solid-State Hybrid

Figure 1.3 - CBtypes

Mechanical circuit breakers (MCBs) are widely in use. They exhibit slower breaking
times comparedo their solidstate counterparts. This slower breaking time serves as a
advantageas it mitigates the occurrence of excessively highage spikes during the

switching process.

Although mechanical breakersffer robustnessthey are susceptible to limitations
stemming from their mechanical nature. One significant drawback is their relatively short
service life, primarily due to the weand tear afteeach useesulting inmechanical
failures over timg5]. These failures can arise from factors such as normal service wear
and tear, mechanical stress and environmental conditions. Furthermore, contGliisg
can prove challenging, especially in complex systemghich 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 tradeoffs associated wittMCBs, highlighting the growing preference for

solid-state alternatives in modern switching applicati@js

7



Solid-state circuit breaker (SSCB) technologywsdely recognizedin switching
applications due to its numerous advantages eleatremechanical CBsOne notable
advantage is its capability to switch at extremely rapid spéacltating fast transitions

between on and off statfs.

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 passiogtthiee
line. The sudden halt in current flow results in a near infinite voltage spike. These spikes
often produce arcs anméduceservice life of power systems componeftt Managing
these spikes can bearticularly challenging, requiring careful consideration and
implementation of appropriate measures to mitigate potential damage to the @Bjstem
Despite this challenge, the benefits of sdalidte technology, particularly in terms of

efficiency and speed, make it a compelling choice for modern switching applid@jons

Hybrid circuit breakers (HC8 provide a fusioftombinationof solid-state power
electronics and electnmechanical 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 ssitle components with
electremechanical switches, hybrid breakers achieve swift response times while
maintaining resilience and reliability in diverse operating conditions. Additionally, their
design provides superiorcontrdlability among availald options, offering enhanced
flexibility and precision in managing electrical circy®. The main drawback of SSCBs
is large conduction losses and the main drawbadl GBs is slow actuation time. The

hybrid approach aims to eliminate the-state conduction losses while keeping the high

8



speed breakinflL0]. However, itis worth noting that this advanced technology comes at a
cost, as hybrid circuit breakers tend to be relatively expensive commpatiegburely
mechanical or solidtate 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, reliabditglcontrol precision is paramount

[11]. This mainstream adoption reflects thereasingecognition of their effectiveness in
meeting the evolving demands of modern electrical systems while offering-eouedied
solution for various industrial and commercial applications. Extending the service life of
these more costly switches would cara help enhanceHVDC adoption andaffsetthe

initially high investment cost associated witldi.

Breaking electrical currentusing CBs involves separating electrodes in alihis
preserd challengesiue to electric arcPespite theelectrical insulatingproperties of air,
the probability of electri@rc formation increases with higher system enefiperefore,
with higher voltages present across €Bctrodes, there is higher risk of arcingedfric

arcs greatlyreducethe service life and functionality afl CBs.

1.2.4 Electric ArcAcrossSwitch Contacts
Air functionsas anelectricalinsulator[12], [13]. However, a large electrical potential

difference between twoontacts/electrodeseparated by air can cause the air to break
down, allowing for electric conduction. This phenomenon is referred emasectric arc.

An arc forms specifically when the potential difference reached the breakdown voltage, a
level atwhich ions can physically jump the gap between positive and negative electrodes.
This in turn creates the low resistance plasma column, or electrid3tcAir has a

breakdown voltage of about 30//cm, depending on factorsuch ashumidity, dust



particlesand pressurfl?], [13], [14]. Therefore,for an electrode separation otfn, the
electrodes would have taithstanda potential difference of approximately 8@ to cause

an arc. Thigghenomenomommorty occursin highvoltage industrial settings and results

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

physically separating at high voltagég], [15], [16], [17], [18]

1.2.5 Summary of CB Types
Tablel.1 Features a summary of GBpes

Tablel.1 - Summary of CBypes adapted fronj19]

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 | oss Low High Low
Control Medium Easy Very easy
Cost Low High Medium

MCBs offerlow conduction losses at low cost. However, they suffer from slower
breaking times and serious arc impacts. SSCBs provide faster breaking timasdfdyut
from higher conduction losses and cost. HCBs offer a compromise S8@Blike
breaking timesand MCB-like on-state losses. However, the exact implementation may

feature design complexities thedd cost antharm feasibility.

1.3Problem Statement and Motivation

The advanements in DC technologf20], [21], [22] and [23] bring significant
developmentso EVs, RESs angdower transmission. Notably, these advancemieawe
the potential textend the reach of power transmission over substantially longer distances

comparedwith conventional AC systems. Such capability holds immense potential for
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interconnectinglifferent power grids angbermittingthe integration of renewable energy
sources located in remote areas into the broader energy network, thereby enhancing energy

resilience and sustainability.

Moreover, evolving DC technologgan leadto increasd grid capacityallowing
further accommodabn of multiple generating sourcehese can includeenewable
energy sectorsuch asvind and solawhich natively output DC power make use of DC
power convertersThis enhanced flexibility in power management represeatgestride

towardswelcominga diversified and environmentally conscious energy landscape.

Furthermore, the prospect of extending reliable electricity access to remote and
underserved regions anotherbeneficial outcome of these technological strides. By
surmounting geographical barriers, advanced HVDC systems can pave the way for socio
economic development and improved quality of lifbanderto-reachareasAdditionally,

HVDC transmissiorcan bring forth a significant economic benefihrough efficiency
gains and optimized infrastructure utilization, theray be greatost reduction in power
transmission and distribution. This could yield significant financial savings over the long
term, positioning HVYDC as an economically viable solution for meeting the growing

energy demands of society.

The ongoing evolution of DC technologyll bring a transformative era imehicles,
renewables angdower transmission, characterized by enhanced efficiency, sustainability
andaccessibility. As these advancements continue to unfudde twill be areshapingf

the global energy landscape in profound ways.
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A significant challenggersistswith the lack of supporting technology. To reap the
benefits of DCthe creation of much more reliable and eefféctive DC circuit breakers

is key.

AC circuit breakers are able to make use of a-zevssingin which the breaker
contacts can be opened whastential reaches zero with low risk of electric arcing. DC
lacks this zero crossing and theref®€ circuit breakersuffer from increased wear and
tear on breaker contaatssulting from electric arcs. DC circuit breakensist evolve to
match the resilience of AC systergithout such technology, the cost and environmental
benefits of DC are thwarted bthe low service life of expensive circuit breaker
replacementsAs EV O s, renewabl e energy and DC

need for this supporting technology continues to grow.

1.4 Objectives

The objectives of this researaleto analyze the behaviour aDC circuit breakem
a low-voltage circuit applicatiortio identify theeffecs of inductive circuit elements on
breake wear Then this research aims to addressstheffectdy designing simulating
and building a circuit thagxtends breaker service lifadditionally, actualDC switches
will be examinedto revealif any noticeable reduction of wear is present after testing

Lastly, the use of surgaresters and their effect on DC switchimd) be studied

1.5Thesis Outline

This thesis is organe into seven chapters. Chapter 1 provittesbackground,
introduces the problem statement &ighlightsthe motivation for the researd@hapter 2
presents a literature review based on the-sthatee-art DC circuitbreaking technologies.

This provides a foundation for the research gaps addressed in thisGhagi®r 3 includes
12



the research methodology and the mathematical approach used teadasigased circuit.
Chapter 4explains the experiment plan apdesents the technical rationale behind key
design choiceslt also includes thecircuit build in simulation, simulation results, the
experiment build and the experiment resulhapter5 summarizes the work and
conclusions drawn. Lastly, Chaptérlists all references cited throughout the thesis to
ensureproper acknowledgement of prior research and other supporting ngaterial
1.6 Chapter Summary

This chapter introduceDC technologydiscussd the difference between DC and
AC technologiesthen outlined some growing industry applications of DC. The key issue
of lacking supporting technologwy the form of efficient and reliable circuit breakersre
identifiedand the objectives of this reseasneoutlined. Finally, the thesis structuras

summarized.
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Chapter 2. Literature Review

2.1.Chapter Introduction
This chapter reviewenrecent papers dealing with the topic of circuit breakers. These
papers deal witlmechanicalsolid stateandhybrid breakers angrovide the background

to therecentresearch activities in this field.

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

Kheirollahi et al.[24] introduced a fully sofswitched DC soliestate circuit breaker
that uses resonaassisted topology and an auxiliary LC networgitoduce a zergurrent
switching (ZCSjcapable circuit breakehis device is also capable of zemwltage
switching (ZVS) to enable a rarc turron. Using this configuration, the overlap between
voltage and current transition is minimized alogver switching lossesre obtained

alongside a enhancemernb thermal performance

Three operational stepsre identified in this work. Firstly, there ihe normal
conductionperiodwhere the switch is closed and current flows under normal conditions.
Secondly, there is tHault current commutatioperiod with the aid athe resonant branch.
Finally, thereis the transient energy dissipatigreriod through the snubber network in

which thecommutatiorenergy is absorbed.

Simulation and experimentedsults are providedsing a 200 V/20 A prototype of the
proposed switchResultspresentedhowthe case ofault interruption within 5Qus with
under5% voltage overshoot. Theroposeddesign outperforms conventional SSCBs in
efficiency and reliability.Highlighted applications included HVDC systems, electric

vehicles and renewable microgridsach application requires fast response time and

14



compact designdn comparison with other breaker desigtise proposedsoft-switched
SSCB outperforms legacy designs and minimizes mechanicainteaent to mechanical

and hybrid designs.

Several weaknesses weretedin the design of the switclhimited power scalability
poses an issue as the design vaglated at low voltage (200 VAlso, the design features
an auxiliary resonant circuitvhich affecs cost and manufacturabilitgpf the device
Furthermore, there is the complexity of an added control synchronization feature as precise
timing is a requirement for ZCS and ZVS operatibastly, there are challenges with

energy absorption as the design is validated fordaergy release.

Soft switching of DC circuit breakers d¢sucialto reducing key issuesich asarcing
andhigh-frequency voltage oscillation causing spurigageturn-on eventsn SSCBJ24].
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 SSCBsentioned in Chapter 1,tise higher ONstate
conduction lossesaVhenthe switch is closed and current is being conducted, there is a

largeamountof energy being converted to hélatoughthe switcld s r ecempenteritsy e

This design is summarized Trable2.1.
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Table2.1 - Fully SoftSwitched DC SSC& mmaryadapted fronj24]

Feature Details
Breaker Type | Fully SoftSwitchedDC SSCB
Uses fully softswitched topologynd SiC MOSFETwith resonant
commutatiorto achieve ZC&ndZVS operation
Microsecond response range
Reduced switching losses
Validated under 400 V conditions
Enhances SiC reliability and efficiency
Compact design
Low stress on switch
Complex control
Thermal management not characterized in experiment
Validated for low voltage

Key Innovation

Performance

Advantages

Weaknesses

= =4 4|4 -4 4 -4 -4 -9

2.3. Paper 2:nterlink 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, lesta@Nconduction
|l osses and high operational reliability.
branch conacting the main currerdarrying path and the auxiliary commutation path

through a shared energransferring inductor and a poharged capacitor.

Under normal operating conditions, current flows through the mechanical branch,
thereby avoiding conduction losses associated with pure SSCB designs. Upon fault
detection, the solidtate switch in the interlink branch activates and diverts current from
the main branch to the auxiliary path. The-pharged capacitor and inductor generate a
countervoltage 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 3(8. The results showed a significant reduction
in arc energy comparedith conventional HCB and SSCB designs. Simulation results
further confirmed that the design can tolerate -¢hsinging fault currents while
maintaining a compact structure with low losses. These characteristics make the IHCB
suitable for applications such &/DC grids, DC microgrids and other advanced DC

systems.

