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ABSTRACT  

The transportation is in transition to the electrification era where the main source of energy for the 

vehicles is supplied by high energy propulsion batteries with voltages above 400 V. Currently the 

majority of the batteries are lithium-ion batteries and it is crucial to protect them from shortcircuits 

in order to ensure the safe operation in case of a vehicle crash or misuse of the vehicle. This Master 

Thesis deals with a DC-current interruption method using SiC MOSFETs which is meant to be used as 

protection device in the propulsion battery of heavy vehicles. 

Initially in this report, the contemporary design of the battery junction box is discussed along with 

the existing overcurrent protection at the battery pack. The motivation of using SiC MOSFETs follows 

and a conducted pre-study about using SiC MOSFETs on the pre-charge branch of the battery 

junction box is mentioned. Regarding the literature study, it is subdivided into two subsection, the DC 

current interruptions methods where the contemporary solutions for protecting against overcurrents 

are mentioned and the SiC MOSFETs where information about their structure, modelling, reliability 

and capabilities are presented. Afterwards, the importance of considering a multi-battery vehicle and 

increasing the number of parallel MOSFETs to reduce the power losses is pointed out. The modelling 

of the suggested protection device follows and the simulation circuits at LT Spice are presented. The 

features of self-triggering in case of a short-circuit and performing pre-charge of the vehicles DC-link 

capacitance are added to the protection device and the results from the simulation indicate its 

capability to disconnect the battery within nanoseconds ensuring the safe clearance of a shortcircuit.   

Experimental validation of the concept is provided by testing a prototype which have been designed 

and developed in the frame of this master thesis. Based on the findings of the thesis it can be 

concluded that the SiC solid state circuitbreaker constitutes a feasible solution which adds 

controllability in the system increasing significantly the speed of the protection system. However, it is 

not currently applicable due to the high cost of SiC technology. 
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SAMMANFATTNING 

Transportbranschen håller på att övergå till att använda mer elektrifierade fordon där 

framdrivningsenergin i huvudsak kommer från elektriska energilager med en spänning på över 400V.  

I dagsläget är majoriteten av batterierna av litium jon typ, vilka behöver skyddas från bland annat 

kortslutningar för att säkerställa dess säkerhet vid en krock eller felaktig användning av fordonet. 

Detta examensarbete handlar om en metod att bryta DC-strömmar med SiC MOSFET transistorer. 

I första delen av rapporten diskuteras en förstudie med en alternativ metod att skydda batteripacket 

där batteriets konventionella överströmsskydd komplettera med en transistorlösning som placeras 

parallellt med batterikopplingsboxens förladdningsgren. En motivering för att använda SiC MOSFET 

transistorer följer tillsammans med beskrivningen av förstudien. En litteraturstudie, uppdelad i två 

sektioner, tar upp olika metoder för att bryta DC-strömmar med SiC MOSFET transistorer samt 

information om deras struktur, data modeller, tillförlitlighet och förmåga.  

Därefter diskuteras lösningar med multibatterifordon och parallella MOSFET transistorer för att 

minska strömförlusterna. Modellering av den föreslagna skyddsanordningen redovisas och 

simuleringskretsarna hos LT Spice presenteras. Funktionerna för självutlösande vid kortslutning och 

förladdning av fordonets DC-länkkapacitans läggs till skyddsanordningen och resultaten från 

simuleringen indikerar dess förmåga att koppla ur batteriet inom nanosekunder som säkerställer 

säker frånkoppling vid en kortslutning. 

Experimentell validering av konceptet tillhandahålls genom att testa en prototyp som har utformats 

och utvecklats inom ramen för denna examensarbete. Baserat på resultaten från detta 

examensarbete kan slutsatsen dras att SiC-solid state-kretsbrytaren utgör en genomförbar lösning 

som ökar styrbarhet i systemet, vilket väsentligt ökar skyddssystemets hastighet. Lösningen är dock 

för närvarande inte ekonomiskt försvarbar på grund av den höga kostnaden för SiC-tekniken. 
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LIST OF ABBREVIATIONS 

 

BJB: Battery Junction Box 

CB: Circuitbreaker 

CLR: Current Limiting Reactor 

DCCB: Direct Current Circuit Breaker 

GaN: Gallium Nitride 

GTO: Gate turn-off Thyristor 

HVDC: High Voltad Direct Current 

IGBT: Insulated-Gate Bipolar Transistor 

LCS: Load Commutation Switch 

MOSFET: Metal Oxide Semiconductor Field Effect Transistor 

MOV: Metal Oxide Varistor 

PCB: Printed Circuit Board 

RC: Resistor Capacitor 

RCD: Resistor Capacitor Diode 

rds,on: On-state drain to source resistance 

SiC: Silicon Carbide 

SSCB: Solid State Circuitbreaker 

UFD: Ultra-fast Disconnector 

Vth: Threshold Voltage 

WBG: Wide Band Gap 
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1 INTRODUCTION 

1.1 BACKGROUND 
Over the past two decades, the global community realised the need for a more sustainable future. 

The wide penetration of renewable energy sources resulted in reducing the emissions of CO2 and 

producing electricity in a sustainable way. At the same time, fossil fuels which have been widely used 

as the main source of energy in conventional transportation have dramatically been decreased.  

In this frame, automotive industries started to shape their future in the field of electrification. 

Electrified transportation utilising electricity produced by renewable energies could significantly 

reduce the level of global emissions offering a sustainable solution for the future [1]. 

However the transition from the era of internal combustion engine (ICE) to fully electrified is not 

imminent. Hybrid electric vehicles and plug-in hybrid electric vehicles have been developed as 

intermediate solutions before reaching the goal of pure electric vehicles with zero emissions. Vital 

role in this transition have the high-voltage batteries which are the main source of energy utilised for 

propulsion [1] [2]. 

The utilisation of high voltage batteries increased significantly the requirements for protection. 

Overcurrent protection of the batteries is one of the most important aspects which needs to be 

tackled in order to secure their safe operation. Several methods to interrupt DC currents have been 

developed over the past year, such as melting fuses, mechanical circuit breakers (contactors), pyro-

fuses and solid-state circuit breakers [2]. 

The main benefit of the solid-state circuit breakers is the fact the they are much faster than the other 

solutions in interrupting DC currents due to the use of semiconductors. The reason why they are not 

prevalent is the fact that they cause higher power losses as compared to contactors combined with a 

fuse [3] [4] [5].  

However, the advent of wide-bandgap semiconductor switches, Silicon Carbide (SiC) and Gallium 

Nitride (GaN) indicate significant benefits in terms of power losses, operational temperatures, 

blocking voltages and switching speed comparing to conventional Silicon semiconductors [4] [6]. 

1.2 BATTERY DESIGN 
A high voltage propulsion battery is formed by connecting multiple modules, usually 7 to 16 

depending on the system’s voltage. Each module usually consists of 12 to 16 cells in series which 

determine the total voltage of the battery pack. The cells can either be cylindrical, pouch or prismatic 

depending on the application. Each module is monitored by a cell supervisory circuit, responsible for 

temperature measurements, cell voltage measurements, cell balancing and a communication 

interface to the battery BMS [1].  

In the battery pack, apart from the modules of cell, there are also the following components: 

• A unit responsible for controlling the battery, the Battery Management System (BMS). 

• A cooling system to dissipate the losses at the internal resistance is required in order to 

maintain the battery temperature at a desired level.  
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• An electrical circuit enclosed in the Battery Junction Box (BJB) it is responsible for control and 

protect the battery. It can either be in the pack or adjustment to it [1]. 

1.2.1 Battery Junction Box (BJB) 

The battery junction box, as illustrated in Figure 1, consists of two main contactors, one at the 

positive and one at the negative pole of the battery, a pre-charge branch which usually includes a 

third contactor in series with a resistor, a current sensor and a fuse.  

 

Figure 1: Conventional Battery Junction Box Topology. 

1.2.1.1 Main Contactor 

It is a mechanical circuit breaker having a conductive busbar which is controlled by a coil. Contactors 

have low resistance, in the µOhm range, and can interrupt quite large over currents, but not short 

circuit currents. Considering that the voltage is quite high and DC currents do not have inherent zero 

crossing, an arc inside the contactor will be form when the current is interrupted, especially in case 

of an inductive load is disconnected. The duration of the arc depends on the length of the air gap and 

consequently the speed of moving the busbar of the contactor. This arc could result in severe 

damage of the housing of the conductor, reduce significantly its life length or weld the contactor [7] 

[8]. 

1.2.1.2 Pre-charge branch 

In the pre-charge branch a contactor in series with a resistance is utilised. The function of this branch 

is to charge capacitors of components on the DC-link in a controlled manner upon battery 

connection. When the DC-Link is charged, a controlled connection of the battery can be done by the 

main contactor without risk of arcs, welding and damaged fuses. This parallel branch is only utilised 

during start-up but still the pre-charge contactor needs to be over-dimensioned to withstand inrush 

currents during start-up.  

1.2.1.3 Melting fuse 

The melting fuse is responsible for interrupting short-circuits but its function is irreversible and needs 

replacement after operation. The speed, at which it reacts, depends on the current level according to 

the current-time curve provided from each supplier. Comparing to the contactors, the fuse indicates 

higher power losses and its life length depends highly on the temperature and the vibration within 

the pack.  
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1.2.1.4 Current sensor 

It is responsible for measuring the current flowing through the battery pack. It is usually a shunt 

which has a busbar with known resistances for different temperatures. The voltage drop across 

resistance is measured with a voltmeter and thus it can be correlated accordingly to current using 

Ohms law. This method is quite accurate and reliable. Sometimes, for less accurate current 

measurements, a hall sensor can be used, which depend on the magnetic field produced by the 

current. 

