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Abstract  

In recent years the vehicle industries have been making much efforts to reduce the environmental 

impact by switching from the traditional combustion engine to electrification with battery driven electric 

vehicles. Producing electric trucks requires more batteries and operates at a higher voltage and current 

than commercial electric cars. Therefore, detection and protection from short-circuits are crucial issues 

in the development of these vehicles to ensure safety. This master thesis project aims to investigate 

different methods for current measurement, which are commercially available and used in the battery 

junction box in an electric vehicle for current monitoring and detection of overcurrent and short-circuits.   

A practical experimental validation is then performed to test the desaturation detection method as a 

short-circuit detection method with a solid-state breaker. The experimental results showed that the 

short-circuit could be detected within just 7µs and the total time for the solid-state breaker to detect 

and cut the circuit could be done within around 15µs. The discussion around the current measurement 

method came to the conclusion that the Hall sensor or the flux gate current transducer could be a 

possible replacement of the shunt that is currently being used in order to reduce losses as the system 

operates at higher current levels.  

Comparison of this method with different existing current measurement sensors is suggested to do in 

the future work.   
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Sammanfattning 

Denna rapport tillhör ett examensarbete med fokus på strömmätning i elektriska fordon. Detta gjordes i 

samarbete med Scania för att undersöka metoder för att med hjälp av strömmättning kunna detektera 

överströmmar som ofta sker på grund av en kortslutning. En förstudie påbörjades där kunskaper om hur 

kopplingen i batteriets BJB ser ut och fungerar då det är där strömsättningens ska ske. Krav blev sedan 

fastställda på hur fort en kortslutning måste upptäckas och hur denna information sedan ska skickas till 

strömbrytaren. Detta examensarbete fortsätter sedan arbetet från ett tidigare examensarbete av 

Georgios på Scania vilket handlade om en så kallad solid-state brytare. En solid-state brytare är en typ av 

strömbrytare som använder sig av SiC MOSFET halvledare för att öppna och stänga kretsen.  

Resten av förstudien bestod av att ta reda på vilka metoder det finns för strömmättning samt jämföra 

deras fördelar och begränsningar för att användas i lastbilens BJB. Efter förstudien kunde ett antal 

kandidater för strömmätning tas fram men en diskussion kring syftet för strömmätning blev uppenbar. 

Metoder kunde delas in i traditionell strömmättning och kortslutningsdetektion av ström då visa 

metoder som desaturation detection inte kunde mäta ström men kunde detektera en snabb ökning.  

Ett praktiskt experiment var sedan planerat för att testa solid-state brytaren tillsammans med 

strömätningen. För att jämföra olika metoder så skulle olika sensorer testas men beställningen av dessa 

sensorer visade sig ta för lång tid och skulle därför inte kunna göras i examensarbetet. I stället testades 

brytaren med en shuntresistor mätare där desaturation detection metoden användes för att detektera 

en kortslutning. Resultatet från detta prov visade att solid-state brytare är en lovande metod för 

strömbrytare och fungerar mycket bra med desaturation detection för att snabbt detektera en 

kortslutning. Simulationer gjordes också i programmet Simulink vilket gav bra resultat men en mer 

realistisk modell kan i framtiden byggas fram för att hitta fel som inte uppstår i en ideal modell.  

Projektet slutade sedan med att diskutera olika strömmättningsmetoder i kontext för att mäta 

strömmar i lastbilens BJB för att övervaka strömmen i systemet och metoder för att endast detektera 

överströmmar. Diskussionen kom fram till att trots att traditionell strömmättning kan användas för båda 

funktionerna så är kraven i upplösning och responstid för kortslutningsdetektion mycket högre än för 

vanlig strömmätning. Det kan därför vara mer optimalt att använda en metod som shuntresistor eller 

Hall-effektsensor för att mäta DC strömmen och en metod för att detektera strömspikar sker under 

kortslutningar. Mer kortslutningsprover kan vara nödvändigt i framtiden med att testa fler metoder och 

med större strömmar. 
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AC Alternating current 

BJB Battery junction box 

BJT Bipolar junction transistor 

BMS Battery management system 

CAN Control area network 

CB Circuit breaker 

CT Current transformer 

DC Direct current 

DCCT DC current transformer 

IGBT Insulated gate bipolar transistor 

MOSFET Metal oxide semiconductor field effect transistor 
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1. Introduction 

1.1.  Background 

The vehicle transport industry is undergoing an electrification transition where the main source of 

energy to drive to the propulsion in the vehicle comes from electrical energy storage in the form of 

batteries. This has been done to reduce emissions of CO2 from the traditional combustion engine by 

replacing this with electric vehicles where the electricity comes from renewable energy sources for a 

more sustainable future.  