Despite the mentioned benefits, &t al. [25] identified design limitations and
challengegresentingopportunities for future work. Firstly, thaclusionof the interlink
branchaddsdesign complexityequiringfurthertiming and synchronization strategies for
effective useThere must be careful synchronization between the mechanical and solid
state elementw ensure effective commutation atadprevent overvoltage. Additionally,
the design was tested for medium voltage and would require further work to validate at
high voltaggabovelO kV). The reponse time of the mechanical actuator limits the design
and a futurerevisionwould benefit from the use of electronically assisted actuators to
achieve responsander 100 ps. Overall the IHCB provides a balance between cost,

efficiency andesponsepeed

This design is summarized Trable2.2.
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Table2.2 - Interlink hybrid DC CB summargdapted fronj25]

Feature

Details

Breaker Type

Interlink hybrid DC CB

Key Innovation

Usesinterlinking current commutation branch with hybrid DC C

Performance

100psresponse time
Reducecnergy dissipation in main breaker
Prototypedunder 400 V conditions

Advantages

Balanced speed and robustness
Reduced switch stress
Efficient fault current transfer

Weaknesses

= =4 | =4 4 -4 -4 -8 -9

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 aVultiport CurrentInjection Hybrid DC Circuit Breaker

(MCI-HCB) designed to provide fast, leless and scalable fault interruptiéor HVDC

grid systems. Conventiond§CBs utilize a singular commutation patbonversely the

MCI-HCB introduces multiple current injection portand a simplified bridgarm circuit

employing a single capacitts manage mukterminalDC grids with added efficiency.

The design consists af main mechanical switclcdmmon toHCB design3}, a

semiconductor commutation branch and the multiport current injection cifCogt

injection circuitincludes a preharged capacitor and an inductor networkupport rapid

fault suppressian

Under normal operating conditiorgsjrrent flows through the main mechanical branch

to avoid system losses. Once a fault is detethedpllowing sequence of eventecurs:
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1. Fault is detected within-3 msinitiating ultra-fast disconnectr (UFD) switch
contactseparation

2. Two discharge circuitare generated as bridge arm cirand main breaker
areturned on

3. Capacitive discharge process occurs

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

5. Main branch is turned off andadlt current is commutated to metalide
varistor (MOV)

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

As described, theurrent injection circuitapidly introducesa countercurrentforcing
main branch current to zero to enable arcless mechanical separation of main branch switch

contacts.

This design wasimulated and prototyped using an 800 V/100 A system.M@Qk
HCB was validated to interrupt fault current within 23®and kept voltage across the
semiconductorsinder1.2 kV. The design achieved a 60% reduction in conduction loss
over purely SSCB designsurthermore, the design provides more modularity for HYDC
applications.The simplified bridge arm enabled a reductiorougrall component count
and complexityas t reduces required IGBT strings and capacittiralso preserved the
reliability of commutation under varying load and fault conditions. Tihnproves
suitability for multiport HVDC grids, renewable generating nodes and othesydtems

that require coordinated pemtion.

However, Zhuet al.[26] identified several challenges for the desiBrecise current

injection timing depends greatly on the accuracy of the fault detection hed t
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synchronization between the injection ports and main mechanical switch drooit.
coordination could result in incomplete current commutation or transient overvoltage
acrossthe semiconductor component&dditionally, the switching processequires
significant discharge of the injection capacitor which was not optimized. Over several
switching cyclesa large energy loss would occpresening inefficiency.Moreover, while
the multiport structureadds scalability benefit, coordination complexity woulte as
multiple breakers interact within the DC system. Finally, the design was validated at

mediumvoltage and would require furthealidation for HVDC.

This design is summarized Trable2.3.

Table2.3 - Multiport currentinjectionHCB summary adapted frof26]

Feature Details
Breaker Type | Multiport Current Injection HybridC CB
Multiport Hybrid DC Breaker using current injection & sim
bridge arm to reduce component count

1 Simulated at 500 kV threterminal HVDC levels
<200us interruption
Reducecnergyswitchingstress
Onecapacitor simplified design
Compactand modular design
Low stress orsemiconductors
Limited real experimental validation
Requires optimization for higburrent scalability

Key Innovation

Performance

Advantages

Weaknesses

= =4 | =4 4 -4 -4 9

2.5. Paper 4: A DC SolidState Circuit Breaker Based on Transient Current
Commutation

Kheirollahi et al. [27] proposed a novel DC SSCB topology that relies on silicon
carbide (SiC) MOSFETSs and a transient current commutation (TCC) sttateggrove
breaker reliabilitypy mitigatingtransient spikes during switch tuaff. The design is also
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simplified in comparison with traditional SSCBs as it doex require reattime DC

detectionputinstead uses timgequenced control.

The proposed SSCiBtegratesa fast active injection circuit (AIC) in a parallel branch
to produce short reverse current pulses during fardtiucingfault current to zero. By
artificially reducing main switch current to zero during faults, a -pement turroff is
made possible. Thiminimizesthe effect of parasitic inductances on the circdiso, this
causesa redwction in the effect of voltage oscillations and spurious tomnevents that

commonlyaffect SiC based DC SSCBs.

A keyinnovationof the design lies ithe modified MOV branch. This branch includes
a SIC MOSFET and resistor to disconnect the MOV from power during thes@kd;
effectively reducing voltage on the MOV to zero. This configuration prevents MOV
degradation and leakage current to extend tlhewable DC bus voltage beyond
conventional MOV and MOV resistor capacitor diode (RCD) based bredkersuthors
demonstrated that this modification reduces voltage stress on the main switch andl enable

the safe use of lower clampiwgltage MOVs

The design procedure was developed to optimize thehaeged capacitor and
commutation inductoito achieverapid fault responseBoth LTspice simulation and
experimental validation were employesinga 380 V/80 A prototypel he results showed
a fixed response time of only 944, independent of system voltage or current levalso,

a full elimination & power shocks to the main switetas observedThe AIC-SSCB
achieved #9.92%measured transient power reductmmparedwvith typical MOV and
MOV-RCD kased SSCBs. This design also achieved higher reliability under fault

conditions. Multiple parallel MOSFETs supppdrmitsscalability and modularity. Tése
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attributesmake the proposed desiguitable for industrial applicatiorssich aslata centers

and DC distribution systems.

The AIC-SSCB significantly improved performanddowever, this design features
added active and passive compongimsreasingcomplexity and cost. Furthermore, the
design was validated using a lab setup in low voltage levels-\Hiljhge levels are yet to
be validatedAdditionally, 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

continuousoperationunder repeatefhults was not tested experimentally.

This design is summarized Trable2.4.

Table2.4 - DC SSCB with TCC summary adapted fl@|

Feature Details
Breaker Type | SSCB using SiC MOSFETs with transient current commutatio
Active injection circuit commutasecurrent and reduseparasitic
inductance. Isolates MOV branch in &itate to avoid degradatid
91 380 V/80 A prototype tested
9.4 usinterruption time
Eliminates transient power shock on main switch
Removes power shock and gate oscillations
Extends SSCB service life
Modular design
Extends allowable DC bus voltage
High circuit complexity
Higher cost due to increased components
Requires optimized tuning of active injection and M(
branch

Key Innovation

Performance

Advantages

Weaknesses

= =4 A |=2 =4 4 A8 -8 -
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2.6. Paper 5:A SeriesType Hybrid Circuit Breaker Concept for Ultrafast DC Fault
Protection

Shenet al.[28] proposed a novel seriyge hybrid circuit breaker (8CB) capable
of ultrafast fault protectionrhe design featuresterruption times within the microsecond
range High conduction lossetypical of SSCBsare addresseay conducting load current
through fully metallic conductors under normal operating conditibhs configuration
results in significantly lower OfNtate losses comparedth conventional SSCB and

hybrid circuit breaker (HCB) designs.

To interrupt fault current, th8-HCB injects a counter voltagea a pulse transformer
that is driven by an active injection circuit. Tleisabledault interruption in less than 10
ps without the need for precise synchronization between electrical and mechanical

componentswhich isa typical issue for HCBs.

The overall SHCB design topology consists of a series mechanical sawtdh pulse
transformerwith the secondary winding in series with the DC bus. Under normal
conditions, the voltage injection circuit remains, agfhsuringno semiconductor losses.
Once afault is detected, the gi@garged capacitors in the voltage injection circuit discharge
throughpower transistors to inject a transient voltage via the transformer. This exceeds the
DC bus voltagedriving the fault currentdown until it reaches zerd-ollowing this, the
power transistor®perate in PWM mode to maintain some AC ripple current in the
transformer secondaryhis controlled ripple current allows the mechanical switch to open
safely under neazerocurrent and neazercvoltage conditions, preventing arcing

between switch contacts.
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Simulationusing MATLAB Simulink was performedA 10 kV/100 Amodel was
developed and showed fault interruption results wittinus. This outperformed legacy
SSCB and HCB equipment. Unlike paratlgbe HCB designs, th& HCB maintains total
fault current neaeero throughout the opening process of the mechanical switch. This
enables the elimination of energy absorption branches from the circuit. Expensive MOVs
are not requiredh this design. Instead, energy is stored electromagtigtio the pulse

transformer. This improves speed and efficiency.

A 2 kV/30 A experimental prototype was used to validate simulation re3uies.
measured waveforms confirmed the design is successful in reducing fault current to zero
within 10 ps and maintaining a small AC ripple until the switch is fully opened. This
occurred approximately 250s after fault detection The prototype demonstrated arcless

switch opening.

Despite promising performandége designintroduceseverakhallengesnd areas for
future work.Scalability remains a conceras the design was tested at medium voltage. It
would require further validation at high voltagigher power levels would require higher
energy absorption and thermal management. Also, it woedgiire more electrical
insulation. ere isalsocomplexity in the transformer and control circuitry required. This
adds challenge tprecisely coordinate the higloltage pulse injection required to reduce
fault current as well as PWM modulationThe authors identified multiscale @én
multiphysics challenges that inclugmilse transformer modeling, higloltage pulse

shaping in excess of 10 kV and thermal effects with respect to short arenieiggy faults.

This design is summarized Trable2.5.
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Table2.5 - SeriesHCB summary adapted frof28]

Feature Details
Breaker Type | SeriesHybrid DC
Conducts through metallic conductors and uses transfor
coupled voltage injection for fault interruption
1 2 kV/30 A prototypespecifications
600 V test &ult cleared in <1Qis
Simulated at 10 kV/100 A
No conduction loss in OfNtate
Ultrafast arcless interruption
No MOV required for energy absorption
Simple PWM control
Complex thermal/electromagnetic coupling challenges
Prototype only tested at low voltage

Key Innovation

Performance

Advantages

Weaknesses

= =4 | =4 4 -4 8 -4 2

2.7. Paper 6:Novel Hybrid DC Circuit Breaker Based on Series Connection of
Thyristors and IGBT Half -Bridge Submodules

Zhanget al.[29] proposed a HCB topology that combines thyristors with insutate
IGBT half-bridge submodules to achieve fast interruption, low conduction losses and
reduced costor HVYDC applications. The design addresadseychallenge tdHCBs; the
highersemiconductor coustand cost. It does so by shifting the tuaff surge voltage to
the thyristors and using the IGBT hdlfidges to apply a reverse vaj@enabling reliable

and fast thyristor turoff.

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 absotptidar normal
operating conditions, current flows through the mechanical branch to r@hstate
lossesUpon detection of a faulthe LCS turns off which commutates current to the hybrid

main-breaker. Then, the IGBT halbridges produce the reverse voltage across the
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thyristors thereby forcing a zewurrent turroff. The design also supports sequential
capacitorchargingacross each submodutliring the UFD opening. This enables fast

response without additionakternalcharging circuitry.