1.2.2 Overcurrent protection in the battery pack 

The overcurrent protection in the battery pack depends highly on the current level of the fault. 

1.2.2.1 Severe shortcircuit 

When there is a shortcircuit in the system, the current flowing in the battery pack is significantly 

increased. In this case a melting fuse will interrupt the circuit spontaneously within several 

microseconds. The triggering of the fuse is irreversible and therefore replacement is required in 

order to reuse the battery pack.  

1.2.2.2 Faulty overcurrent 

In case of a fault in the system, the current might increase over the rated current, but not to a level 

where the fuse will trigger. In this current region, the control unit requests contactor opening to 

disconnect the current. By opening the contactor, an arc is formed inside the contactor, in the gap 

between the contacts and the busbar. This arc results in reducing the lifetime of the contactor which 

should also be over-dimensioned in order to withstand the arcing during overcurrents at high 

voltage. In case of a welded contactor, the circuit cannot be interrupted and thus a redundant 

contactor is used to clear the fault.  

1.3 SILICON CARBIDE (SIC) 
Nowadays, the dominant material utilised in power semiconductors is Silicon (Si). However, this 

technology exhibits significant drawbacks in terms of power losses and most importantly in 

maximum permissible temperatures. To overcome these limitations, research has been conducted 

on wide band gap (WBG) materials like silicon carbide (SiC) and gallium nitride (GaN) [6]. 

Both SiC and GaN indicate noticeable benefits comparing to Si and the most relevant to the 

application of a solid state circuit breaker are the following: 

• Operation at higher temperatures: WBG materials are allowed to operate up to 300˚C with 

higher thermal conductivity 𝜆 due to their property of having larger bandgap energy than the 

Si-based semiconductors which are limited up to 150 ˚C. 

• Higher breakdown voltage: The fact that SiC has higher electric breakdown field energy 

(𝐸𝑐𝑟𝑖𝑡) compared to Si entails that it will have higher breakdown voltage as well. This 

property results in components which are significantly thinner.  

• Lower on-state resistance: The on-state resistance is inversely proportional to the electric 

field energy which is related to the 𝐸𝑐𝑟𝑖𝑡 and, thus, this justifies their lower on-resistance. 

• Higher switching speed: The lack of stored charges of SiC semiconductors reduces 

significantly the switching losses and thus it enables faster switching between on- and off- 

state.  
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• Higher thermal conductivity: Thermal conductivity (𝜆) of SiC is about three times larger than 

Si. This results in both lower thermal resistance and junction temperature gradient compared 

to Si devices. Consequently, the cooling requirements are lower in SiC-based application 

which means reduced volume and complexity of the cooling systems.  

Currently, SiC carbide switches are utilised in various automotive applications in order to reduce the 

switching losses and the volume of the components. Their main contemporary applications is the 

electric energy conversion, DC-DC converters (DCC) and DC-AC inverter (MGU).  

However, the fact that they were introduced recently in the market in conjunction with the benefits 

they offer and the technology required to produce a reliable component render them a rather pricey 

solution. It should be noted that their high cost is speculated to be decreased in the upcoming years 

and it is expected that it will be at the same range with the Si components with similar voltage 

ratings. This is also justified by the current trend in the market where the prices of SiC are 

continuously reduced while their reliability and robustness is increased [6]. 

1.4 MOTIVATION 
The conventional battery junction box utilizes a contactor in each pole of the battery and a pre-

charge branch with a third contactor and a resistor in parallel with the main path on the positive side. 

The contactors at the main paths are used to interrupt rated currents and overcurrents while a fuse 

clears the faulty currents. The main problems of such a topology is the fact that both the fuses and 

contactors are rather slow to interrupt currents, resulting in significantly large currents in the rest of 

the circuit before disconnection. Additionally, when a contactor is operated to interrupt a DC current, 

its lifetime gets significantly reduced with risk of welded contacts [8]. Moreover, the pre-charge 

contactor is used to charge the DC-link capacitor so the main contactor can connect without large 

inrush currents. This third additional contactor is usually over-dimensioned in order to withstand the 

high inrush of the current and thus the total cost of the system is increased without adding 

significant operational benefits. 

To cope with this problem the solution of a solid state circuit breaker is investigated as an alternative 

for interrupting DC currents in a safe way and ultimately protecting the battery. The emerging 

technology of SiC switches seems promising in meeting the safety requirements with lower power 

losses than the conventional silicon semiconductors. 
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2 PRESTUDY 

The main motivation for the thesis, as mentioned previously, is the issue of severe arcing at 

operating the contactors of battery junction box in both interrupting rated DC currents [1] and 

performing the pre-charge. Therefore, during the pre-study phase the investigation was mainly 

focused on arc formulation and the feasibility of developing an arc quenching device, which would 

operate in parallel with the main contactor and it would perform the pre-charge of the DC-link 

capacitor through a pre-charge resistor.  

2.1 PRE-STUDY LITERATURE 
There are three different types of methods for modelling an electric arc: physical models, black box 

models and parametric models. Cassie and Mayr models simulate the arc dynamics by using different 

equations about its conductivity. Despite those models are mainly used for AC systems, it was found 

that also the application in DC networks is possible. Another way of modelling the arc is an algebraic 

equation with constant parameters based on the V-I characteristic. It should be noted that the first 

static equation was published by Ayrton [7, 8]. 

A more recent investigation suggests that the arc can be modelled as a two pole circuit network 

element divided into two parts: the circuit layer and circuit control layer, as illustrated in Figure 2. 

The circuit layer consists of an equivalent circuit with the components: controlled voltage source, 

variable resistance Rgap and a current measurement. The variable resistance describes the behaviour 

of the gap which is an input to the model as a function of time. While, the controlled voltage source 

models the voltage drop of the burning arc depending on the gap distance and the arc current [7]. 

 

Figure 2: Model of electric arc formulation in DC contactors [7]. 

2.2 PRE-STUDY OBSERVATIONS 
By adjusting the speed the contactor used in the battery junction box along with its  rated current 

and voltage to the results of the model described in [7], an initial indication of the formulated arc 

during contactor operation at the pre-charge phase is achieved. 

Based on the initial simplified modelling of the arc, it is found that the arc-quenching device using SiC 

MOSFETs should be able to carry up to several hundreds of Ampere in case of a fault before 
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commutating clearing it. Even if the current commutates in the parallel path of the SiC MOSFET the 

formulation of an arc at the contactors seems inevitable, because it will still carry the majority of the 

current when its contacts start moving. In order to reduce the severity of the arc the pre-charge 

resistance on the parallel path needs to be reduced but this increases significantly the current 

flowing through this branch resulting in semiconductors with higher current capability or utilising 

several in parallel. 

2.3 PRE-STUDY CONCLUSION 
Taking into account the aforementioned observations along with the high cost of SiC 

semiconductors, it is concluded that replacing the pre-charge contactor with SiC MOSFETs might be 

an alternative solution for protection and performing pre-charge of the DC-link capacitor. However, 

the speed of the protection system will still be limited by the slow response of a contactor which 

entails that the main benefit of the SiC semiconductor switches will not be utilised. This slow 

response of the system along with the inductance of high voltage cable results in significantly high 

currents which entails increased requirements for the semiconductor switches. Therefore, it is 

evident that an expensive solution, as the SiC MOSFETs, will never be applicable without taking 

advantage of its benefits.  

Consequently, based on these findings at the pre-study phase of the project, the main hypothesis of 

the thesis has been changed in order to investigate a solution where the advantages of SiC 

semiconductors would be maximised. 
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3 HYPOTHESIS 

Hypothesis: it is possible to use a SiC solid state circuitbreaker to replace the main contactor, the 

pack fuse and the pre-charge circuit. The unit shall provide full safety by protecting both the battery 

and vehicle from all overcurrents. 

3.1 OBJECTIVE 
The main objective of the thesis is to design a solid state circuit breaker utilising SiC and examine the 

feasibility of such an electronic circuit in the battery pack of a heavy vehicles. This solid state circuit 

breaker will replace one of the main contactors and the pre-charge resistor, which means that it will 

operate on the main branch. 

In a protection system the time required to react and clear a fault is one of the most crucial 

parameters. Therefore, the device needs to be fast enough to restrain the current increase for 

reaching levels which can jeopardize the battery cells and the rest of electrical components. In this 

project the level of the maximum current permitted in the system is set at 500 A. Considering the 

inductance of the high voltage cables the rise of the current in case of a shortcircuit requires 

response time from hundreds of nanoseconds up to some microseconds. Furthermore, interrupting 

DC current spontaneously entails overvoltages due to the inductance of the cables. This overvoltage 

should be limited to a lower level than the maximal rated voltage of the weakest component, and for 

this work 1200 V is considered. 

By replacing a contactor with a semiconductor switch the resistance of the battery is increased and 

this entails increased power losses which means higher cooling needs. The device should be 

dimensioned properly so that it is cooled effectively and do not add to high losses. The target for 

allowed losses of the design is set to maximum 1% of the battery cooling. 

The device should include the features of performing pre-charge the DC-link without compromising 

the safe operation of the vehicle and additionally to be self-triggered in order to meet the timing 

requirements. 