In all battery electric vehicles the energy is stored in battery packs which consist of multiple battery 

modules which in turn consists of several battery cell connected in series. The part which connects the 

battery to the rest of the system is called battery junction box (BJB). It is a switching unit for the battery 

in the vehicle which has the purpose of connecting and disconnecting the current from the battery to 

the components in the rest of the vehicle [1]. This thesis is focused on the current measurement for 

short-circuit detection in the BJB and using that measurement to initiate a solid-state circuit breaker. 

An example of a complete BJB is shown in Figure 1.1, and how the components are connected in the 

system is better illustrated in Figure 1.2. Here the battery is connected in a high side (PLUS) and a low 

side (MINUS) to the BJB. The components inside the BJB each have a functions for monitoring and 

controlling the current that is sent from the battery to the load, which can be interpreted as the rest of 

the vehicle. The control unit inside the BJB is called the battery management system (BMS) which takes 

information from the current sensor and nearby temperature sensor. The BMS uses this information to 

calculate the battery’s state of charge (SOC) and control the contactors inside the BJB [2]. 

 

FIGURE 1.1: SYSTEM OVERVIEW FOR A BATTERY JUNCTION BOX 
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FIGURE 1.2: BJB CIRCUIT BLOCK DIAGRAM 

The lithium-ion batteries are the most popular battery type in the electric vehicle market and many 

battery cells are connected in series to achieve higher voltages in order to drive electric motor. Scania 

wants to produce electric trucks and for these large vehicles require more batteries and operate at a 

higher voltage and current than a commercial electric car. The need to ensure safety is therefore very 

important and will require fast and reliable ways of detecting a short-circuit. The detection method can 

then trigger the protection in the system from short-circuits is therefore required in the development of 

these vehicles. 

The developments and increased usage of electric vehicles comes with many challenges. One of these 

challenges is the safety aspects which will become more important as when the currents and voltages 

are expected to increase as the electric vehicle industry advances. The increased power is needed for 

fast charging of the large power storage which is required for long distance travel. With the dangers of 

these high currents, the current measurements and fault current detection schemes is vital for ensuring 

safety by detecting the overcurrent and disconnecting in a fast and reliable way. Therefore, the 

performance of current measurement is crucial for monitoring the system and quickly detecting a fault. 

1.2.  Purpose and goals 

This master thesis aims to investigate different methods for commercially available current 

measurement that can be used in the battery junction box side (BJB) in the vehicle. This will serve the 

function of current monitoring and detection of overcurrent in the event of a short-circuit. This will be 

compared to the existing way of measuring current which is done with a UI-sensor that measures 

voltage (U) and current (I) with a shunt. This thesis project will also continue on the previous master 

thesis project by Georgios Papadopoulos [3] to implement a solid-state breaker with SiC MOSFETs to act 

as a circuit breaker and possibly be triggered with different short-circuit detection methods.  

1.3.  Task and scope 

• Perform a literature study about the BJB, circuit breaker and different current measurement 

methods. 
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• Analyse these methods and compare the advantages and limitations. 

• Prepare and perform a short-circuit test, combining current measurement and circuit breaker. 

• Build a simulation model for the experimental test and perform simulations in Simulink. 

• Gather the information in the report and present the results 

1.4.  Literature study 

During the pre-study, knowledge and understanding of the battery system and circuit breaking were 

gained. This was done by attending meetings and reading the previous master thesis by Georgios 

Papadopoulos about DC current interruption methods with focus on using SiC MOSFETs [3]. This report 

showed that there is great promise in the solid-state breaker and with new SiC MOSFET with greater 

switching capabilities and lower drain-source resistance when the MOSFET is closed. This research was 

performed on available current measurement methods to evaluate the advantages and limitations of 

different methods and if they could be applicable to the BJB in the future. Quite a lot of time was spent 

searching for current sensors for testing. Ultimately only an evaluation kit was ordered since the time 

for shipping the sensors on a second order request was too long to arrive in time for the experimental 

test. The evaluation kit was for a hall sensor from Allegro Microsystems and had a small PCB with pins to 

connect supply voltage, ground and to receive the measurement signal.  

The next step of the pre-study was to define the application of the current measurement with the 

purpose of detecting a short-circuit and overcurrent. This came with the revelation that the methods 

can be divided into DC current measurement and DC overcurrent detection methods. Even though this 

might seem obvious, this changes the demands on current measurement for a manufacture if the short-

circuit detection is done separately from the current measurement. This allows for measurement 

without fast response time and high sensitivity which allows the manufacturer to focus on a 

measurement system with low losses, reliability, and cost.  