This design features fast reclose anebmeaking functionality allowing for rapid
system restoration following temporary fauligiich is a highly important feature to
multiterminal HVDC systemsRe-breaking utilizes precharged hdlfidge capacitors
which eliminates the recharge delay typicdlconventional HCBsThe authors also
proposed a bidirectional configuration that employs a diode bridge netowakhieve

protection for both directions of current flow.

Simulation was conducted using a 100 %¥¥A model that demonstrated fault current
interruption within 430us, with thyristors successfully forced off and supporting about
80% of the transient voltage spikBreaker voltage rose to the MOV clamping level
without an excessive overshodte total breaking time was increased by less than 0.5 ms
when comparedvith full IGBT designs An experimental prototype was developed at 1.2

kV/135 A and confirmed fast turoff, commutation and rebreaking performance.

Notable weaknesses include the increased control complbgityween thyristors and
IGBT half-bridges, precise voltage balancing requirement for insulation and voltage

scaling and the added circuitry size.

This design is summarized Trable2.6.
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Table2.6 - HCB based on series connection of thyristors summdapted fronj29]

Feature Details
Breaker Type | HCB based on series connection of thyristors
Uses IGBT half-bridges to apply reverseoltage across serie
thyristorsto enable fast turoff
9 Simulation: 100 kV / 9 kA HVDC breaker
Experiment: 1.2 kV / 135 A downscaled system
Fault interruption within 43@s
Reclose/rebreak function verified experimentally
60% reduction in IGBT count and total cost
High currentcarrying via thyristors
Comparable interruption speed to SSCBs
Modular and scalable
Increased control coordination complexity between
thyristors and IGBTs
Weaknesses 1 Requires precise voltage balancing and insulation for-H
voltage scaling
91 Added circuitry increases size and design complexity

Key Innovation

Performance

Advantages

= |=2 =2 =4 =4 =4 4 -4

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 usany semiconductors in series with the main DC branch, thus eliminating
conduction losses. Alternatively, a Silased converteirives the VIBB to inject a counter
voltage during fault conditions. This provides microseescae fault interruption while

ensuring thenechanical switch opens under ZVS and ZCS conditions.

The VIBB is built on an Ecoreintegrated magnetic structure that is designed for flux
cancellation under normal operatitmensure negligible added inductarivaring a fault,

the auxiliary SiC convertemergizes windingt® inject thenegative voltage opposing DC
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bus voltage. This rapidly forces fault current to zero. In doing so, the design achieves

arcless switching and near lossless stestdie performance.

The authors presentebmprehensive design and analysis including magnetic core
design, capacitor sizing and SiC switch thermal performance under transient conditions.
Finite Elementanalysiswas performedand transient simulation was performed in Ansys
Maxwell. A laboratory prototype was developed at 130 V/6TAe esults showed fault
clearing time within 22Qus, with outer core saturation occurring in 1G5 and ZCS

openingof the main breakeafter 8ps.

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 providasiltrafast response time with reduced stress
on devices. However, scaling to higher MVDC levels remains untdstethermore, the
complex magnetic components add to manufacturing diffictitiis design is summarized

in Table2.7
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Table2.7 - MVDC isolated HCBummaryadapted fronj30]

Feature Details
Breaker Type | MVDC isolated active voltage injection HCB
Key Innovation | Fully isolated voltage injection usingddre magnetic coupling
1 Finite Element simulation (ANSYS Maxwell)
Experiment: BOV / 6 A downscaled system
Switch open under ZVS and ZCS aftgus
Total clearing time of about 223
No semiconductor loss on main DC branch
Fast clear time (<25(0s)
No MOVs required
Full isolation between main line and injection circuits
Validated at low voltage
Complex magnetic fore and windings
Long-term stability not addressed

Performance

Advantages

Weaknesses

= =4 4|4 -4 4 -4 -5 -9 -9

2.9. Paper 8:A Solid-State Circuit Breaker for DC SystemUsing Series andParallel
Connected IGBTs

Xi et al [31] proposed an SSCB design that enhances fault protection in MVDC
systems such as electric aircraifiid renewable energy integratidine SSCB uses series
and parallekconnected IGBTg0 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 M@\fsanage transient voltage
spikes and absorb residual energy originating from inductive circuit elentaatsc
voltage balancés achieved via resistor networks while dynamic balance is achieved via
RCD snubbers. The design employs two IGBT modules connected in paatiel

containing two seriesonnected IGBTs. This produces a compact unidirectional topology.
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A microcontrollerbased gate driver synchronizes switching across each device to ensure

balanced conduction and interruption.

Under normal operating conditignsurrent 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 softwarshowed successful current interrupting results.
Accurate thermal and electrical performance was also shown.k®/150 A SSCB
prototype was built using Infineon IGBTs and EPCOS MOVs. Experimental testing
showed an even distribution of current betwparallelbranches and even voltage across
devicedn serieduring normal and faulted conditions. The SS&Bieved interruption of
1 KA fault current within 700us (including energy absorption timelt. maintained a
clamping voltage of 1.68 kV. Thermal testing revealed that the device could maintain 150

A conductioncontinuously within operating temperatures with forceecawoling.

However, theSsSCB design is still limited to higdN-state lossesneasureat 763W
under 303 A. The system also depends on featedooling to maintain temperatures,
which adds to operating complexity and reliability concerns. Furthermore, repeated faults

were not experimentally verified.

This design is summarized Trable2.8.
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Table2.8 - SSCB with parallel and series IGBT summadgpted fronj31]

Feature Details
Fully solid-state DC circuit breaker using serigarallel IGBT
configuration with RCD + MOV
Uses serieparallel configuration for IGBTSs to gain benefits of b
approaches
1 Finite Element simulation (ANSYS Maxwell)
Experiment: 130 V / 6 A downscaled system
1 KA fault current interrupted in 7Q6s
Total clearing time of about 236
Fastinterruption time (<1 ms)
Strong voltage and current balancing
Precise thermal control
High conduction losses
Forced aircooling required
No longterm testing

Breaker Type

Key Innovation

Performance

Advantages

Weaknesses

= =4 4|2 -4 4 -8 -5 -9

2.10. Paper 9A ComprehensiveReview ofl mpedanceSource Network DC Circuit
Breakers

Abedet al.[32] presented a review of impedarsgurce networloC circuit breakers
(ISCBs). They are a class of SSCBs that achieve natural commutation of semiconductor
devices withouthe need forexternal control signalsthis 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 cukianselfinduced negative
voltages. The impedance networks are composedugled inductors and capacitors. The
design permits selurn-off capability for breakers. This enables automatic fault clearing
without additional external sensiing commands. Therefore, ISCBs combine the speed of

SSCBs with the simplicity and reliability of passive networks.
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The ISCBs were classified based on their impedance structure and directional

capabilities as follows

1 Z-Source DC Breakers (ZCBd)sing cross, series or parallel LC networks,
natural commutatiorcan beachieved. Early implementatioraffered low
losses and fast interruption but lacked a common greumiteconnection
transients Later designs use coupled inductorsand transformers for
compactness and to eliminate current reflection.

1 C-Source or GammZCBs (CZCBs):By replacing dual inductors in ZCBs
with a coupled inductor and series capacitor, effectively apass filter is
made. Thigeduces current reflection awdfers simpler construction due to
smaller component count.

1 T-Source Breakers (TCBsYhese usdwo magnetically coupled windings
with one capacitor arranged lkeinpg A To f
resonance, lack of common ground and large inrush current. Allows for
tunablecurrentgain via transformer turns ratio which enablaslirectional
operation with microsecond response times.

1 Y-Source Breakers (YCB3S)ises three coupled inductors and one capacitor in
a AYO0 network to achi evewithhidghawesed bi d
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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Coupledinductor designs outperformed roaupled designs largely due to size and

symmetrical current handling.

2.11. Paper 10: HVDCCircuit Breakers: A ComprehensiveReview
Mohammadiet 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:

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

1 Solid-state DC CBs: Faster interruption times2(Ins) with higher power
losses

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

power losses

The authors cite reaborld implementations for different designs. An active current
injectionDCCBpr ot ot ype was used in the Nandao pr
terminal flexible 160 kV DC installation. Also, DC commutatioB prototypes were used
and showed acceptable performance in a-@ast 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 HVOB 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
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for HVDC, such as power loss thresholds and operating speeds is necessary for
benchmarking and comparison. Réale simulation and actual field implementation are

necessary for performance validation of various designs.

2.12 Research Gaps

There islimited publicly availableinformationregardingthe robust implementation
of low-cost passive methods for reducing inductive voltage spikes in DCO@Bg)ns that
reduce the spike feature costly components and often complex control coordination
strategiesReferencd34] was presented at the 2018 IEEE Switchgear Committee Spring
Meeting and it included substantial information on the stati@®breaking. It include
key differences on existing AC breaking strategies@@doreakingsuch aghe absence
of zeracrossing. However, there is a lackof information detailed analysisand
experimental validation of purely passiosv-costvoltage spike mitigation techniques in
DC switching Furthermore, there is little information on the exact methodology that
should be used tdesign such a passive solution. Lasthe physicalimpact of voltage
spike reductioron switch contactsequires more documentation to isolate the effects of
spike reducing circuit element§his thesis focuses on addressingstiissues in greater

detail.

2.13 Chapter Summary
This chapter explocecurrentliteraturefocused on circuibreaking technology. State
of-the-art methods of DC circuibreakingwerecomparedResearch gapsereidentified

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 principfes the proposed circuito reducethe
inductive spike in DC switchingl'he full design equations aderived fromfundamental
passive component equatioiitiese desigrequations aréhenused tosolve the proposed

circuit component parameteasiddeterminespecifications.

The design validation is describéd further detail. Concerns on how the design

performance and success criteria are evaluated are outlined.

3.2Target Application Assumptions

Across each of the 3 target applications (EVs, RifisHVDC), effective DC circuit
breaking is critical to ensure safe operation and circuit protecBach application
featuring varying voltage levels are susceptible to the same voltage spike conditions from
circuit inductances that yiehergy discharge in the form of electric arcs. These discharges
lead to breaker degradation and eventual faillirese applicatiomopologies vary, but
may be reconstructed from the same fundamental circuit compdhantsiclude a DC

source, a linethe DC breaker and a load.

3.2.1 Source
For the purposes of lowoltage modelling with a focus on breaker transients, a DC

voltage source igsedo preserve simplicityHowever, for higher power applications, more

complex modelling is needed to preserve fidelity.

EV& utilize batteries to store energy and astaddC source powering the vehide
motorsand other electrical systemBatteriesare made up of parallel banks of series

connected cellsSome modelling methods for lithivion based batteries include the Rint
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model, Thevenin model, PNGV model and GNL md@a8l. These batterieare typically

interfacedhrough power converters to the major EV systems (mdtarg,auxiliary, etc.).

RESand HVDC applicationalsoutilize DC power converters as a soyricéerfacing
with the AC grid or renewable sources like solar &¥ays In traditional power system
analysis,complex networkare often reducetb a Thevenin equivalent for shaitcuit
studies[36]. However,this approach has limitations in convestimminated systems due
to theirnonlinear and timelependent behavioufor earlytime fault analysiselevant to
DC circuit breaker transienta stiff DC voltage source in conjunction with series resistance,
smoothing reactor and stray capacitances can be asedirst-order approximation
Similar equivalent sourebased simplifications have been used in HVDC modelling to

reduce system complexity while preserving dominantfi@guency dynamicg7].

3.2.2 Line
The line characteristics across each target application wadgly but may be

simplified upon finding commomodelling basisAs conductor numbers and lengths grow,

added modelling complexity is introduced.