To summarise the requirements of the circuit breaker to meet the hypothesis, the circuit breaker 

shall:  

• Limit the maximum fault current from the battery to 500 A. 

• Limit the overvoltage to 1200 V. 

• Cause at maximum 1% increase of each battery pack’s internal resistance. 

• Not cost more than 1% of the current total cost of the battery pack 

• Perform in a safe controlled manner the pre-charge of the DC-link capacitance of the vehicle. 

• Be both externally controlled and self-triggered. 

3.2  OUT OF THE SCOPE - LIMITATION 
The electrical machine and the rest DC-DC converters for the auxiliaries will be ignored in the current 

investigation. They will be considered as loads requiring various current levels. The protection 

investigation will be limited at the DC-link and possible faults between the battery pack and the DC-

link capacitor, preserving in that way the maximum inductance of the system.  
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In designing the solid state circuit breaker more emphasis will be given in driving it in a safe manner. 

However, investigating and designing the active cooling of the device is out of the scope at this 

project. 

Given that this device will be installed in multi-battery vehicles, control and protection function in a 

system level seems challenging but due to limited time for this thesis, they are considered out of the 

scope. Isolation resistance is also set to be outside this thesis. 

Finally, SiC semiconductors are currently rather expensive but it is speculated that their price will be 

significantly reduced in the upcoming years, therefore cost optimisation is postponed until the 

market is stabilised. 
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4 LITERATURE 

4.1 DC CURRENT INTERRUPTION METHODS 
AC breakers utilise the inherent feature of zero-crossing current which enables the safe interruption 

of high currents. However, when interrupting DC currents the absence of zero-crossing results in 

further needs for protection, especially in circuits with inductive loads. During normal operation, 

magnetic energy is stored in the inductance of the system which renders the system reluctant in 

interrupting abruptly the current. 

Various methods have been developed to interrupt DC currents and protect electrical systems. The 

most common method of protection against shortcircuits is a melting fuse. Mechanical breakers can 

also be used to interrupt rated currents and over currents with the cost of formulation of arcs which 

result in reduction of their lifetime. Solid State relays utilising conventional semiconductors have also 

been proposed, but the power losses they introduce in the system does not justify the improvement 

in response time. Solutions utilising both semiconductors and mechanical breakers [9], such as ABB’s 

Hybrid circuit breaker [10] and SciBreaks’s resonant circuit breaker have also been proposed for 

interrupting DC currents without introducing high power losses in the system. 

4.1.1 Melting Fuse 

The general idea of a melting fuse, as the name indicates, is to melt when the current flowing 

through it exceeds a predefined limit, disconnecting the current path and clear the fault [12]. Given 

that its protection principle is based on melting the contacts and quenching the formulated arcs 

using sand, a melting fuse is irreversible and once it opens the circuit, it needs to be replaced.  

Despite the reliability the fuses offer, their response time depends highly on the magnitude current. 

Moreover, their lifetime is reduced when they are exposed to overcurrents or vibrations. 

4.1.2 Pyrofuse 

Pyrofuse is a pyrotechnic safety device providing overcurrent protection without being heated up like 

a conventional melting fuses. They are consisted of a conductive busbar and an piston which breaks 

the busbar when faulty currents are detected. The piston is controlled by an initiator which is triggered 

by the control system when the current exceeds a predefined limit. Therefore, pyrofuses are able to 

ensure protection even at low current levels where melting fuses response is quite slow. They can be 

adjusted to the current-clearing time curve and thus the cut-off time is independent of the actual 

current. Furthermore, they have lower on-state resistance, significantly reducing the losses [13] [14].  

However, one of their main drawbacks is the fact that a harmful arc can occur when breaking a 

current since there is no sand to ensure secure extinguishing of the arc, especially upon breaking 

inductive loads. Furthermore, the fact that the busbar breaks when the piston is triggered entails 

that the device is irreversible. 

4.1.3 Mechanical Breaker / Contactor 

A mechanical breaker can also be used to interrupt faulty currents. It consists of a conductive busbar 

and an coil which excites the magnets that control the position of the busbar. The fact that a 

conductive busbar is utilised entails that the contactors indicates insignificant conduction losses. 

However, it is not able to interrupt severe shortcircuits since the arc will not successfully been 

extinguished compromising the effectiveness of the protection system. Furthermore, arcs are 

formulated also at the contactors when they close the circuit and phenomena like welded contacts 



State-of-the-art DC Current Interruption Concept using SiC MOSFETs Pag. 17 

 

or bouncing might occur. Those phenomena might also result in compromising the reliability of the 

protection system and therefore they must be considered upon designing.  

4.1.4 ABB’s hybrid circuitbreaker 

In HVDC power systems a lot of research have recently been conducted in DC currents using 

semiconductor to enable arc-less switching over the mechanical disconnector and thus safe clear of a 

shortcircuit. The topology of ABB’s HVDC circuitbreaker is illustrated in Figure 3 is named as hybrid 

since it combines mechanical switch with solid state switch [10] [15] [16] [17]. The Hybrid HVDC 

breaker consists of: 

• A mechanical low-ohmic ultra-fast disconnector (UFD) which results in lower power losses 

comparing to other protection devices and also provides isolation of the Load Commutation 

Switch (LCS) and thus zero leakage current when it is turned off. 

• A solid-based IGBT stack which is named as Load Commutation Switch (LCS) and is not 

designed to break the current but to commutate it to the main break path. 

• An IGBT stack at the main break path capable to break the faulty current. If higher voltages 

are required more IGBT stacks can be used in series. 

• A Metal Oxide Varistor (MOV) in parallel with each IGBT stack in the main path, which is 

responsible for dissipating\absorbing the energy remaining in the system due to the fault. 

• A current limiting reactor (CLR) which is responsible to limit the slope of the faulty current. 

• A residual current disconnector which provides isolation in the circuit after clearing the fault. 

 

Figure 3: Topology of Hybrid HVDC circuitbreaker [15]. 

At normal condition the load current flows through the CLR, the UFD and the LCS resulting in low 

power losses (Figure 4). 

The operational principle to clear a fault is briefly summarised in the following procedure: 

1. When the fault current is detected LCS is turned off. 

2. The current commutates to the Main breaker path and the current flows through the IGBT 

stack. 

3. Since the current commutates to the Main Breaker UFD does not carry any current and thus 

it can open safely isolating the LCS from one side. 

4. Then, the Main Breaker interrupts the fault current. If more than one IGBT stack exists in the 

Main breaker path then the turning off is done successively to limit the current. 

5. To absorb and dissipate the remaining energy, the Arrester, MOV at this case, conducts and 

the current becomes equal to zero. 
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6. When the fault is clear the residual current disconnector, if exists, isolates the system to 

ensure safety. 

 

Figure 4: Operational principle of Hybrid HVDC circuitbreaker [16]. 

4.1.5 Active resonant  

In the case of the active resonant, at the time when the breaker is tripped the  contacts of the 

mechanical breaker and draw an arc. When the contact gap is sufficient large to ensure separation, 

the commutation path is enabled. This commutation results in discharging of the already charged 

capacitor and in leading the injected current to zero in the main path. The arc is extinguished and the 

fault current commutates into the commutation path.  

This concept was already mentioned in the previous sector and was initially described back in the 

70s. Currently, Mitsubishi Electric is promoting an updated version where, as mechanical breakers, 

vacuum interrupters are used. The reason for vacuum is that it enables faster interruption with 

shorter contact gaps and lighter contacts. At higher voltage levels, several breakers have to be 

connected in series paying attention in equally distributing the voltage across the components. 

Additionally, a charging circuit is required for the capacitor, while as discharge switch a triggered 

spark-gap or thyristor can be used [9] [18]. 

4.1.5.1 SciBreak 

A contemporary variant of the active resonant HVDC breaker is the model  proposed by SciBreak. A 

vacuum interrupter is equipped with a parallel branch containing an MOV having a protective voltage 

that exceeds the amplitude of the voltage sources in the connected networks. The auxiliary branch 

contains a passive series-resonant circuit, but, instead of using a switch to control the discharge of a 

charged capacitor, a series-connected low-voltage converter is used to excite the resonant circuit. 

Therefore, the output voltage of the converter is only a fraction of the protective voltage associated 

with the MOV. The semiconductor requirement of the converter reflects the low output voltage, 

which enables a significant cost reduction compared to other dc breaker approaches.  

The breaking operation is summarised in the following procedure: 

• A command to the mechanical actuator is given in order to start separating the contacts in 

the vacuum interrupter.  

• As the contacts are separated, an arc is formulated between the contacts  

• This excites the oscillating circuit and a oscillating current is added to the line current.  
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• When the amplitude  of the oscillating current exceeds the line current, the current through 

the vacuum interrupter approaches zero.  

• Then the current is extinguished and the line current is commutated into the resonant 

circuit. The low capacitor’s voltage at the moment of maximum oscillating current results in 

a small voltage step across the VI terminals as the current is extinguished.  

• The line current is conducted by the resonant circuit until the MOV protective voltage is 

reached and thus it is transferred to the MOV.  

• When the MOV protective voltage exceeds the network voltage driving the line current the 

latter decreases and approaches zero which terminates the current breaking operation [9] 

[19]. 