During the pre-study, a frame for the requirements on the current measurement for detecting 

overcurrent was established based on ISO requirements and information form technical meetings. The 

most important was the ISO17409 standard which dictates that the current must never exceed 30kA 

during a short circuit event at the vehicle inlet. Assumed max current per common battery packs is 

2000A. The max current from a specific battery is 400A and according to information at Scania the 

current can be assumed to be able to spike from 400A to 2000A in 70µs during a short-circuit. This 

means that the circuit must be able to detect an overcurrent and be able to send that detection signal to 

a circuit breaker in the time span of 70µs to extinguish the current in time. There are also demands that 

the losses that the current measurement function will add to the system should be kept below 1% or 

around 200W. The requirements on the current measurements were therefore to be able to measure a 

current higher than 400A, have a measurement bandwidth of minimum 100kHz not to miss a short-

circuit and have a response time in the ranges of 5µs to 20µs. It is difficult to set any additional 

requirements to withstand noise and temperature, but these are also key factors which need to be 

considered. 

1.5.  Current measurement 

The need for current measurement is important and required in all electric and hybrid vehicles for 

different uses depending on the subsystems of the vehicle. The main applications for current 

measurement are control, safety, power management and monitoring. In this project the current 

measurement serves as a safety function since an overcurrent and short-circuits can cause huge damage 

to the parts in the systems but more importantly to the user. Being able to detect these currents and 

communicate to the system’s circuit breaker in a fast and reliable way is crucial for the safety in the 

battery box. The main important factors for the current measurement when evaluating methods for this 
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application is measurement range, measurement bandwidth, response time and accuracy. The 

measurement range is usually dependent on the model but is still important for the sensor to detect the 

highest allowed current. More importantly for short circuit detection is the characteristics of the 

bandwidth and the response time. These will have requirements dependent on the ISO 179409 which 

sets the maximum current level that can go through the BJB and the charging inlet box to 30kA and the 

maximum increase of current to 2,5MAs2. With a connection of multiple battery packs, we can assume a 

maximum cut off current of around 2000A per CBP pack. From these standards the minimum response 

time can be set which was part of the prestudy in this project.  

For the current rolling fleet of the electrified trucks at Scania, the current and voltage measurement in 

the battery junction box is done in a singular point with a so-called UI sensor. The UI sensor measures 

both the voltage and the current and in a previous version of the BJB was done with a shunt resistor. 

The UI sensor is placed between the high and low side of the battery and is connected to the pyro fuse. 

The shunt is rated for ±2500A and ±1200V but is severely limited in the measurement bandwidth at 

1kHz and a response time of 1ms. This is because the shunt sensor uses a 16-bit analogue to digital 

converter of the measured voltage drop over the shunt. This digital signal sends the voltage, current and 

power information measured by the shunt to a CAN bus. CAN stands for controller area network and is a 

common method for sending digital messages in a bus. The conversion from analogue to digital signal 

does however take time. This is why the response time is slower relative to other measurement sensors 

which will be discussed later in this paper [4]. 

The UI sensor for the later version of the routing is located at the low side of the battery. The new UI 

sensor is also shunt based but is done by a different company and is custom made specifically for the 

BJB in the Scania electric vehicle. The performance regarding the response time and measurement 

frequency is still at around 1ms and 1kHz which is seen as satisfactory for a UI sensor by the team since 

a too fast of a response can create a too sensitive system which is susceptible to noise and interference.  
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2. Theory 

2.1.  Overview of methods for circuit breaking and short-circuit detection 

With the increasing demand on high voltage batteries for electric vehicles the requirement for 

protection also increases. Especially for the application for electric trucks and buses where the current is 

required to be higher to create the electromagnetic torque that is needed in the heavier vehicles. Under 

the event of a failure where an overcurrent occurs, the circuit will be required to break the current to 

protect the system and the user. The overcurrent is most likely a result from either a short-circuit from a 

fault over the load or a short-circuit from a fault in the conducting wiring in the circuit. For this a circuit 

breaker (CB) is needed with the purpose of breaking the circuit path for the current in the event of a 

fault. The way a short-circuit is detected is usually through current measurement where a threshold 

current is reached due to the short-circuit. This thesis will also later discuss other methods which strictly 

detect a short-circuit and an overcurrent. 

A CB can be categorized into active and passive circuit breakers where an active circuit breaker reacts to 

a fault signal to trigger a circuit breaking event, meanwhile a passive circuit breaker is triggered by the 

fault current itself which causes a physical reaction inside the circuit breaker. A common circuit breaker 

is the fuse that comes in many different forms where an example of a passive CB is the melting fuse. 