The closesfit approximation among eachpplicationis a monopolar line with a
grounded return patEach system useliffering lengths of line which adddditional series
resistance, inductance and shunt capacitaRge.a short line, common to lewoltage
systems, parameters can be approximated using a lumped rasdtieeve model that
ignores capacitanc38]. This simplification assumes that the capacitive effects contribute
minimally, or that they are modelled elsewhere in the sysknthe specific goal of
estimating the voltage spike magnitude otow-voltage DC breaker, a reduceatder

model may be employed
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To appropriately capturkigher voltagescenarig, a separate model is necessary for
various lengths of liné-or longer linesused withhigher voltages, odelling an overhead
mongolar line can be done usinglamped pi sectiorwith perunit-length resistance,
inductance and capacitanf@8]. This approach preserves the fimenergy storage and
transient behaviouwhich is essential for evaluating fast voltage and current changes
during breaker opening for especially long transmission lihesiger lines require

additionalcascadegi sections for accurate energy storage representation.

3.2.3 Breaker
At steadystate a mechanical DC breakacts as a low resistance padltarry current.

During a fault, or normal breaking operation, the breaker contacts sefm@ten the
circuit at the breaker locatior€ontactseparation does not occurstantaneously but
instead occurs over a shdirtite duration varying depending on design and conditions

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

In this study, a loadided breakeis studied to capture the effect when positioned after
the line in a Dhetwork For lowvoltage approximation, breakemmodel is usedlue to
the higher speeds featured on smaller hardware actuated via aoltagesignal input.
This input is essentially a binaon or off signalHowever, for higher voltages requiring
larger mechanical breaketBat often operate at relativeslow speeds,he signal is
replaced with an exponential functitmmimic real contact separation timing. This ensures

accurate representation of transient overvoltage

3.2.4 Load
The exact loading for each type of cirotatries greathas there is no one specific load

EVs primarily power variable speeabtordriveswhich manipulate the power sent through

to the motors equipped on the vehidileese motor drives contain capacitive elements. The
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motors themselves are primarily inductive loads featuring resistive comporiéets.
motors can be characterized ussggies RLconnections representing armature windings

in addition to a voltage source representing Habk-.

HVDC loadingcan vary as there is no singular fixed application of HVDC. Typical
loadsinclude power converters that may feature inductive elements and shunt capacitances

to maintainsystemvoltage.

For the lowvoltage experimental circuig simplification of the load to static and
purely resistive elementvas used. This isolates the effect of R€ absorption branch
sincea resistive load provides a predictable load current used to characterize the circuit.
For higher voltages, a resistirductive 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-VoltageCircuit
Consider the followingimplified low-voltagecircuit, modelled in PSIM software, in

Figure3.1.

ﬁ LA TAAN, L/J O@t

o e e R

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 switchespplicable to all 3 target applicatioas they all consist of a DC source,
circuit inductances, a breaker and a l0Atthen the switch SW is closed, it conducts source
current i, from the source VDC through to the load currgmtand into the load resistance
Rs. The circuit includes passive components such as the indugtandlLthe resistor, R
to model a transmission line inductance and resistameeswitch internal capacitance is
modelled in the circuit switch itself, but is additionally visualized with a dedicated
capacitive component,st When the switch opens, current is interrupted and sdhbse
rapid collapse of the magnetic fiedahd effectively the energy releaassociated with the
inductance, L This causes a voltage rise across switch contagts 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 theircuit components, thappropriate design equations must be
determinedThe purpose of the circuit is to minimize the resulting voltage spike released
from the inductive elementsf sai d circuit . Thoariginaedsomc al | ed

therelationshipfor inductor voltageand currenin Equation(3.3.1) below[39].

Yo o 0—, oD

Wherew, L andl represent the inductor voltage, inductance and current respectively.

From thisrelationship it is clear that upon a sudden interruption in inductor current
(resulting invery large—), a very large voltage across the induesqrroducedas shown

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

in which the energy is storeth practice, this sudden current interruption resulting from
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the opening of a DC breaker causlesdifference in potential across the switch contacts
to rise untilan ion is able to jump across the physical ggparating the electrodeghis,
in turn,forms a plasma columas mordons jumpthe gap This is the basig; which an
electrical arc may form, allowing a large current to flow actbgsnewly formedow

resistance path of ionized aintil 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 switcfiherefore, the primary concens to
dissipate the energy elsewhere to prevenath@rat least soften the voltage spike enough
to reduce arc potentialhe snubber capacitstoresenergy by way o&nelectric field[39].
Together in series with a resistpa simpleseriesRC circuit is formed in parallel with the
switch also named aRC snubberThe snubber i€apable of absorbing the inductive

energy spike and reducing voltage across the swiighre3.2 shows the updated circuit.

R2 c1

ﬁ FHRTYYS L/J o@t
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Figure 3.2 - Breaker circuit with inductance ariRC network
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The addition of Rand G allow for an alternativepath to dissipate the energy released

from Li. The switch has 2 notable states. State 1 is shown belBigune3.3.

Snubber
R2 c1
~AAN—
Line W
L1 R1 @
t
Yy ST,y WY VY VR S G ST,
! o o :Ewitch: —
1 o ——I
1 e
)

)

vDC 2 2 : "R3
Source & T (& yin (5o ii o

State 1 State 2

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 openinghe circuit transitions t&tate2 shown inFigure3.4.
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Figure 3.4 - Breaker circuit state 2

The switchis opered thereby interrupting the flow of current to the load. The
magnetic field in L collapses causing the voltage to rise. Rather than continuirgifde
in voltage the snubber circuit absorbs the residual energy released froairciie
inductance. This dampens the spike across the switch. Since it is a DCttieccétpacitor

charges to a point and then blocks DC from passing through, tHeaktiimg current flow

To optimize the spike suppressjoine RC snubber must be sizagpropriatelyto
match the energy stored in.ldentifying the energyU., released by the inductande

with current I, isdone using Guation(3.3.2) [39].
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Now, the capacitor must be sized to capture this endrgysize the capacitor
accordingly the relationship betweeoapacitorenergy storageand capacitancevith

capacitor voltagés observed ifequation(3.3.3) [39].

Y gé Yo oR&
Where"Y is the energy stored in the capacitdris the capacitance and is the
voltage across the capacitor. Rearrandtugiation(3.3.3) to solve for the gaecitance
results in the formation ofduation(3.3.4) shown below.

qY
Yo

o

Finally, theremaining 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 lawshown in Equatioi3.3.5) below[39].
w 0Y o)
Where V is the resistor voltage, | is the resistor current and R is the resistance.

Solving for the resistive portigiEquation(3.3.6) is produced.

y 2 &
o o8

Another key point of interest for the load resistaisaepower draw. If the

component is undesized, 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 EquéBiaryr) [39].

0 oY ORI

3.4 Experimental Circuit Solution

For this thesis, a lowoltage implementatiors used for added testing safetyd due
to thelack of availability of a practicahigh-voltage testingacility. This reducsrisk of
injury in testing andadditionallykeeps costs far lower than industrial rated higbltage
components. As such, a 12 V circigsitselected for ease of component sizing as many 12
V rated components are readily availalleée circuit components can all be solved for
using thederived design equation$he line inductances set tol mH and the line
resistanceis set to 0.01q . These smaller values are suitable to model transmnissi
characteristics at a scaled down voltagestly, 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 steadystate load of 1 A does not represent fault current levels as fault tegtingt
be conducted on the hardware model. The passive ciscfiked and thereforenust be

sized to accommodate the wecstse scenario energy levetxplored in Chapter 4.

. P Q@
Y —
00 pPC
Being that it is the main circuit load, the power rating must be determined for safe

operation of the circuifThe resistive power draw is calculated using EquaBdh?).

v pé pg  p@
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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

selectionis 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 caael,10 V maximum spikes selected
ppa

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

Y

ppm

snubber is tabsorb energy released from the circuit inductamberefore, the energy
stored in the inductamust first be solvedit is calculated usinthe relationship between

inductor energy, inductance and currenEguation(3.3.2).

YOY gpd"Opé T8 T TOU

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

capacitance, voltage and energy in Equatid4).

This suggests that thminimumallowable capacitance must be 82.6 nF. If an exact
match cannot be found, a larger capacitance valeceptable at additional co8inother
important aspect when selectitige capacitors thevoltage 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 twice the maximum voltage spike being

45



designed for. This results in a rating of at least 22@® \higher voltagerating isalso

acceptable at higher cost.

3.5 Validation and Success Criteria

Validating the desigmrequires 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 upemmitigation of voltage spikes when the circuit
breaker contacts separate. However, a successful implementation wilé fesgigatable

results over consecutive runs.

If minimal runto-run variance isobserved the designis considered success.
Consistent performance acrds3 experimental test runs is a strong indicator of healthy
switch operation and extended breaker service $vice life can be measured using
surface area for a quantitative assessni@antical switchesreused with and without the
circuit to observe and measure a differenceantact surface erosion caused by transient
spikes.Each switch is used in 50 switching cycles and then disassgabfghotograph

and analyzéhe switch contact wear.

Thevalidation of the circuits givenin Chapter with the results.

3.6 ProposedApproach

Validating ths circuit requires simulation followed by actual testing and
experimentatiorto measure an improvement in voltage reductiothe proposedow-
voltagecircuit. 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 choicéssing the circuit design solvedthis chapterthe simulation
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isimplementedn MATLAB Simulink. Simulation offers a lowcost highfidelity sandbox

environment to test and validatee model.

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

MultiSim and Simulink among many otherg-or this work, MATLAB Simulink was
selectedThe primary reason being the efficacy and expanded options Simulink foifers
robust simulation. Mangtandardgimulation blocks and measurement options are included

and readily available.

The circuitis fully implemented and simulatedsi ng the @ASi mscape
package. This package offers a comprehersvef standarctircuit element models and
blocks, such as inductors, capacitors, DC soyusyei$ches and resistive loads. This akkow
for full simulation of the proposed circuit. alsoincludes a data inspector interface that
can logpast runs and overlay ddta proper comparison and data analysis while preserving

basic oscilloscopéke featuresfoom,cursors, peak finding, etc.).

Theresultsarevisualizedby plotting logged signals in the data inspectuccesss
measured by analysing the various logged signals for improvements (i.e. reduced voltage
spikes) with the snubber circuit employeley performance indicators include a
comparison in voltage across the switch with and without the snubber circuit awe thk

transient spike recovery

Higher voltage experimentation and inclusion stiage arrestomwhile not feasible in
hardware, are conducted in simulation. This serves to validate the design at higher energy

levels with reduced simplificationa closer match to practical use.
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3.6.2 Experimenal Model
The circuit must be implementedsafely in a realworld environment to properly

observe the impact of the snubber on voltage spike reduction across the switch contacts. In
simulationit is not feasible to predict evergalworld impact on circuit parameters. For

example, in ahardwareimplementation, there may be stray capacitaranas circuit

inductances that cannot perfectlyaccounted for in simulatiofrurthermore, real power

sources can exhibit additional series resistances and capagcitpadesibrly evident

when using a battemather than a bench power supply simulation, thesources usually
create an Ainfinity buso where they are cor
indicative of realworld performanceTherefore, a hardware implementation is key to

reveal real performance.

The snubber circuttan be placed directly in parallel with the switch contacts to absorb
and dissipate the energy released by the circuit inductémescilloscopes used to
measure theoltage 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@otherimportant apectto the testing being performed. It is critical
that environmentally friendly options be selected wherever poss$tbleexample, he
power supplycan beformed using recycled cellquivalent to new cells in performance
More on the exact material seliect can be found in the followinghapterdetailingthe

experimental setup.