4.1.6 Solid State CB 

The solid state circuitbreaker consists of semiconductor devices such as metal oxide semiconductor 

field effect transistors (MOSFETs), insulated gate bipolar transistors (IGBT), gate turn-off thyristors 

(GTOs) and parallel commutation and power dissipation path such as metal oxide varistors (MOVs) or 

RCD snubbers. Under normal operation the current flows through the semiconductor devices. To 

interrupt the current, the semiconductors are switched off and then current commutates into the 

parallel commutation path. The snubber branch commutates the current and the MOV branch acts 

mainly as energy absorbing path if the energy stored in the inductance of the system results in 

significant overvoltages [17] [20] [21]. In Figure 5 a solid state DC breaker for one directional current 

interruption is illustrated.  

 

Figure 5: Unidirectional snubber circuit for solid state circuit breaker [20]. 

Bi-directional current interruption can be achieved by placing a similar semiconductor with an anti-

parallel diode in anti-series (Figure 6). However, bidirectional current breaking requires modification 

of the snubber circuit [20]. The solid state circuit breaker has proven to disconnect currents with the 

required speed for fault current interruption. The main drawback of the solid state circuitbreakers is 

the fact that the semiconductors are normally on and this entails power losses due to the voltage 

drop over the breaker, especially at Si-based applications. Therefore research have been focused in 

SiC applications which indicate lower on-state resistance and higher switching speed at smaller 

volumes. 
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Figure 6: Bidirectional snubber circuit for solid state circuit breaker [20]. 

4.2 SIC MOSFETS 
Silicon carbide (SiC) as a compound semiconductor material is formed by silicon (Si) and carbon (C). 

[22]. 

4.2.1 Structure improvements 

SiC MOSFETs indicate significant benefits comparing to their counterparts at voltage ratings of 600 V, 

1200 V and recently 1700 V applications. The ongoing research on the SiC semiconductors resulted in 

significant improvements at the structure of the MOSFETs. Some suppliers evolved their MOSFETs 

from planner gate DMOS (2nd Generation) to trench gate UMOS (3rd Generation) [23], while others 

optimised the doping profile of the 2nd generation DMOS [24]. Both improvements resulted in lower 

on-state resistance and lower capacitive charge which entails lower power losses and faster 

switching. 

It should be noted that the SiC MOSFETs are semiconductors and their resistance depends on the 

gate to source voltage. When this voltage is over a threshold voltage they start to conduct and while 

the gate-to-source voltage is increased the conductivity of the semiconductor is increased (linear 

region). As long as the drain-to-source voltage is lower than the gate-to-source voltage subtracted by 

the threshold, the semiconductor operates at the linear region. When the drain-to-source voltage 

increases the MOSFET operates at the active region and its conductivity is saturated [5]. 

4.2.2 Model 

Similar to Si MOSFETs the realistic SiC equivalent circuit as illustrated in Figure 7 consists of an ideal 

MOSFET with an inherent body diode and parasitic elements, inductances and capacitances. 

Regarding the gate-source resistance (rds), it depends mainly on the gate-to-source voltage. Usually, 

SiC MOSFET supplier intergrade a gate resistance (rg) in order to damp the oscillations during 

switching. Furthermore, MOSFETs have an inherent body diode (Dbd) which permits bidirectional 

current flow. The parasitic components affect significantly the transient behaviour of the MOSFET. 

Cds, Cgs and Cgd are respectively the parasitic drain source, gate source and gate drain capacitance of 

the MOSFET. While the parasitic inductance are the gate loop stray inductance (Lg), the total 

switching loop stray inductance (Ld) and the common source stray inductance (Ls), which is the stray 

inductance both in the power current switching loop and the gate current switching loop [25].  
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Figure 7 SiC MOSFET equivalent circuit model [25]. 

Regarding the switching transients, the events during turn-on and turn-off is similar for Si and SiC 

MOSFETs. Both devices indicate parasitic Cds, Cgd, and Cgs which affect their behaviour at switching. 

Similar to Si, Cgd and CDS are dynamic, depending on the voltage level, while Cgs is relatively flat. The 

parasitic inductances depends highly on the topology of the circuit and the packaging of the 

component. They can affect the switching speed, cause overshoot at the voltage across the power 

switches, and thus increase switching loss. They may also directly induce catastrophic failures, such 

as device breakdown and unintentional switching. Therefore, they should be properly considered at 

the design [5] [26]. 

4.2.3 Driver 

The ideal SiC MOSFET gate driver is responsible for enabling the full potential of the device. In 

general, the method for driving a SiC MOSFET is similar to their counterparts Si IGBTs However to 

optimise their operation and achieve fast switching, the gate driver requires higher voltage swing and 

larger current capability than common IGBT drivers [27]. 

SiC MOSFETs have a relatively low transconductance compared to Si MOSFETs. This results in 

requiring higher gate-to-source voltage to achieve the lowest VDS saturation voltage at high drain 

current. Where most Si MOSFETs achieve low VDS saturation at 8 V to 10 V on the gate-to-source 

(VGS), SiC MOSFETs typically require 15 V to 20 V to achieve low VDS saturation and thus minimise 

their on-state losses. 

The turn-on threshold voltage of SiC is similar or lower than Si MOSFETs which results in a larger VGS 

transition during switching. Therefore, the fast switching speed and low turn-on threshold of SiC 

MOSFETs necessitates a negative VGS level during turnoff, which varies from -2 to -5 depending on 

the device. Despite the very low parasitic Cds (Crss), the high dV/dt during turnoff can result in 

coupling enough charge from the drain-to-gate capacitance to reach the threshold voltage in case 

negative drive and a close coupled driver layout is not utilised [28].  

4.2.4 Reliability 

The reliability of SiC semiconductors is a topic which is extensively investigated. The first generation 

SiC MOSFET experienced several reliability issues. However, significant improvements have been 

made which resulted in increasing the reliability and the power cycling of the devices. The most 

important reliability issues that SiC MOSFETs experience are related to the oxide layer stability, 

degradation of the body diode, threshold voltage stability and humidity [28]. 
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4.2.4.1 Humid and Harsh Environment 

Humidity and moisture can deteriorate the ohmic contacts of the SiC semiconductors due to 

chemical reactions with the metallization when exposed to high temperature and oxygen-rich 

environments [28]. Given that this is a well-known issue, devices able to survive in harsh 

environment applications are being developed, such as 4H-SiC MOSFETs with a stable protecting 

coating presented in [29].  

4.2.4.2 Reliability of the gate-insulating layer 

Given that the gate-insulating layer in SiC power MOSFETs is made of oxide, its reliability directly 

affects the reliability of the SiC MOSFET. Therefore, a high-quality oxide is required and it is achieved 

by combining appropriate oxide growth process and device structure [28]. 

4.2.4.3 High junction temperature operation 

The ruggedness of SiC MOSFETs against surge currents is speculated to be partially dependent on the 

ability of the gate oxide to withstand high temperatures. It has been shown that the location of hot-

spots during short-circuit faults can be extremely close to the gate oxide. Consequently, it is 

suggested to ensure that the gate oxide of SiC MOSFETs is resistant to high temperatures [28]- 

4.2.4.4 Stability of the gate threshold voltage 

It have been noticed that the threshold voltage of SiC MOSFETs experiences some drift when 

continuous gate voltage is applied for an extended period of time. When the applied voltage is 

positive, electrons can be trapped at the interface between the gate insulating layer and the SiC 

body. This phenomenon increases the threshold voltage. The threshold is cleared once the traps are 

filled. When the applied gate voltage is negative for prolonged time period then the threshold 

voltage drops due to trapped holes [28] [29]. 

4.2.4.5 Reliability of body diodes 

Degradation caused by the conduction of its body diode is another aspect that affects the reliability 

of the SiC MOSFETs. If forward current is continuously applied to the body diode, the current path 

may progressively be blocked by a growing crystal due to hole-electron recombination energy. This 

results in both increased on-state resistance and forward voltage of the body diode. While, an 

increase of the leakage current in blocking mode has also been observed [28]. 

4.2.5 Parallelism 

Parallel connection of power semiconductors either discrete packaged devices or bare dies in 

multichip power modules is a common method to improve the current capability of the power 

semiconductors due to the limitation of the single die size. One of the undesirable consequences of 

the parallel connection is the current imbalance among the paralleled devices in both steady state 

switching transients. The roots of the current imbalance may be the mismatch at the power 

semiconductor device parameters and the mismatch of the circuit parameters. Given that the SiC 

MOSFETs are expected to switch much faster than Si counterparts, their sensitivity to the circuit 

parasitic parameters is much higher [30] [31] [32] [33]. 

4.2.5.1 Current imbalance in steady-state operation  

During the on-state phase, the current is distributed at the parallel MOSFETs in inverse proportion to 

their on-resistance. The MOSFET with the lowest on-resistance carries the highest current. The 

positive temperature coefficient of on-resistance naturally tends to compensate for a current 

imbalance and equalize the currents through each MOSFET.  
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Therefore parallel MOSFETs rarely suffer thermal breakdown in a steady state. On the other hand, 

the temperature coefficient for the voltage drop across a MOSFET body diode is negative. This entails 

that parallel MOSETs could have a large imbalance in the sharing of a steady-state current while their 

body diodes are in conduction. However, the current flowing through the body diode increases the 

temperature and thus its on-resistance increases, resulting in current reduction. Consequently, an 

imbalance in steady-state current rarely poses a problem [30] [32]. 

4.2.5.2 Current imbalance during switching transitions  

However the current imbalance occurring during turn-on and turn-off switching transitions affects 

significantly the reliability of parallel MOSFETs. The imbalances are caused by differences in switching 

time among the parallel power MOSFETs. Variations in switching times depend highly on the gate-

source threshold voltage (Vth). The smaller the value of Vth the faster the turn-on time; and the larger 

the value of Vth, the faster the turn-off time. Therefore, the MOSFETs with the smaller Vth 

concentrate, both during  turn-on and turn-off, higher currents which may result in a failure [30] [32].  

Another possible cause of a current imbalance during switching transitions is the circuit wiring layout 

which might result in variation at the stray inductances of the parallel MOSFETs. In particular, the 

source inductance affects the gate drive voltage. Therefore, It is desirable to equalize the lengths of 

interconnections between parallel MOSFETs [32]. 
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5 METHOD 

5.1 SYSTEMATISATION OF A MULTI-BATTERY VEHICLE 
Due to the increased power needs of the heavy vehicles, propulsion and auxiliaries, the energy of 

one battery pack is not adequate to meet the needs and drive the vehicle pure electric. Therefore, 

trucks and busses with more than one battery pack are developed. Depending on the design of the 

pack and the energy needs of the vehicle, proper number of batteries are placed on it.  

By increasing the number of battery packs per vehicle, the current from each individual battery is 

decreased and hence its cooling requirements too. This is however not the case for safety relevant 

currents since that has to be estimated for each individual pack’s maximum current. The power split 

between a number of packs per vehicle  hence allows for lower requirements of the semiconductor 

switch, but not for safety relevant currents, that mainly affect the protective circuits around the 

MOSFETs. 

Time synchronisation at the control system for all the battery packs is also an important parameter. 

Delaying current interruption in one pack entails it will need to supply the full load for a short time 

period. Especially in a faulty situation this possibility needs to be taken into account in the design of 

the controllers of the protections system, since severe short-circuits could damage irreversible the 

cells and the whole electrical system.  

5.2 POWER LOSSES 
Utilisation of semiconductor switches entails increase in the power losses due to the on-state 

resistance. Despite the advent of SiC semiconductor switches which indicate much lower on-state 

resistance than the conventional Si switches, the power losses on the electronic switch is much 

higher than a mechanical contactor with resistance in the order of hundreds of µOhms. 

The commercially available discrete SiC MOSFETs for 1200 V have an on-state resistance at the range 

of 20-30 mOhm which is significantly higher than the contactors’ resulting according to Ohmic law in 

proportionally more power losses and heat requiring dissipation. More expensive commercial 

modules combining MOSFETs in parallel can result in lower on-state resistance, e.g. to the range of 

an individual cell, at the range of 3-10 mOhm. 

Therefore it is concluded that meeting the requirements for high efficiency and successfully heat 

dissipation with the existence cooling system, several SiC MOSFETs should be used in parallel in order 

to reduce the on-state resistance of the electronic switch.   

It should be noted that the dissipation of the heat produced from the power losses on the on-state 

resistance is dimensioned for the rated current and not for faults or overcurrents. Moreover, the 

electric system usually operates in currents lower than the rated and thus the cooling system can 

cope with some increase in the power losses due to the replacement of the contactor with a 

semiconductor switch. 

5.3 SYSTEM MODELLING 
The investigation of the feasibility and the effectiveness of a SiC solid-state circuit breaker in the BJB 

replacing the pre-charge and one of the contactors at the main branch requires accurate modelling 

of the components and the overall topology along with the parasitic elements. Moreover, protection 
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aspects of the device against overvoltage should be considered, while rendering the device both self-

triggered and at the same time controllable by external signals is vitally important for the safe and 

reliable operation. Finally, the inrush current during the pre-charge phase should be restrained 

without prolonging the start-up period.  

5.3.1 System inductance  

When designing a DC CB, one of the most important parameters which needs to be considered is the 

inductances existing in the system. The main reason why the inductances are such important is the 

fact that they store magnetic energy when current flows through them and this energy needs to be 

absorbed or dissipated when the DC current is interrupted, otherwise dangerous overvoltage may be 

observed according to the equation: 𝑉 = 𝐿
𝑑𝑖

𝑑𝑡
. 

Given that the under-investigation solid-state CB is placed within the BJB which entails close to the 

Battery modules, the parasitic inductance at the input is rather small, in the range of 100 nH. 

However at the output of the proposed protection device, a rather long cable (16 m) is placed 

between the BJB and the DC-link capacitor which entails an inductance of approximately 16 µH.  

5.3.2 Parasitic elements 

The parasitic elements of a SiC MOSFET have been described at Chapter 4.2.2 and along with their 

impact on the transient and steady state behaviour of the discrete component. Therefore, during the 

modelling and the simulation phase a more accurate model than a simple model should be used. 

Therefore, a detailed model provided from the supplier have been introduced into the LTSpice model 

in order to simulate accurately the behaviour of the SiC MOSFET and the dependency of the 

parameters with the current, the voltage and the temperature. 

The reason why a provided model from the supplier is used is because those models accurately 

approximates the behaviour of the components and detailed calculation of each parasitic element is 

out of the scope at the current investigation. Detailed models to accurately calculate all the 

parameters have been developed in [34]) and these methods can be used in case further 

investigation is required due to deviation between theoretical and experimental results.  

5.3.3 Overvoltage protection 

The main issue when interrupting DC currents, as mentioned previously, is the overvoltage due to 

the energy (𝑊 =
1

2
𝐿𝐼2) stored in the inductances of the system. This energy needs to be considered 

when designing a DCCB. Therefore, the general structure of a DCCB consists of the main path, a 

commutation path and an energy absorption path as illustrated in Figure 8. 

 

Figure 8: General structure of DC circuitbreaker [9]. 

Two common solution for overvoltage protection in DC circuitbreakers are RCD or RC snubber circuit 

is utilised and a Metal Oxide Varistor (MOV) in parallel with the switch. 
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5.3.3.1 RCD snubber 

When designing an RCD snubber circuit the capacitor should be dimensioned in such a way that it 

can handle the energy stored in the inductance of the system [35] [36] [37]. When a freewheeling 

diode is used the capacitor of the snubber should be dimensioned to cope with the energy stored in 

the inductance at the input of the device. 

Both the capacitor and the diode should be dimensioned to handle the maximum peak current which 

the device is able to break because when the semiconductor switch is turned off the current 

commutates at the snubber and flows through the diode which have a  much lower resistance than 

the resistor. When the diode is reversely biased the current flows through the resistor, which 

dissipates part of the energy. The resistor should be dimensioned properly in order to be able to 

withstand the increased power losses due to the faulty current flowing through it. This is the reason 

why a wound resistor is selected for this topology, since it can handle high surge currents and 

dissipate safely the high power loss spike. Regarding the value of the resistor, it should be high 

enough to damp the oscillation of  the voltage due to the LC circuit, but at the same time, a smaller 

value reduces the losses at each switching. Therefore, using the rule of a thump a value of 1 Ohm is 

initially selected and afterwards it is tuned properly during the simulations [35]. 

It should be noted that all the elements of the snubber should be rated at the same voltage as the 

semiconductor switch (1200 V). Generally, an overvoltage of 10-15% is acceptable and this is the 

main criterion along with switching losses at tuning the snubber. Regarding the diode, a SiC 

component is selected since it is a compact and reliable solution with small recovery time. 

5.3.3.2 MOV 

When designing the energy dissipation path, the solution that initially was investigated was the MOV. 

When the voltage exceeds a predefined limit due to switching, it starts conducting absorbing and 

dissipating the energy stored in the inductances of the system. However, MOVs are sacrificial and 

flammable components especially after several operations, it has been decided to avoid their use 

next to the battery modules [38] [39]. 

To avoid the usage of an MOV in parallel with the semiconductor switch, a freewheeling diode was 

utilised at the output of the protection device in order to commutate the current flowing in the 

inductance of the cable between the BJB and the DC-link capacitor. It should be noted that this diode 

should be able to withstand the maximum current flowing in the system for the time period it flows 

through the DC-link cables. 

The fact that only the energy stored in the small inductance between the battery modules and the 

BJB needs to be dissipated, the requirements for the snubber are significantly reduced and a MOV is 

thus not necessary as the simulation results indicate in Chapter 7Error! Reference source not found..   

5.3.4 Self-triggering protection 

The current in case of a short-circuit is rapidly increased, on a very short time scale, especially if the 

fault occurs close to the battery which entails smaller inductance and resistance from the cable with 

constant voltage. The main idea of the suggested device is that it will react spontaneously to the high 

current and limiting it. Therefore the sensing method should be an inherent feature of the protection 

device, otherwise if a conventional current measurement (shunt, hall sensor) was to be used, the 

time to turn the current off with the switch might be too long, resulting in high currents. 

Two main ideas where investigated in order to sense the overcurrent: 
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• sensing high voltage diode, which senses the voltage increase across the MOSFET due to the 

increased current flowing through it during the shortcircuit [40]. 

• integrated Rogowski coil, which senses the derivative of the current which is significantly 

increased during the shortcircuit [41] [42]. 

In case of the Rogowski coil, it produces a voltage proportional to the derivative of the current and 

this voltage can be compared directly with a predefined value to distinguish between fault, 

overcurrent and normal operation or it can be integrated and compared afterwards [38]. However, 

the solution with integrated Rogowski coil in the PCB required further investigation and time and 

thus was not further studied in the frame of this thesis. 