3.7 Chapter Summary
This chapter providethe methodology with which the thesis circuiés designed

followed bythe justification for each design needpassivecircuit was proposed to solve
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the problem of inductive voltage spike. The cirowds solved using design equations
derived fromthe passive component equations. Validation for the derived circuit and

success parametesgre introduced.

MATLAB Simulink simulationsoftwarewas chosen tanodel the circuit behaviour
Reasoning behind the software choice gederal guidelines on how to use the software
for the task of validating this desigveregiven Thedesign choicesvere provided with
implementationstrategiesand environmental concerns. The desigas created using

environmentally consciougchniques
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Chapter 4. Results

4.1. Chapter Introduction
This chapter provides the results from theMATLAB Simulink simulation and

experimental modsl

4.2 Simulation Model
Thetest circuitmodelledin MATLAB Simulinkis shownin Figure4.1.

Switch Voltage Sensor

|
C10.0827uF

|+|'
N
L11mH  R10010Q @1‘ Current

R2 104 Q Snubber
Y Y L * - @ Py
':\ Load Current Sensor

Source
|
12 VvVDC oooo : *
»> >
°% [ puse 7 RL12Q Load
DC Break '
f(x)=10 Switching Signal reaker

Figure4.1 - Test circuitmodelled inMATLAB Simulink

Theseriescircuit is comprised o& 12V DC sourcea line impedancés, a switch in

parallel with an RC snubbéranchand the resistive load.. Circuit elements with

symbol indicate that monitoring is enabled and the signal data is logged in the Simulink
data inspector for further analysis. Thésgged signalsnclude the switch pulseoltage

signal the switch contact voltage and the load current.

The switchingvoltagesignalis produced usingheiSquare Wave Generatdolock.

Theblock is set to .2 Hz frequencywith a 1 V amplitudeallowing for 2 full switching
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cyclesover a 10 second ruturation The switch opens att2.5s and at &£ 7.5s and

closes att =5 s and t = 10Esach openingulsehas a duration d@.5s.

First, he simulationis run with the RC snubbecircuit disabled The result(Figure

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

Pulse

Switch Signal (V)

W Vsw

Switch Voltage (V)

0.5 1.0 15 20 25 30 35 40 45 5.0 55 8.0 8.5 7.0 7.5 8.0 85 00 85 10.0

W Current

Load Current (A)

05 1.0 15 20 25 30 s 40 45 5.0 55 8.0 -] 7.0 7.5 80 85 e0 85 10.0

Time (s)
Figure 4.2 - Simulation run without snubber

The switch opens att2.5s and at £ 7.5s. The result is Erge inductive spike which
then settles to the source voltage for the duration of the switch beingAspsimown the
spike occurat switch opening timesndthen settles to2V until thenextpulse.To more
closely examinghe peak, @orizontally zoomed version of the same mith cursor

enabled is shown iRigure4.3.
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Figure 4.3 - Simulation run without snubbeoomed/iew

The spike reaches a pealuein the range of aboudtMV! This large spikevill most
likely result in the formation of an aracross theswitch contacts which woul@dd
significant wearand tearto the contactat each switching cyclethereby reducing switch
service life Using a breakdown voltage of 30v//cm for air-separated contacta 1 MV

spikewould causemarc to form withbreakercontacts up to 33.8m apart

Next, thesimulation is run with th&C snubbecircuit enabledThesimulation results

of this area reduced voltage spike upon switch openasghown inFigure4.4.
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Figure 4.4 - Simulation run with snubber

To examinethe peak voltage, laorizontallyzoomed versioof the same ruwith the

cursor enableds shown inFigure4.5.
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Upon switch opening, there is still an inductive voltage spi&®ss the contacts

However, the spikes now greatly reducetb a value of about 110 & energy is absorbed

by thepre-calculatedRC snubberAt a samje time below lus, the rise time is near 0, as

the breaker is modelled witm ideal switch With thesesuccessfumodelledresults, the

circuitis implemented with physical hardware.

4.3 Experimental Model Setup

The 12 V circuit setupis implementecand monitoredisinghardwareoutlined in the

following section
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4.3.1 Parts Selection
The experiment setuprequires the following componenisingdesign specifications

determined in Chapter 3:

Battery pack (LiIFeP©4S5P12.8V nominal pack
- 1X1 2,2 Wresistor& copper heatsink

- 1X1mH, 10A inductor

- 1X0.091pF, 630 VDCsnubber capacitor

- 1 X 1 8 Wqesistor
- 1 X 1 0“/OW mgsistor

- 1X6 6 0, YalVresistor

- 1X Schneider Conext DC Breake80 A - 125A 125/160VDC
- 1X Prototyping solder board

- 1X Green LED

- Misc. wire connectorssolder thermalinterface material

Functional circuittomponents are summarized belowlable4.1 for their use with

the proposed circuit

Table4.1 - Functional drcuit elements andatings

Item Key Specification | Relevant Circuit | Component Rating
Need
Load Resistor 12 q 12 Wminimum 20 W
Line Inductor 1mH 1 A minimum 10A
Snubber Capacitol 0.091 uF 220 Vminimum 630VDC
DC Breaker 125/160 VDC 1 A minimum 80-125A

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

safety marginFor testing purposes, even higher rated components are used.
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The power supplin-use isa high current 12 VV nominal lithium iron phosphate battery
pack featuring recycled Headway 8 Ah LiFeR®lIsoperating at rated specificatiohe
pack was assembled using 3D printed cell holders and recycled copper PCB traces acting

as high current bus barBable4.2 below summarizes the specifications of each cell:

Table4.2 - Headway LiFeP@cell specifications

Specification Value
Nominal Voltage 3.2V
Chemigry LiFePQ
Full Charge Voltage 3.65V
Full Discharge Voltage 2.5V
Capacity 8 Ah
Max Continuous Charge 80A
Max Continuous Discharge 120A

The DC breaker data sheptl] andtheline inductor data she¢42] areprovidedin

Appendix A

4.3.2 Circuit Assembly
The circuit was assembled usipgr ot ot y pi ng Bach cdmpaentwas b o ar ¢

laid out along the perf board to match dreuit flow shownpreviouslyin Figure3.2. This
board type is commonly used a gebetween of breadboarding and printed circuit boards
(PCBs). A summary offelevant board typesonsidered for this experimerst shown in
Table4.3. Based on the information in the table, the clear choice for this circuit is perf

board.
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Table4.3 - Circuit boardsummary

Feature Breadboard Perf Board PCB
Semipermanent Permanent
testing circuit
Throughholes Copper traces
with copper pads and pads

Purpose Prototyping

Connections Springloaded contacts

Soldering

Required No Yes Yes
. Limited via Limited via
Reusability Yes desoldering desoldering
. Not durable (connections
Durability may loosen) Durable Durable
Complexity of . N . .
Circuit Smaltmedium circuits Medium High
Cost Low Low-medium High
Time to Build Fast Medium Very dow

Perf boards permdircuit interconnectto be made flexibly with eithewire or solder
traces made by heating solder and flowing it between copperfasircuit 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 diegram

Figure3.2. The assembled circuit is shownFigure4.6.
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Figure 4.6 - Assembled circuit frontiew
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The frontview of the circuitFigure4.6) shows the major components of treedware
implementation The circuit contains the line inductance, RC snubber, ther&sastance

with a heatsinland amadditionalLED to light and show the ON state for the circuit.

Therearview of the circuit(Figure4.7) contairs all solder connections
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Figure 4.7 - Assembled circuit reariew

Thecircuit containsanadditioral LED and series curretiimiting 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 topiew is shown irFigure4.8.
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Figure 4.8 - Breaker topview

The breaker sideiew is shown irFigure4.9.

Figure 4.9 - Breaker sideview

Power to the circuit is provided by thé&~ePQ, battery pack shown iRigure4.10.
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Figure4.10 - LiFePQy battery

The pack uses Headway LiFePClls configured irdS5P to provide higlourrent

capable 12.8 V nominal power.

4.3.3 Measurement
Measuremerstare obtainedvia the Hantek 6022BE USB oscilloscoffégure 4.11)

which provides the waveforntaptureat theexactmoment the switch opens.dan trigger
automatically based on a set voltage. This featinestrumental in capturing the exact

moment the switch opens and the resulting voltage spike.

Figure4.11 - Hantek 6022BE

60



Oscilloscope measurements are acquired using the Hantek 6022BE software with the
switch voltage appearing on channel 1 ateknuation 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 signdsior to measurement, the oscilloscope is grounded

and calibrated.

The trigger is initially set to 22 V/div and later adjusted ddwm@bout 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 thpeak voltageexpected to surpass 18 V, andrtbeninal 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 ps/div.

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

system current draand 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 bramabled in the hardware model. Then,
the circuit is modified to exclude tHeC branch and measure the resulting wear and tear

on the DC switch. Lastly, the effects of a surge arresting M@éxplored.
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4.4.1 VoltageSpike Reduction
Thecircuit is designed and built according to details outlined in prevahaptersof

this thesisPower is applied to the circuit and the DC breaker is cloBled oscilloscope
was connected across thieakercontactdo measure the potential differerinevolts. The
oscilloscopdrigger was set td4 V for the first runUpon opening the switch, the spike
shownin Figure 4.12 was capturedThe experiment was reset argpeatedlO times

achievingsimilar results.

The test is conducted 10 times to evaluate repeatability, ensure statistical reliability,
and verify the <circuitods eff ect ilransiene s s
switching events occuvery quickly and are sensitive to small variations in contact
separation speed contact surface conditions, parasitic capacitances and even
electromagnetic interference. A singular measuremehergforeinsufficient in isolating

the effect of the circuit alone.

By conducting thetest multiple times under identical conditions, it is possible to
guantify thevariance in voltage spike rito-run and then evaluate the RC branch
effectivenessRepetition also enables statistical analysis in the form of variance and
standard deviation calculations. Furthermore, repeating the experiment to achieve similar
results provethe results are not singular nor coincidental events, but rather direct evidence
of successful circuit performance. Lastly, the repetition permits fitereaof any potential
degradation of the switch ovesach run. Absence of such degradation further proves

effective spike suppression and switch service life extension.

62



CH1= 10.0V —_ . Time:50.00us Sample Rate: 1MHz
Figure4.12 - Experimentresuls 1

The first run showed a maximum peak of about 36.PMcing cursors at 10% and
90% of the peak value, the rise timerisasuredo be approximately 7.54 yshe second

experiment run is shown figure4.13.

CH1= 10,0V

Figure 4.13 - Experiment results 2
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The second run showed a maximum peak of 29#Bé&/lowest recorded peak voltage
This run featured a rise time of approximately 11.5M thirdtestrun is shown irFigure

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 changen vertical scalingrom 10 V/div to 20 V/div tdbetter capture the entire transient
spike. The setting was returned to 10 V/div thereafiais run also featured the fastest rise
time of approximately 5.13 u3his suggests a correlation between shorter rise time and
larger voltage spikes, agreeing with the relationsleippveennductorcurrent interruption

speed andoltage magnitudebserved in Equatiof8.3.9.

Runs 4 through 9 of the experiment showed resuliséwith previous runs antthe
waveforms are not showimhe chta for these runs is includedTable4.4. The tenth and

final testrun is shown irFigure4.15.
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»Voltage = 38.8V

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 thérst run. This is evidence of consistent switching performance

over numerouswitch openings and closings.

The values for eactun are shown iable4.4.