Regarding the method with the sensing diode, the cathode is connected to the drain of each MOSFET 

while the anode is connected to the source through two resistors, which are used as a voltage 

divider. When a shortcircuit occurs at the cable of the DC-link, the current flowing through the 

MOSFET is rapidly increased and enters saturation resulting in increase of the voltage drop across the 

switch. This increased voltage results in increased voltage across the lower resistor of the voltage 

divider. The output voltage of the voltage divider is filtered from noise using a capacitor and 

afterwards it is compared with a reference voltage to identify if there is overcurrent flowing through 

the MOSFET. Afterwards an RC delay is added and a second comparator with a higher reference 

voltage in order to distinguish between faults and overcurrent. 

It should be noted that this protection feature is applicable only when the MOSFET is at the on-state. 

The upper resistor at the voltage divider and the diode should be rated for nominal voltage while the 

rest of the components at the sensing schematic for low voltage. The maximum input voltage at the 

comparator should be higher than the maximum output voltage from the voltage divider and this 

affects the values of the resistors. The values of the filters and the voltage references are selected 

and optimized in the simulations. Their values highly depends on the required speed and the 

maximum permittable current at the main circuit.  

When a short-circuit is sensed, two methods to trigger the protection function of the device were 

investigated: 

• Send the signal to the low voltage side of the control system using an isolated DC-DC 

converter and de-activate the gate drivers [38]. 

• Drive with the signal through a transistor which in case of a fault will shortcircuit the gate 

and the source through a resistor. In that case the voltage across the gate and the source will 

be close to zero which is lower than the threshold and therefore the MOSFET will be turned 

off. 

The solution with the isolated DC-DC converter adds further delay in the protection system and given 

that triggering speed is crucial in the design the second method was opted for. 

5.3.5 Pre-charge feature 

At the current topology of the BJB, a contactor in series with resistor is utilised in order to pre-charge 

the capacitor at the DC-link, and this function should be performed by the suggested protection 

device. MOSFETs are semiconductor switches which entails that they can be operated in the linear 

region for limited time period by controlling the gate-to-source voltage. This capability can be used in 

order to limit the inrush of current during the pre-charge phase but the increased energy dissipated 

when operating in the linear region should be considered.  

Two different approaches have been investigated using this feature: 
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• supply constant 5V gate-to-source voltage till the capacitor is charged, restraining in such a 

way the current inrush but at the same time delaying the pre-charge phase. 

• delay the increase of the gate-to-source voltage provided using a capacitor between the gate 

and the driver during the turn-on. Therefore, the gate-to-source voltage will be increased 

slowly rendering the MOSFET more and more conductive. This entails that initially the 

current will as well slowly increased till the MOSFET is set at on-state. 

Using the delay capacitor, the pre-charge is performed faster than the case with constant low voltage 

supply. However, the capacitor remains in the circuit and delays every turn-on of the MOSFET, which 

in the examined application is not a problem. However, if PWM is implemented on the switches, the 

pre-charge function should be reconsidered. 

Finally it should be noted that, during the pre-charge phase the self-triggering function should be 

disabled. This is due to the fact that the self-triggering depends on the voltage drop across the 

MOSFET which in the case of pre-charge the dissipated energy is higher than the normal operation 

because the semiconductor is operated at the linear region. 
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6 DESIGN 

The replacement of a contactor at the main branch with a semiconductor switch results inevitably to 

increased power losses, which need to be dissipated by the cooling system of the battery. The power 

losses are proportional to the square of the current and thus by reducing the current per MOSFET 

the cooling requirements are significantly reduced. The individual semiconductor current can be 

reduced by placing several MOSFETs in parallel or by using multi-battery vehicles where the total 

load is divided among the batteries. 

Taking that into account and the fact that multi-battery heavy vehicles exist on the market on a 5 

batteries vehicle a combination of 25 parallel MOSFETs is required to be the 1% cooling requirement 

of the batteries cooling system in an electric/hybrid heavy vehicle with rated load of 350A. However, 

given the currently high cost of the SiC MOSFETs, the initial cooling requirement is updated to 5%. 

Therefore, a combination of 6 parallel MOSFETs in a 5-batteries vehicle is required. The number of 

parallel MOSFETs is determined based on the percentage of the permittable losses in each pack while 

the minimum number of batteries is determined by the current capability of the commercially 

available semiconductors with reasonable price. 

Therefore the suggested topology is illustrated in Figure 9. 

 

Figure 9: Suggested topology for the Battery Junction Box utilising SiC solid state circuitbreaker. 

It should be noted that the semiconductor switches can only interrupt currents flowing from the 

battery to the load. Therefore, during charging where the current flows on the reverse direction 

through the inherent diode of the MOSFET, it cannot be interrupted by semiconductor. To cope with 

a faulty overcurrent during the charging the contactor at the negative pole of the battery will be 

triggered to open the circuit and clear the fault. The reason why in this case the contactor can be 

safely operated without severe arcing is because in this case the maximum charging current is lower 

than the short circuit’s and charging currents can be well within the specifications of the contactor.  
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6.1 LT SPICE MODEL 
Taking into account all the aforementioned considerations about the design and by following the 

requirements for each component according to the suppliers’ specifications, the under investigation 

simulation model of the circuit is developed into LT Spice. The topology is divided into three 

interacting sub-circuits: the main power circuit, the gate driver for the MOSFETs and the circuit which 

enables the self-triggering of the device in case of a shortcircuit. 

6.1.1 High power circuit 

The main power circuit as it is inserted in the simulation model is depicted in Figure 10.  

 

Figure 10: Main power circuit model used for simulating the shortcircuit. 

A high voltage battery of 700 V is selected with an internal resistance of 0.1 Ohm. Lbat represents the 

stray inductance between the battery modules and the BJB while Lcable represents the inductance of 

the high voltage (VCB) cables. M1 – M6 are the selected SiC MOSFETs and the utilized model is 

provided by the supplier while their control signals are derived by the gate drive. An RCD snubber, 

Csnub Rsnub and Dsnub, is utilised for the overvoltage protection and each component’s internal 

resistance is selected according to the suppliers specifications. The selected freewheeling diode is 

introduced as an ideal component. Given that it is assumed that the developed protection device is 

used in a 5-batteries vehicle with a rated current of 350 A, the resistor which simulates the load 

(Rload) is selected properly to simulate the 70 A per battery pack. The shortcircuit happens at 97 µsec 

and it is modelled as a switch in parallel with the load which is turned-on to bypass the load. 
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Regarding the simulation model for the pre-charge circuit, depicted in Figure 11, a DC-link capacitor 

(CDC-link) of 2 mF is opted for, and the load is connected through a switch (SW) when the DC-link 

voltage reaches 95% of the rated.  

 

Figure 11: Main power circuit model used for simulating the pre-charge circuit. 

6.1.2 Gate driver circuit 

The selection of the gate driver is based on both high output current which enables fast switching of 

the MOSFETs and small propagation delay since speed is crucial in a protection device. The model of 

the selected driver (UCC21520) is provided by the supplier and the respective resistors and 

capacitors are selected based on the application note [43]. Based on the specifications of the 

MOSFET and the available power supplies in the market, the gate to source voltage is selected to be 

15 V and -3 V during on- and off-state respectively. Thus Vdd is selected to be 15 V and Vss -3 V. Ron 

(1kOhm) along with Vdd determine the turn-on speed of the MOSFET while Vss and Roff (1Ohm) the 

turn-off, which needs to be much faster in a protection device. Cpre (47 nF) is the capacitor which 

delays further the turn-on processes in order to limit the current during the pre-charge operation. It 

should be noted that each driver controls two parallel MOSFETs simultaneously (control1 and 

contro2 signals). 
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Figure 12: Gate driver simulation circuit. 

The values of the components used in the circuit illustrated at Figure 12 are the following: 

Vdd1, Vdd2 15 V 

Vss1, Vss2 -3 V 

Rdd1, Rdd2 2.2 Ohm 

Rss1, Rss2 2.2 Ohm 

Ron1A, Ron2A 1 kOhm 

Ron1B, Ron2B 1 kOhm 

Roff1, Roff2 1 Ohm 

Cds1, Cds2 1 µF 

Cpre1, Cpre2 47 µF 

6.1.3 Self-triggering shortcircuit protection circuit 

As mentioned in Section 5.3.4 the self-triggered protection is based on the voltage drop over the 

semiconductor during the on-state. As sensing method a high voltage diode is utilized (Dsense) and it 

conducts when the current flowing through the MOSFET is increased and a voltage proportional to 

the increased current is developed across the RupS1 and RlowS1. The voltage divider utilizing RupS1 and 

RlowS1 ensures that the voltage at the input of the comparator does not exceed its rated, while a 

reference to identify if the increased current is an overcurrent is provided by the voltage divider 

Rref1A/Rref2A. The RC filter at the output of the comparator Ucom1A along with the reference from the 

voltage divider Rref1B/Rref2B are used to distinguish whether the overcurrent is temporary or it is a 

shortcircuit. When the input voltage at the Ucom1B becomes higher than its reference the BJT is 

triggered short-circuiting the gate and the source of the MOSFET through a resistor. Except the 

sensing diode both the 10 kOhm resistor and the RupS1 should be dimensioned for high voltage since 

they can be subjected to the rated voltage of the device. The circuit illustrated in Figure 13 refers to 

the protection method for M1 while identical circuits are used for the rest MOSFETs of the device.  
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Figure 13: Self-triggering protection circuit. 