Table4.4 - Experiment peak voltages

Testrun Peak voltage
1 36.2V
298V
40.1V
30.0V
314V
384V
36.1V
345V
374V
10 388V
Thelowestvoltage peak is shown ithhe secondrun, featuring a maximum spike of

OO NO|IOBAWDN

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 mpaak voltages calculated to b85.27 V.Then,
the squaredeviations arebtainedby subtracting the mean from eaulkeasuredalue and
squaring the resulSumming these squared deviatioggelds the sum of square3.he
populationvarianceis obtained by dividing the sum of squares by the number of data points
for the populationThis equates ta vdue of 12.49V?2, The standard deviation is calculated
as the square root of the variance, which equate3.5® V. This implies that the

experimental ruwoltage peaksvere3.53V from the mean peak valua average

Recall that in simulatiotests themagnitude of the largepike across contaactgthout
the RC circuitwas measured in therderof 1 MV. Using a basevoltageof 12 V, the

simulated spike can be expresse@3333.33p.u.

As for the experiment, theneanvoltage spike peaks at juss.27 V. Following this
initial transient, the voltage across the switihhn settles to the supply voltage level, as
expected. On a 12 V base, thesults in a spike value anly 2.94 p.u. on average.
Comparing the simulated peak spike to the-vealld experimentation, there amost
99.99%improvement.The near infinitive result originates from the original spike being
nearly infinite due to the rapisimulatedswitch opening times and therefore very large

voltage spike, ashown in Equationf3.3.1).

The worstcase scenario 40.1 §3.31 p.u.)peakresult exceeds what the circuit was
designed for (110 V maspike).A potential reason for an even further reduction in voltage
spike can be theloweractualcircuit-breaking time than simulatedihis is reflected in the
5.13 s rise time of the voltage waveform. Comparing thah® simulatiorwith a rise
time of near Os, the lower overall voltage peak in the physical breaker can largely be

attributed to slower breaking timAlso, additional capacitance in the network from the
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battery packconnectionsand circuit elementsas well as thénternal series resistance of
the battery packan further reduce the spikEhoseparameteract in favour of the result,
being thatadditionalseriesresistanceandparallelcapacitancesimply add to the existing
RC network being tested. A perfect test with a limglaad ideal supply is not feasible but

these results deliver promising performance

The totalmeasureaurrent drawremained afl.03 Abetween trialendis consistent
with the expected draw for the load resistor and parsiégls LEDcircuit. It indicates

negligible losses through the additional circudtysteadystate

4.4.2 ServicelLife
This experiment was performealith the snubber circuit enabled and disabled to

measure a difference in switch service life. Sevawplicate switches were used to observe
a difference in performancAfter testing, the switches aopenedo observe the condition

of the switch contacts

The switch is comprised of a rocker that alters switch state by depressing and releasing

amovingcontact An unusednovingcontact is shown ifrigure4.16.

Figure 4.16 - Switchmovingcontact
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Beneath thenoving contact is thdixed contact Figure4.17 shows a unusedixed

contact circled in red

Figure 4.17 - New fixed contact

These two contact typesirry the current through the switch and are responsible for
breaking the current when separated. Therefore, anyameHearpresent after testing will

beobservedn these contacts.

The experiment igonductedusing a new switch with the RC branch enablEue
switch is opened and closed 50 consecutive tiffiasn, the switch is replaced with a new
switchand the experiment is repeatsfdlconsecutive timesith the RC branch eliminated
from the circuit.Posttest,two switches areopenedio reveal thefixed contactsand are

compared irFigure4.18.
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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 triah which theRC branchis enabledshows cleawisual
evidence ofncreased contagtear in comparison with the switch used in the tnalhich
the RC branchs enabledThe GNU image manipulation program (GIMP) is an epen

source image anasis tool used to process and evaluate digital imagegjuantify the
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total wear,GIMP is used to measure the total worn surface area, revealing a 5.88% total

worn surface showrF{gure4.19).

Figure 4.19 - Worn surface (left) vs. total surface (right)

This increased wear is the direct result of arcing and erosion dueléckhe energy
absorption present when the RC branch is disafdled.switch featuring lower contact
wear shows that thRC branch effectivelguppressethe effect of the circuit inductance
and eliminates the voltage spike upon switch opening. dimsnishes electric arcs on

switch contacts anldwers wear

Another method of quantifying wear is measuriogitact resistance. As a baseline, a
new switch should feature\aery low contact resistande n e a r, indicatiggminimal
surface degradation and efficient electrical continufy used switch with worn or
damaged contacts should shbwher resistance measurements asstiréacesbecome
damaged, oxidized or even contaminated over time and with heavihes® changes to
the surface reduce effectivenductingsurface area and increase resistance across contacts.
Increased resistance introduces conduction losses and heating over the resistive drop.
Eventually, failure is idicated byaneffectively open circuitvhere a very high resistance

is measured across the contacts
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The resistance measured for the switch used with the RC circuit ig Galdery small
measuremenhfter probing the worn switchsedwith no RC circuit, &.4q measurement
is recordedMeasurements on this scale are sensitiverée placement, lead resistance
and contact pressurand should therefore be interpreted alongside other observations.
Considering thevisible contact damage, the increase in measured resistance supports the

conclusion that the contacts have degraddle absence of RC energisorption.

4.4.3 Surge Arresters
Surge arrestersnd transient suppression deviees available in a variety of formats

with metatoxide varistors (MOVs),gas discharge tubes (GDTgyansient voltage
suppressor (TVS) diodesdflyback diodeseing the moreommonchoices. They each
serve to absorb energyprresponding to voltage spikes thyerting current elsewhere (to
ground in the case of GDTs) or dissipating energy internally (MOM&S). The

application of surge arrestarsthe experimeral testcircuit isfurtherstudied.

GDTsuutilize a gas filled tube that does not conduct at nominal volfEgs tube $
placel typically in a lineto-ground configurationWhen exposed to high surge voltages,
the gas within the tubis ionizedto create a low resistance path to ground, diverting the
surge energy away and protecting the cir@irnilarly, varistorsare used to divert excess
energy away during surges. They acthggh impedancenonlinear devicestanominal
circuit voltages. During a surge, they becolme resistance conduct®that clamp the
voltage to some designedtpoint. Inthe12 V DC circuitbreaking application, the varistor
placement and effecs sudied in 4 configurationg1) line-to-groundbefore the switch,

(2) line-to-groundafter the switch(3) parallel to the switcwithout the RC snubber branch

enabledand finally (4) parallel to the switch with the RC snubber braedabled The
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MOV simulation parameters aset with a clamping voltage of 60 ®n offresistance of
1°q, an on resistance of10. 2 ngl, aa ctagramiir aln c
These are mostly default values and should mimidifeadcenarios

4.4.3.1 Varistor placed after the switch (loadle)

The MOV is placed in parallel between the tweground on the loadide just after
the DC switch and the RC branch is disabled as showigire4.20. Results are shown

in Figure4.21.
Switch Voltage Sensor
VD]
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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 isdteetefable to

be diverted through the MOV since it is no longer connected to the circuit.

4.4.3.2 Varistor placed bfore the switclisourceside)
The MOV s placedbetween the lingo-groundon the sourcsidejust before the DC

switchandthe RC brancls disabledFigure4.22). Results are given in Figure 4.22.
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Figure 4.22 - MOV placed before switch
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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 insiseitlates at
approximatelyl60 kHz between theclamping voltage60 V, and about-33.6 V. This
ringing iscaused by the modelled capacitance of the MOYF)and theline inductance
(1 mH)resondng 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 L(Egjt@tion
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(4.4.1) provides the relationship between dagfrequency, inductance and capacitance
for an LC circuit[39].

p
00 ap

Wherey i s the angular frequency, L is the
Provided that the frequencyesgyuivalent toy/ 2[39], Equation(4.4.1) can be rearranged

to solve for the natural frequency of the LC tank circuit in Equadoh?).

Q p_ 188

¢“ b O

Substituting in the line inductance of 1 mH andM@V capacitance of 1 nF yields a
natural frequency ofL59.155 kHz. Using the cursor function, the frequency of the
oscillating signal presented ifigure 4.23 is confirmed to be approximately 160 kHz

System damping is required to suppribese oscillations

4.4.3.3 Varistor placed across the switch (parallel)
The MOV is placedcrosghe DC switch and the RC branch is disalfledure4.24).
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Figure 4.24 - Varistor placed arossthe switch
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The corresponding results are showifrigure4.25.
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Figure 4.25 - Varistor placed across the switch results

When placed across the switch, the M@\able to successfully clamp the maximum
voltage to 60 V. Howevethe voltagecontinues tmscillateat about 160 kHz (the natural
frequency of the formed LC circuitiom -33V to about60 V. The oscillationamplitude
decayeduntil stabilizing aroundc 37 Vpeakto-peak, or-7 to 30 V. The decay is a result
of resistive losses and intermitteczdnduction from the MOVThe 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 | oss e gesistosis e x a mi
placed from lineto-ground(Figure4.26), creating an additionagroundpathfor residual

energy stored in inductive and capacitive circuit elements
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Figure 4.26 - Varistor with damping resistor to ground

Results are given iRigure4.27.
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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 voltagéh (blue) and without (green) dampirighe MOV
is still able to clamp the maximum voltage at 60 V. After clamping, there is more voltage
decay with damping since the residual enerc¢
to ground. The voltagsettlesbetweerb and19 V oscillations, down from the7 to 30V
oscillationsshown without damping.he waveform oscillation frequencytlsee sameince
there has been no change to inductance nor capachatween runswhile providing a
path to ground, the 100 kq resistance is |
To further reduce the oscillation amplitude, a smaller resistance may heHmegever,
this would further increase system losses. Conversely, a capacitor can b adidedate

the oscillationsforming the RCbranch.

4.4.3.4 Varistor placed across the switch with RC branch (parallel)
Lastly, he MOV is placedacrossthe DC switch and the RC branchemabled as

shown inFigure4.28. The corresponding results are shown in Figure 4.28.
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Figure 4.28 - Varistor placed arossthe switchwith RC branch
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Figure 4.29 - Varistor placed across the switch with RC branch results

This configuration showsuccessfutesults of clamping the maximum voltage at 60

V upon switch openingdamping the residuaircuit energy and suppressing oscillations.

The voltage peaks at 60 V where it is clamped, and then quickly settl2s/to

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 Energyusage analysis

To further reveal the effect of tidOV & RC branch on oscillation eliminatiothe
energy use of each componeneigaluatedElectrical eergy is the measure efectrical

power usedover a period of tira The instantaneouselationshipbetween power and

energy ign Equation(4.4.3) [39].
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0 Qy 8
00 T

WhereP is theinstantaneouslectric powekW), defined ashe product of voltage (V)
and current (A)U is the electrical energyl)( and t isthetime (s). Rearrangingequation

(4.43) to solvefor electricalenergy yields Equation (44).
Yo 00Qo 188

Applying this tothe Simulink simulationthe circuit was revised to include additional

metering and calculation blocks necessary to determine energy tsage4.30).
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Figure 4.30- MOV & RC energy usage circuit

The voltage and current of each component are modelled as continuougrnying
signals which are multiplied together to obtain the instantaneous power. The power signal

is passed to an integrator block to compute the enBagults are shown in Figure 4.30.
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Figure4.31- MOV (red) & RC (purple) energy usage results

The results showthe switch opening pulse in the top subplot compared to the
component energy usage in thettom subplotAs shown the largest energy usader
both the MOV (red) and RC (purple) componastsainly at the instant the switch opens
t = 2.5. Following this, the total energy consumption is mostly unchanged until the next
switch openingat t = 7.5s The MOV consumes about 0.00028 J each pulse, whereas the
RC snubber consumesughly0.00021 JAs establisheth Chapter 3, the total calculated
energy released by the inductor during switch openiagpsoximatelyd.0005J. The sum
of the energgonsumed by the MOV and the RC branch accounthi®releaseenergy,
indicating thatthe additional branch circuitrgffectively diverts the excess energy away
from the switch contactand thereby reduces the potential for electric arciing MOV

consumes me energy than the RC branch as it dissipates emarggdiately ashe switch
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voltage exceeds the clamping voltage. The residual oscillations are then eliminated by the

RC branchgontributinglargelyto the RC energy usage.

4.4.4 Medium Voltage withFault
The passive circuit is applied éanediumvoltage levebhpplication(Figure4.32). The

circuit parameters are modified to accommoda2avV MVDC profile (5 kV, 400 A,5

km monopolar ling and an additional loaside faultset to trigger temporallyFor 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 issimilarly adjustedrom purely resistive to a 2 MWksistiveinductive

profile toprevent stiff loading characteristigss the line is relatively short, it is modelled

usinga | umped pi section with a resistance of

an inductance of 1 mH/km.
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Figure4.32- MVDC Simulink model

The breaker is actuated using an exponential signal rather than a digital O or 1. This is

done to provide realistic opening and closing speeds.

82



The RC and load component sizing follows the design methodology found in Chapter
3. The maximum voltage selectedds kV for the 5kV nominal system, maintaining a
1.5 p.u. margin for overvoltages observed i#3], [44], [45]. To break steadgtate current
of 400 A the RC circuit requiresah8 . 75 q radsi. 2t ¢rF ampaci t or .
the fault branch is designed bwild up tol11 kA of fault current after 90 ms of triggering,
at which point the breakées set toopen. Usinghis current valuehe RC circuiparameters

must change ta0.68q r e s i S3t8mH capagaitato absorb the additional energy

The simulation is run with the RC and MOV branches disabledl with no fault

occurencedo observe steadstatecircuit-breaking The results are shown igure4.33.
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Figure4.33- MVDC steadystatecircuit-breakingsimulation run

83



This results in a peak approximately 7.6 MV at the point of breaker openinthen,
theRC and MOV branchesuned for the larger fault curreare enabledndthe unfaulted

results are shown iRigure4.34.

While the transient overvoltage is completely suppressed, using the fault-¢urret
RC branch values to break steadgite current levels causes long charging times due to the

RC time constant being much larger in the faulted scenario.
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Figure 4.34 - MVDC steadystatecircuit-breakingsimulation run with fautuned RC and MOV branches

This overdampectircuit delays voltage recovery across the breaker and shows

extremely slowperformance taking approximately 700 ms to recovefherefore, a
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dynamic approach is taken where two RC branches are used. One RC branch is always
enabl ed and is composiedantd 1he?2 LBURedEOBR pacC et
steadystate 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 q nreawil&8&ndrcapacikr.CNVhen adding these branches in parallel,

they equate to roughly the value of the fault RC branch due to theddfgeence in

magnitude The dynamic approadhk applied to the unfaulted scenaridHigure4.35.
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Figure 4.35 - MVDC steadystatecircuit-breakingsimulation run withdynamicRC and MOV branches
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The peak voltage is successfullpmped at 7.51 kMoughly 1.5 p.y.which is within
design limitsThen, the RC and MOV branches are disabled and a fault is introaiu@éd

s of simulation timegas shown ifrigure4.36.
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Figure 4.36 - Faulted MVDCcircuit-breakingsimulation run
The fault currentises slightly above 11 kA at the time of breaker actugidsP s)
As per the inductor energiquation (3.3.2), as current increases, the energy stored
increases proportionally to the square of the curiidm. peak voltage reaches abdut6
MV . This result is lower than the unfaulted scendaspite much higher fault current. This

is explained by the location of the fault branch. The Iside fault branch effectively
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bypasses the load brancrhe fault features a lower inductance than the kad as he

short circuit to ground diverts current into the fault branch, load branch indudgtance
ignored Despite a much larger current, the energy immediately available at the breaker is
now lower without the load inductanaesulting in a lower immediate voltage spikée

RC and MOV branches are then enabled yielding the resiiigtime4.37.
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Figure 4.37 - FaultedMVDC circuit-breakingsimulation run withdynamicRC and MOV branches

As seen in the figure noe the fault block is triggered 0.5 s afault signal(green)is

sent to enable the fattiined RC branct®0 ms following that, the breaker opefitis is
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a typical response time for breakers and should be representative of real energy building
within the line and other inductancé&e peak voltageeaches 7.532 kV upon breaker
opening, anafter 6 msrises again t0.859 kV, about 1.51 p.u. This is acceptable control

of overvoltage.

Based on these results, the addition of a secondary dynamically controlledrfiaalt
RC branch yields successful resiitisthe MVDC circuit in both the faulted and unfaulted

cases

4.4.5 High Voltage withFault
The circuit parameters aagainmodified to accommodateZ®00MW HVDC profile

(500 kV, 4000A, 90 km monopolarline) and an additional loaside fault.This circuit
features the DC power converter source modelled again using a DC voltage source,
smoothing reactor, series resistance and stray capacitance to grbarldad profile is
similarly adjusted tca 2000 MWresistiveinductive load profileto prevent stiff loading
characteristicsA key difference between MVDC and HVDC modelling is theger line
requirementsThe transmission linds modelledusing several pi sections #&®mnsient
energy availability greatly affects performance at longer line lengfthe line is
reconstructed usinthe overheadtransmission line block set @90 km lengthand is
composed 010 pi segmentsTheline parameters are 0.02km, 10 nF/km and 1 mH/km.

The full model is shown ifigure4.38.
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Figure 4.38 - HVYDC Simulink model

The HVDC simulation is rurexcluding the RC and MOV branches amsing a
temporal trigger set to open the circuit breaker once the circuit reaches stizady.59

s). The results are shown igure4.39.
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Figure 4.39 - HVDC steadystatecircuit-breakingsimulation run
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At 0.59 s of simulation time, the breaker opens producing a peak voltaimof656
MV approximately 2.1 ms thereafter very large result capable of producing anaanap
to 218 m in air. The load current immediately drops to 0 A as the source is fully
disconnected from the loa@ihe dynamic approach used in MVDC testing is applied to the
HVDC model. The steadstate tuned RC branch is always enabled and is composed of the
1875 q r e s andi4o re,F R a p @ahen, anadditional RC branch suited for
fault current is switched into the circuit upon detection of a fault. This RC branch is
composed of th89.47q r e s i, andiRteF capacitor, @ Adding thedynamicRC

and MOVbranclesproduces the results shownrigure4.40.
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Figure 4.40 - HVDC steadystate breakingimulation run withdynamicRC and MOV branches
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The MOV is set to clamp at 750 kV. With both the energy absorption branches present,
thetransient voltage spike is now reduced to alié&tkv. 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 toleracéoad-side fault is introduced to
explore breaking fault current levelthe RC and MOV branches are disabled to observe

the effect of fault currerdn the DC breaker, shown kigure4.41.
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Figure4.41 - Faulted HVDCbreakingsimulation run

The fault occurs &.5s of simulation time and the breaker opens 90 ms following that
at 0.59s of simulation timégain, thisis a typical response time for breakers ahduld
permitenergyto build within the line and other inductances. Tuerent reaches a value
of approximately 19 kA at the time of breaking. The breakdtage reaches abofit21

MV. While still very large, thigpeakis lowerthan theoreviousunfaultedresult of656 MV .
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Like the MVDC result, lhis can be explained by observing the fault locatidre fault,
featuring a lower inductance than the load itself, is positioned just after the breaker. The
shortcircuit to ground diverts current into the fabtlanch effectively ignoring the load
branch inductance. Despitaraichlarger current, the energy immediately available at the
breakeiis now lower without the load inductan&mabling the RC branch yields the results

shownin Figure4.37.
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Figure 4.42 - Faulted HVDCbreakingsimulation run witrdynamicRC and MOV branches

The peak voltage value is now clamped to approxim&@dkV, or 1.46 p.uThis is
well within designed limitsThefault currentis provided a path through the MQ¥here
it is capturedby the load current sensdrhe current drops to near 0 A approximatedy

ms following breaker actuation.



These results show successful overvoltage mitigation atdysflem voltagewith a

dynamic approach. The design maintains an approximately 1.5 p.u. margin for protection.

4.5 Chapter Summary

This chaptempresentedhe MATLAB Simulink simulation results using the circuit
parametersalculatedn Chapter 3The circuitwas sinulatedwith theRC branch enabled
and disabledand results are analyze@ihe experimental prototypsas built andtested
using a Hantek 6022BE oscilloscoged accompanying softwate captureresults The
measuredRC voltage spike reddion resultswere processed using statistical methods,
showing strong indication of success wikv run-to-run variance and standard deviation.
Also, the final un exhibitd similar performance to the first run, showing low wear on
switch contactdollowing each trial runThen, thecircuit setupwas varied to examine
switch wear with and without the RC branch. Strong indication of wear reduction and
extended service lifas shown with the RC branch enablétie use of @&urgearresting
MOV to further clamp the voltage spike and dissipate enexgss studied across 4
configurations. When used in parallel with the switch and in conjunction with the RC
snubber, the MOV providksuperior voltage clamping asdippression afesidual energy
oscillatiors. MVDC and HVDC simulations incorporating fault curtéevels were used to
evaluate circuit effectiveness at higher energy levels, over longer lines, and with less

idealzedsourcesbreakersind loads.
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Chapter 5. Conclusion

This thesisis focused orinvestigatingthe service life ofDC circuit breakes due to
electric arcs resulting from inductive voltage spikidss is a persisintproblem in low to
high-voltage DC applications which DC breakers are vitdlke EVs, RESs and HVDC
power transmission. Thiavestigation isasimedat low-complexitymethodgo extendDC

circuit breaker service life.

DC breakers anaherentlymore susceptible to inductive voltaggkesduringcircuit-
breaking operatiodue to the absence ohaturalzerocrossingn DC systems, unlike AC
equipment. Transient voltage spikes can exceed component ratindmsadnit contact
erosionswitch degradatioand overall system failur€urthermoreat higher voltages the
breakdown of air (30 kV/cm) becomes a canc&hekey challenge lies in implementing
a costeffective low-loss solution tomitigate voltage spikeswithout increasingeircuit

complexityor compromisinggfficiency.

A test circuit(shown in Chapter)3vas used to demonstrate the voltage spike reducing
capability of passive components in DC circuitee test circuit was designed for a 12 V
nominal operating voltage andginulatedl10 V maximum voltage spikExperimentally,
the measured voltage spikeacheda peakvalueof 40.1 V, significantly lower tharthe
110 V simulatedresult. The experimental data showadstandard deviation of 3.33,
across ten trials with no visiblautlier. Theconsistency and low deviation demonstrates
strong evidence of repeatability and relelransient suppressioithe total measured
current drawthrough the protective circuit and lotmyethemwas about 1.03,, 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 rangedown to about 110 V as per the design of the RC circuit. In the experiment,
the actual spikeeached a maximum of about 40.1 V, showing greater spike suppression
than anticipated. Thigreater performanceis likely due to norideal component
characteristics thare difficult to model accurately in simulation. Thdaetors include
internal series resistance and parasitic capacitances from the battery pack, additional wiring
inductancesand 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.
Switchesweresubjected to 50 test cycles wahd withouthe RC branchThe switch used
without the RC branchxhibited contact wear corresponding to 5.88% of the total surface
area.The surface wear alongside an increase in contact resistaduect evidenceof

service life extensioas the surface area would continue to degrade over time until failure

Additional simulation work revealed the effectafrge arrests on the existing test
circuit. A metaloxide varistor was placed in 4 key locations within the circuit to document
the varying impacts on voltage spike reductibhe MOV clampedthe transient voltage
spike to thesetclamping voltage of 60 When placed before the switch and across the
switch. However, when placed before the switaitage oscillations due to LC resonance
was introduced. When placed across the switch, the oscillations were daynipedoad
resistance and were therefore reduced but not eliminated. Additional damping resistance
was added to achieve further suppression but not total elimin@tien, the RC snubber
branch was used in conjunction with the MOV tchiave 60 V clamping with no

oscillation becomingheoptimal configuratioriested Energy analysis confirmatiat the
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MOV and RC branch togethabsobed allof thereleasednductive energy calculated prior

(~0.0005 J)preventing energglissipation across the switch contacts

MVDC and HVDC simulation tests were conductedvalidatedesigncapabilitiesin
overvoltage suppression at higher energy levéisse tests revealed a critical flaw in that
the individual passive circuitbranchcan only be tuned for optimg@erformanceat one
current level. To remedy this, a dynamic approach was taken in mibitiple individually
tuned passive circuit branches can dymamically switched in and out of the circuit
depending on the current level being broken. For exgmaptan 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 tk circuit prior to CB openinfpr 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, lowcost and fully passive circuit can be integrated to redudageispikes by
more than 99.99%. This was confirmed both in simulation and through experimental
validation. The advantage of the lawst and fully passive aspect of this solution is higher
accessibility and adoption rate. Also, through direct visual sigpeof 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 lifeastly, 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 providea grong foundation for extendingservice life and
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reliability of DC switching systemgarticularly in emerging applications lilg/s, RESs
and HVDC power transmission applicatiomhis thesis contributes both theoretical insight

and practical validation towards more resilient DC power infrastructure.