It should be noted that during the pre-charge operation the self-triggered protection circuit needs to 

be disabled, and this is achieved using control1pre signals. This signal is derived by the circuits 

illustrated in Figure 14, and is either 0 or 5V (Vddp). During the pre-charge operation the control signal 

is 0 V and thus the comparators are disabled which entails that the self-triggering cannot be 

activated. When the pre-charge phase is finished then the signal has a value of 5V enabling the 

comparators. The control1pre signal is used for controlling all the comparators in the device 

simultaneously and the driver circuit for the signal is similar to the gate drivers of the MOSFETs. The 

only difference is on the resistors used for the turn-on (Ronp) and the fact that there only positive 

voltage (Vddp). 

The values of the components used in the circuit illustrated at Figure 14 are the following: 

Vss 5 V 

RupS1, Rref1A 47 kOhm 

RlowS1 500 Ohm 

Rref2A 150 Ohm 

Rref1B 150 Ohm 

Rref2B 500 Ohm 

RcomA1, RcomB1 1 kOhm 

Rgs1 10 Ohm 

CF1 100 pF 

CD1 1nF 
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Figure 14: Pre-charge control circuit. 

The values of the components used in the circuit illustrated at Figure 14 are the following: 

Vddp 5 V 

Rddp, Rssp 2.2 Ohm 

Ronp 10 

Roffp 1 

Cdsp 1 µF 
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7 SIMULATION RESULTS 

The suggested design has been modelled in LT Spice as analytically described at Chapter 6.1. The 

operation of the SiC solid state circuitbreaker is simulated in the following scenarios: 

• Interrupt of nominal current using external control signal 

• Interrupt a shortcircuit current using external control signal 

• Interrupt a shortcircuit current using the self-triggering protection circuit 

• Perform pre-charge of the DC-link capacitor. 

In all the scenarios, the load of 350 A is fed by 5 batteries which entails that each battery provides 70 

A during the normal operation. 

7.1 NOMINAL CURRENT USING EXTERNAL CONTROL SIGNAL 
In this scenario, the system is at steady state with rated load current and at 100 µs, an external 

control signal is given to the driver to turn off the switch. As it is illustrated at Figure 15, the current 

flowing through each MOSFET (red curve) is reduced spontaneously to zero, and the current 

commutates to the RCD snubber.  

 

Figure 15: Current flowing through each MOSFET (red), Battery (green) and Snubber circuit (blue) during turn-off 
transient in normal operation. 

As it is displayed in Figure 16 and Figure 17, the current flowing through each MOSFET is reduced to 

zero within 130 nsec from the external control signal and the drain to source voltage (blue curve) 

during the turn-off procedure is low (up to 7 V). This entails that the switching losses of the device 

are low as well and within the safe operation area of the SiC MOSFET provided at its specification 

[44]. The delay of the voltage increase is owing to the effective dimension of the RCD snubber where 

the current commutates at the transient. The fact that there is no overvoltage due to the stored 

energy at the inductances of the system indicates also the effectiveness of the snubber and the free-

wheeling diode.  
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Figure 16: Current flowing through each MOSFET (red) and drain to source voltage (blue) during turn-off transient in 
normal operation. 

The time required to turn off the MOSFET with an external signal is the sum of the delay time at the 

driver circuit and the time required to reduce the gate-to-source voltage lower that the threshold 

voltage of the component. The oscillation observed at the current is due to the parasitic capacitors of 

the utilised model, but they do not compromise the safe operation of the device. 

 

Figure 17: Current flowing through each MOSFET (red) and drain to source voltage (blue) during turn-off transient in 
normal operation (Zoomed in). 

7.2 SHORTCIRCUIT CURRENT USING EXTERNAL CONTROL SIGNAL 
In this scenario, the system is at steady state with rated load current and at 97 µs, a shortcircuit at 

the load occurs. An external signal is given to the driver at 100 µs in order to turn off the MOSFET 

and clear the fault. In this case the fault is assumed to be sensed and a trigger signal to be send at the 

protection device within 3 µs. As it is illustrated at Figure 18, the current flowing through each 

MOSFET (red curve) is reduced spontaneously to zero, and the current commutates to the RCD 

snubber. The maximum current in this case flowing at the battery is 230 A while the maximum 

current per MOSFET is 33 A. The current flowing through the battery continues increasing even after 
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the MOSFETs are turned-off until the capacitor of the snubber is completely discharged an the diode 

of the snubber is reversed biased.  

 

Figure 18: Current flowing through each MOSFET (red), Battery (green) and Snubber circuit (blue) during turn-off 
procedure in clearing a shortcircuit using external control signal. 

Figure 19 displays that the switching losses during the turn-off of the switch are rather low since the 

voltage remains low when the current is reduced to zero. The overvoltage observed at the drain-to-

source voltage (blue curve) due to the current interruption of the current flowing through the 

inductor at the input of the protection device is 86 V. This indicates that the snubber commutates 

effectivelly the current and protects the device from overvoltages due to the stored magnetic energy 

at the inductance of the system. More specifically, the fact that the observed overvoltage is within 

acceptable limits entails that the resistor of the snubber is properly dimensioned. 

 

Figure 19: Current flowing through each MOSFET (red) and drain to source voltage (blue) during turn-off procedure in 
clearing a shortcircuit using external control signal. 

Regarding the speed of the protection device, Figure 20 illustrates that the propagation delay of the 

control signal in the driver is 23 nsec and afterwards the gate-to-source voltage (green curve) starts 

to be reduced. The reduction of the gate-to-source voltage results in reduction of the conductivity 

and when it becomes lower than the threshold voltage the semiconductor. It is observed that the 

MOSFETs are succesfully turned-off within 110 nsec after the external control signal is given at the 

driver. 
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Figure 20: Current flowing through each MOSFET (red), gate to source voltage at each MOSFET (green) and external 
control signal (blue) during turn-off procedure in clearing a shortcircuit using external control signal. 

7.3 SHORTCIRCUIT CURRENT USING THE SELF-TRIGGERING PROTECTION CIRCUIT 
In this scenario, the system is at steady state with rated load current and at 97 µs, a shortcircuit at 

the load occurs. Comparing to the previous scenario, in this case the protection system does not 

require any external control signal to clear the fault but it is self-triggered. The shortcircuit is sensed 

using the circuit described in Chapter 5.3.4 and turns off the MOSFETs by short-circuiting the gate 

and the source through resistors. As it is illustrated at Figure 21, the current flowing through each 

MOSFET (red curve) is reduced spontaneously to zero, and the current commutates to the RCD 

snubber. The maximum current in this case flowing at the battery is 250 A while the maximum 

current per MOSFET is 36 A, which are higher values than the previous case with external triggering. 

The current flowing through the battery continues increasing even after the MOSFETs are turned-off 

until the capacitor of the snubber is completely discharged an the diode of the snubber is reversed 

biased.  

 

Figure 21: Current flowing through each MOSFET (red), Battery (green) and Snubber circuit (blue) during turn-off procedure 
in clearing a shortcircuit using the self-triggering protection feature. 
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Figure 22 verifies as well the findings of the previous scenario about the effective operation of the 

snubber which commutates the current from the main path when the MOSFETs are turned off, 

delaying in that way the drain to source voltage increse and finally limiting the overvoltage due to 

the interuption of the current at the input (battery side) inductance. 

 

Figure 22: Current flowing through each MOSFET (red) and drain to source voltage (blue) during turn-off procedure in 
clearing a shortcircuit using the self-triggering protection feature. 

Regarding the speed of the protection device, Figure 23 illustrates that an overcurrent is sensed 1 

µsec after the fault and it required 2.5 µsec to start considering as a shortcircuit. Thus in totat, 3.5 

µsec are required to sense the fault at the end of the cable (16 µH) and afterwards the protection 

system is self-triggered, and the MOSFETs are turned-off within 110 nsec. 

 

Figure 23: Current flowing through each MOSFET (red), sensing overcurrent signal (green) and sensing shortcircuit signal 
(blue) during turn-off procedure in clearing a shortcircuit using the self-triggering protection feature. 

7.4 PRE-CHARGE OF THE DC-LINK CAPACITOR 
In this scenario, the protection device is utilised to pre-charge the DC-link capacitor of the circuit as 

described in Chapter 5.3.5. As illustrated in Figure 24 the current provided by the battery (green 

curve) is gradually increased up to 75 A and to reach the 665 V (95% of the rated) 110 msec are 

requred. 
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Figure 24: Current flowing through each MOSFET (red), Battery (green) and DC-link capacitance voltage (blue) during 
pre-charge procedure. 

 

Figure 25: Current flowing through each MOSFET (red) and drain to source voltage of each MOSFET (blue) during pre-
charge procedure. 

As illustrated in Figure 26, the gate to source voltage (blue curve) is gradually increased resulting in 

increasing conductivity of the MOSFET which means increasing current. On the other hand, as the 

DC-link capacitor is charged the drain to source voltage (blue curve in Figure 25) is reduced which 

means that the inrush current during the pre-charge phase is limited and thus the pre-charge phase 

is achieved in a controlled way. 
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Figure 26: Current flowing through each MOSFET (red) and gate to source voltage of each MOSFET (blue) during pre-
charge procedure. 
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8 EXPERIMENTAL VERIFICATION 

To experimentally validate the concept of solid state circuit breakers using SiC MOSFETs, a prototype 

PCB has been developed using the respective components according to the simulations. The 

prototype for safety reasons is tested in underrated voltage and current, 50 V and 20 A respectively. 