While thephysicalcircuit performed well at lowoltage levelsfuture work validating
at higher voltage and current levels is needed to confirm scalaMipC and HVDC
simulationup to 500 kY 2000 MWnominalshowed promising performanddowever, &
higher energy levels hardware testingcomponent insulation and safdigcomecritical
factors Furthermore result gathering would require measuring equipmetéd to
accommodatdighervoltages Another limitation of the work done is the relatively small
number of test cyclegonstrained by practical feasibility. To rigorously validate the work
for longterm field servicesignificantly more switching cycles (potentially thousands)

would be requiredAutomated control of the circuiould be critical to achieve this.

The experimental findings demonstrate that R&snubbercircuit provides aow-
cost,practical and effective methauh reducing voltage spike DC breakemapplications
Hardware experimental validation confirmed successful voltage spike reduetimh
reduced switch weaSupplementing the RC branch with a surge arresting MOV showed
an optimal configuration in which the spike voltage is clamped to the designed clamping

voltage andhe transient quickly clears to the nominal circuit voltage.
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Appendix A. Component Specifications

Al. Schneider DC BreakerData Sheet41]

Product data sheet

Specifications

80A, 125VDC, Panel Mount DC

101

Breaker
|
865DCBRK80
1ed on:Jun 1, 2025
! To be end-of-service on: Jun 1, 2035
@ To be discontinued
Main
Range of product Conext
Complementary
Width 7.9in (20 cm)
Height 1.6in (4 cm)
Depth 9.81in (25 cm)
Packing Units
Unit Type of Package 1 PCE
Number of Units in Package 1 1
Package 1 Height 1.6in (4 cm)
Package 1 Width 7.9in (20 cm)
Package 1 Length 9.8in (25 cm)
Package 1 Weight 2.21b(US) (1 kg)
Apr 2, 2026 Scfbr:elde!‘

and is not to be used for determining suttabilty or reliability of these products for specific user applications

& not intended as a

Disclaimer: Thi



'.‘ Environmental Data

Schneider Electric aims to achieve Net Zero status by 2050 through supply chain partnerships, lower impact materials, and circularity via
our ongoing “Use Better, Use Longer, Use Again” campaign to extend product lifetimes and recyclability.

Environmental Data explained >

How we assess product sustainability »

Use Better

</ Materials and Substances

Packaging made with recycled cardboard No
Packaging without single use plastic No
Use Longer

) Lifetime extension

Repair No
Use Again
) Repack and r facture

Take-back No

The product must be disposed on European Union markets

WEEE Label E following specific waste collection and never end up in
rubbish bins
2 LfelsOn | Schneider Apr 2, 2026
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A2. Line Inductor Data Sheef42]

Please see next page
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Dimensions: [mm]

n designed and develop:

x|
Il
=]
n
o8]
@

33,0 max.
5,0 205

This product is not authorized for use in equipment where a higher safety standard and refiabiity standard is especialy required oc where a fadure of the pro
ontrol, submarine, transpartation, transportation signal, disaster peevention, medical, pubic infomation network etc., Wirth Elekdronik efSos GmbH & Co

Scale - 1:1

Recommended Hole Pattern: [mm]

1,3
[
| T
o
T a1
wg o - L
g ] e
10,0,
Scale - 1:1

Electrical Properties:

Schematic:

Properties Test conditions Value Unit | Tol.
Number of windings N 2

Inductance L | 10kHz/ 0.1 mA 1 mH | +30%
Rated Current k |@70°C 10 A max.
DC Resistance Rpc |@20°C 7 mQ | max.
Rated Voltage Vg | 50 Hz 250 V(AC) [ max.
Insulation Test Voltage Vi | 50 Hz/ 5 mA/ 2 sec. 1500 V (AC)
Certification:

RoHS Approval Compliant [2011/65/EU&2015/863]

REACh Approval Conform or declared [(EC)1907/2006]

VDE Approval 40042670

ENEC 10 Approval 40042670

General Properties:

tolg) e i -40upto +70°C

Operating Temperature -40up to +125°C

Storage Conditions (in original
packaging)

< 40°C; < 75% RH

Moisture Sensitivity Level (MSL)

1

Temperature Rise < 55 K

Test conditions of Electrical Properties: +20 °C, 33 % RH if not specified differently

WURTH

ELEKTRONIK
MORE THAN
YOU EXPECT

WE

eiSos@we-onling.com

HasA 008.000 2023-07-03 DIN IS0 2768-1m " _6'62 o
WE-CMB Common Mode Power
Line Choke
744824101
LA e\Su: \fahl; 7

104

onably expected 1o Gause severe perso
rust be informed about the infent of such

injury or death, uriess the parties have executed an agreement specifically goverming such use. Moreover Wirth Elekironik eiSos GmoH
12 before the design-in stage. In addbon, suffcient rekabilty evaluation checks for safety must be performed on every elctron




Typical Attenuation: Typical Impedance Characteristics:

40

10000
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Attenuation [dB]
Impedance [Q]
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0 ‘ r ; ‘ i 1 . ; :
0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
Frequency [MHz] Frequency [MHz]
——A (comm) — A (diff) —2Z (comm) —Z (diff)

FEMSIN
008.000

GHERAL TOLERANGE PROECTION
= VETHOD
@ DIN SO 2768-1m _6'69 al
@0
T RoMs  AEAO — DESCRFTION

WE-CMB Common Mode Power
Wirth Blektronik eSos GmbH & Co. KG

WURTH A & e Sk Line Choke

Max-Egth-Sir, 1

W/ ELEKTRONIK 78 ity 744824101
MORE THAN T, 149017942945 -0 e s
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Test Setup:

According to CISPR 17

1 (GND) ()
Port 1 |

O 2 (GND)
| port2

10—
|
30_

s——0»
DUT |

3——O4

Port3 |
3" (GND) Q

—_——— e — —— ——— —

Network Analyzer: Keysight ES080A or equivalent

This e\wnw conponert

n designed and devsgd o usagein gener lecronic
ipned

et oy Tis et ot atorzd for us 1 equpent
0

| Ports
Q 4’ (GND)

GND

Derating Curve:
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WURTH

ELEKTRONIK
MORE THAN
YOU EXPECT

WE

Wirth Elekironik eiSos GmbH & Co. K&
EMC & Inductive Solutions
Max-Eyth-Str 1

74638 Waiderbug

Germany

Tel. +49(0) 7942945 -0

wnve v-0nline.com

eiSas@we-online com

HasA 008.000 2023-07-03 DIN SO 2768-1m ‘ —6'62 }
WE-CMB Common Mode Power
Line Choke oo
744824101
i eiSos Valid 37
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Packaging Specification - Tray and Carton: [mm]

W1 gox
W gox

W2 gox

H BOX,

L2 BOX.

L1 BOX

L BOX

Lo [wom) [ om) i om

Loy (mm) Loy (mm) L2g0x (mm) Wygx (mm) Wiox(mm)  |W2goq(mm) [Hgox (mm) bk 15 217 Pl
jp.___ hp._ D D p.___ bp. D,
23500 6600 4150 18500 13450 B350 24,00 Paper
e pemn [ [peepp ez
e

HasA 008.000 2023-07-03 DIN ISO 2768-1m
&
WE-CMB Common Mode Power

. ACanch e Line Choke g
WURTH Max-Eyth-Si, 1 744824101

(W7l ELEKTRONIK 78 ity
MORE THAN i SR = —
YOU EXPECT e s com : = = =

eiSos@we-online.com

Moregver Viiirth Elekaronik eiSos GmbH
& performad on every electonc

required or where a falure of the product & reasonably exected t cause severe personal njury or death, urkess the parties have executed an agreement sp

etc.. Wirth Elektronik eiSos GmbH & Co KG must be infarmed about the it of such usage bafore the design-in stage. In additon, suffcient rekabilty evaluatn Checks for safe

electronic equipment only. This product s not autharized for use in equipment where a higher safety standard and reliabisty standard is
a miltary, aerospace, aaton, nuclear control, submanne, transportation, transportation sigral, disaster preventon, medcal, public information ne
jabity functans of parformance.

This electronic componer designed and developed for
8o KG products ae neither designed nor nended f
component which Is used in dectrical circuits
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Classification Wave Soldering Profile: Classification Wave Soldering Profile:
t Profile Feature Pb-Free Assembly Sn-Pb Assembly
Preheat Temperature Min Tsmn |100°C 100 °C
Tt Preheat Temperature Typical i’ ypical | 120 °C 120°C
First Wave . Second Wave Preheat Temperature Max Tomax | 130°C 130°C
Preheat Time t, from T to T o | & | 70 seconds 70 seconds
Ramp-up Rate AT | 150 °C max. 150 °C max.
Peak Temperature Tp 250 °C - 260 °C 235 °C - 260 °C
max. 10 seconds max. 10 seconds
® Timeof actual peak tamparature lp max. 5 seconds each wave max. 5 seconds each wave
=
® Tona o Ramp-down Rate, Min ~ 2 K/ second ~ 2 K/ second
e
8 Ts typical T Ramp-down Rate, Typical ~ 3.5 K/ second ~ 3.5 K/ second
GE, Tsmin Ramp-down Rate, Max ~ 5 K/ second ~ 5 K/ second
= Time 25 °C to 25 °C 4 minutes 4 minutes
refer to EN61760-1:2006
Preheat area Cool down area ™**=~~.._____ "
t
Time
m— typical temperature procedure
== === min temperature procedure
=-===-- max temperature procedure
s o e e e et
Hash 008.000 2023-07-03 DIN IS0 2768-1m o -G{
10
WE-CMB Common Mode Power
. DNCavee e Line Choke g
Loty L 744824101
wi ELEKTRONIK L4550 Viuarny
MORE THAN 4490179229450 preves e P
LOUEARECY iyt ool L os i 57
This electronic componert has bean designed and developed for usage in peneral electronic r\]Lr\mem only. This peoduct is ot autharized for use in equipment where a higher safety standard and reliabiity standard is especially required or where a faiure of the product & reasonably expected to cause severs personal injury or death, uniess the parties have executed an agreement use, Moeaver GmbH

products are neither designed nor intended for usa i
companent which is used in aectical cicuits that require hig

and llabity vchons f arformance
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