At the prototype both the self-triggering and the pre-charge features are added to the circuit board 

but at this stage they will not be tested. 

8.1 PCB DESIGN 
The PCB of the prototype has been designed using the DipTrace software. The schematic used is 

illustrated in Figure 27,Figure 28 and Figure 29, while the PCB drawing in Figure 30. Creepage 

voltage, traces width and distance between the components were selected to meet the 

requirements for the tests.  

 

Figure 27: Schematic of the solid state circuitbreaker used in the PCB design (main power circuit).  
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Figure 28: Schematic of the solid state circuitbreaker used in the PCB design (driver circuit). 

 

Figure 29: Schematic of the solid state circuitbreaker used in the PCB design (self-triggering protection circuit). 

As illustrated in the PCB drawing there is one main input for the power and one main output. Next to 

the output there is the main grounding of the device. There are also four inputs for lower voltage 

signals and power supplies. A 24 V power supply is required for the DC-DC converters which provide 

the required gate to source voltage at the semiconductor and a 5 V power supply is required to 

enable the gate driver IC. Additionally two 3.3 V signals are required as inputs, one controls the 

Semiconductors while the other enables the pre-charge phase. 
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Figure 30: PCB drawing of the SiC solid state circuitbreaker. 

8.2 TEST BENCH 
The prototype is tested in underrated conditions with 40 V and 20 A. For safety reasons a power 

supply limiting the maximum current to 25 A is used. For the rest required power suppliers and 

control signal properly regulated DC voltage sources are utilised. 

For the connection points at the power circuit, cables of 10 mm2 have been selected based on their 

maximum current that they will carry during the tests. The current requirements of the rest voltage 

sources were selected to be 6 mm2.  

The test bench along with the prototype bearing the selected components are displayed in Figure 31. 
During the test, the capability of the protection device to interrupt 20 A at 40 V using external control 
signal will be examined. In series with the PCB and the DC source, a shunt with 0.75 Ohm resistance 
is used as current measurement and the voltage drop across it is measured with an oscilloscope in 
order to determine the current.  The inductor used in the test bench is much higher than the one 
used in the simulation results at the previous sections. The higher inductance does not affect the 
validity of the concept verification since it entails higher energy which needs to be dissipated after 
disconnecting the DC source,  which increases the requirements in the free-wheeling diode. 

 

Figure 31: Test bench. 
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8.3 EXPERIMENTAL RESULTS 
The test was conducted in Scania facilities and the prototype of the SiC solid-state circuit breaker 

successfully disconnected the power source as it is illustrated in Error! Reference source not found. 

and Error! Reference source not found.. In both figures, the cyan curve refers to the gate-source 

voltage at one of the SiC MOSFETs of the prototype and the yellow curve is the voltage drop over the 

shunt which measures the current of flowing through the prototype. It should be noted that the 

voltage drop is with reverse polarity and thus the current increase illustrated in both figures is 

increase from -20 A to 0. The settings from the oscilloscope at both figures are presented are in Table 

1. Given that a shunt with 0.75 Ohm resistance is used, the 500 mV/div in terms of current 

represents 6.67 A/div. 

 Error! 

Reference 

source not 

found. 

Error! 

Reference 

source not 

found. 

Time/division 10 μsec /div 1 μsec/div 

Channel 1 (yellow curve) V/division 500 mV/div 500 mV/div 

Channel 2 (cyan curve) V/division 5 V/div 5 V/div 

Table 1: Setting of the oscilloscope used  in the experimental setup. 

 

Figure 32: Experimental results of the current flowing through the shunt (yellow) and the gate to source voltage at each 

MOSFET (cyan). 

As illustrated in Error! Reference source not found., the gate source voltage is initially 15 V and 

when the external command is given, it is reduced to -3 V in order to turn off the SiC MOSFET. When 

the gate-source voltage is reduced, the current flowing through the prototype is stats to be reduced 

from its initial value of 20 A. When the gate source voltage becomes -3 V, the MOSFETs are turned 

off and the current flows through the RCD snubber circuit and it becomes negative (-2.7 A). The 

current becomes negative because the voltage at capacitor of the snubber is increased slightly higher 

than the supplier DC voltage during the commutation of the current from the SiC MOSFETs to the 
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snubber. The voltage increase is owing to the inductance of the cables between the prototype and 

the power supply. 

 

Figure 33: Experimental results of the current flowing through the shunt (yellow) and the gate to source voltage at each 

MOSFET (cyan) - Zoomed-in. 

As illustrated in Figure 33, the SiC MOSFETs are turned off within 4 μsec, which is higher than the 

results depicted at Figure 34 (1.4 μsec), which is derived by simulating the test topology in LTSpice. 

This increase is probably owing to the parasitic inductances on the driver circuit at the prototype 

which are ignored in LTSpice. However, by optimising the PCB design, the parasitic inductances can 

be further reduced which will eventually increase the speed of the prototype. Additionally, the 

negative current when the MOSFETs are turned-off is also illustrated in the simulation results with 

similar magnitude (-1.82 A). One evident difference between the experimental and the simulation 

results is the fact that in the experimental the gate-source voltage is reduced simultaneously with the 

current and which is mainly owing to the fact that the sampling frequency of the used oscilloscope is 

not adequate to track such a fast transient.   
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Figure 34: Simulation results of the current flowing through the Battery (red) and the gate to source voltage at each 

MOSFET during underrated operation in the compliance with the tested circuit. 
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9 CONCLUSIONS 

The investigated method of interrupting DC currents and protecting high voltage traction batteries 

using a SiC solid state circuit breaker seems to be feasible from a protection perspective. Based on 

the findings of the conducted research it is noted that: 

• The protection system clears a fault much faster than a conventional BJB within 110 nsec. 

However 2.5 µsec are required to sense the fault which could potentially be reduced with the 

use of a Rogowski coil which senses the derivative of the current. This delay time in the 

sensing procedure in order to avoid unnecessary triggering due to temporary overcurrents or 

noise. 

• The overvoltage due to the interruption of DC currents flowing through the inductances are 

limited within acceptable limits using the snubber circuit and the free-wheeling diode. 

• The RCD snubber is sufficient to limit the overvoltage due the magnetic energy stored in the 

inductance at the input of the circuitbreaker and thus the utilisation of a parallel MOV to 

dissipate the rest energy is not required. 

• The free-wheeling diode commutates the current flowing through the inductance of the 

cable between the protection device and the DC-link capacitor. 

• The protection device is completely controllable using external signals and with rather low 

switching losses.  

• Using MOSFETs instead of contactors, the operation becomes arc-less and tackles the issue 

of welded contacts and reduced lifetime of the contactors. The fuse in the suggested 

protection system is redundant and can potentially be removed if the standards allow. 

• The self-triggering feature provides the capability to the device to interact fast into a 

shortcircuit and eliminates the dependency of the protection system from external sensing 

and triggering methods. 

• The pre-charge of the DC-link capacitors of the vehicle can be performed within 110 msec by 

operating the MOSFETs at their linear region, and this method is faster that the 

contemporary solution.  

• The goal of maximum 1% increase of the on-state power losses is not feasible due to the high 

cost of SiC MOSFETs and thus 6 parallel MOSFETs are selected, which eventually results in 

4.167% increase of the power losses in the battery pack. The current capability of the SiC 

MOSFETs existing on the market results in the need of using 6 in parallel in a multi-battery 

vehicle of at least 5 batteries. 

• The use of SiC MOSFETs only at the pre-charge branch does not increase the power losses 

significantly. However, the speed of the protection system is still limited by the much slower 

mechanical contactor and melting fuse, which entails that the main benefit of SiC is not 

utilised. 

• SiC MOSFETs are still pricey components and despite the controllability that they add to the 

system, it is not feasible from a cost perspective to replace a cheap and reliable solution at 

the contemporary vehicles with a much more expensive component.  
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Taking everything into consideration, it can be concluded that a SiC solid state circuitbreaker is a 

promising alternative solution to protect and control the batteries.  

The main restriction from implementing this solution is high cost, which speculatively is likely to be 

reduced in the following years. When their price becomes comparable to their Si counterparts and 

their reliability and robustness is proven, then SiC solid state circuitbreakers could replace the slow 

mechanical contactors, fuses and pre-charge components. Except for providing a speedy protection 

system, they add controllability in the system, which could potentially add more value in the 

electrified vehicles by utilising the batteries in a more efficient way from a system perspective. 
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10 FUTURE WORK 

The topic of SiC MOSFETs and their use in solid state circuitbreakers required further investigation in 

order to be applicable. Therefore, some recommendation for further research are the following: 

• Identify the operation limits of SiC semiconductor switches and prove their reliability and 

robustness. 

• Investigate the effectiveness of the self-triggering circuit. 

• Add current measurement on the prototype and this could be achieve either by intergrading 

a Rogowski coil in the PCB or by measuring the voltage across the semiconductor which at 

the on-state has quite stable resistance. 

• Add CAN communication in the prototype and use an analog-digital converter (ADC) to 

communicate the measurements. 

• Investigate the use of bare die MOSFETs which have indicated to have better reliability due 

to the absence of the packaging. 

• Investigate the consequences in case of a failure in one of the MOSFETs. 

• Investigate the required control in a multi-battery vehicle which needs to be simultaneous. 

• Investigate the possibility of applying PWM signals on the MOSFETs in order to control the 

current flowing from each battery. 
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