This type of fuse works as the name suggests by melting the conductor when the current reaches a limit 

and therefore disconnecting the current path and then quenching any resulted arcs with sand. This fuse 

is naturally irreversible and needs to be replaced after use but is reliable even though the lifetime is 

reduced when exposed to high currents the response time is highly dependent on the magnitude of the 

current. A pyro fuse is an example of an active CB where the pyro fuse consists of a piston and a small 

conductive busbar where the piston breaks the busbar and therefore cuts the circuit when an error 

signal is received. This means that the pyro fuse does not need heat up from high currents in order to 

break the circuit which means that it more optimal for lower currents where the response time can be 

faster in comparison to melting fuses. Other types of circuit breaker are the contactor which is a 

mechanical breaker that is commonly used for high current switching for electrical motors and consists 

of a conductive busbar and an electromagnet. The basic operation principle of the contactor is that the 

current flowing through the busbar energizes the electromagnet and when the magnetic field from the 

electromagnet is large enough causes the coil to move the busbar and break the circuit. The contactor 

can quickly open and close, but the electric arcs are present when contactor close are not extinguished 

[5].  

Another type of active CB is the solid-state breaker which simply consists of a semiconductor that under 

normal operation is closed and conducts the current through the semiconductor but is switched off 

during a fault. The semiconductor can be of any of high voltage type of MOSFET or an insulated gate 

bipolar transistor (IGBT) and usually have a snubber circuit for the energy stored in the conductance to 

have a commutation path. Compared to other circuit breakers the solid-state breaker offer better 

accuracy, are much faster and do not need to be replaced upon use. An example of a solid-state switch 

can be seen below in Figure 2.1. Multiple semiconductors can also be placed in parallel if the breakdown 

current for the semiconductor is less than the desired threshold current.  



 

6 

 

FIGURE 2.1: SOLID STATE BREAKER 

The most predominant material for these semiconductors is silicon (Si) and much research have been 

made in recent years in silicon carbine (SiC) semiconductors to reduce the losses from the drain-source 

resistance when the MOSFET is on and to increase the operational temperature. Currently the SiC are 

common in automotive and power electronics applications for DC-DC converters and DC-AC inverters 

but have showed great promise for the use of circuit breakers [6]. In this project, samples of new SiC 

MOSFETs from a company with significantly low RDS,ON will be used with a gate driver circuit to act as a 

solid-state breaker.  

2.2.  DC current measurement methods  

There are several different methods to measure current. Each method has its own advantages and 

disadvantages. Current sensing can serve multiple functions for a circuit where the two main functions 

are either to measure strictly the quantity of current or to detect a faulty overcurrent. The first usage is 

helpful for battery management and monitoring in terms of calculating the SOC in the battery and to 

monitor the current from the DC/DC supply when the battery is charging. Detecting overcurrent and 

short-circuits is a particularly important safety function and the importance is growing even more in the 

automotive industry as the electric vehicles in the market increases. The new electric trucks also have 

requirements on higher currents since the load of the electric motor will be greater which sets new 

requirements on safety. When all these parameters are larger with greater energy supply since more 

battery modules are needed, this makes the fault current for the electric truck more dangerous which 

puts a greater need for safety and protection. 

2.3.  Shunt resistor 

The shunt resistor is perhaps the simplest way to measure current but the simplicity and robustness 

with this solution comes with some drawbacks. A shunt resistor is a resistor with a known low value 

resistance that is accurately determined by the manufacturer. The shunt is then connected in series with 

the circuit where the current will be measured. The resulting voltage drop is then used with Ohm’s law 

to define the current flowing through the shunt. This method can measure both AC and DC voltage and 

are widely used for its reliability, flexibility, and low cost.  

The main drawback is however that the shunt adds a parasitic element to the circuit and will add a 

power loss dependent on the current and the resistance. This is the biggest limitation for the use of 

shunts in high current applications since the power loss increases with the current squared over the 

resistance. It is therefore optimal for the shunt resistor to have as low resistance as possible around 
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100µΩ to 100mΩ [7]. The low resistance results in a low voltage drop over the shunt resistor and in the 

case where it is difficult to detect such a low voltage signal, an operational amplifier is used as in the 

example shown below in Figure 2.2 where it is called a current sense amplifier. The main factors that 

affect the accuracy and reaction time when detection overcurrent is the accuracy of the resistor and the 

sampling frequency of the analogue to digital converter if it is used [8].  

 

FIGURE 2.2: CURRENT SENSE AMPLIFIER 

2.4.  Hall effect sensor 

The hall effect current sensor is a widely used method for measuring current and as the name suggests 

utilises the hall effect. The hall effect is a physical phenomenon that occurs when a magnetic field 

passes through a current-carrying conductor at a perpendicular angle. When this happens, a voltage 

difference across the conductor is produced. The hall effect sensor uses this principle to measure a 

current by the generated magnetic field according to Faradays law [9]. The voltage signal of the Hall 

sensor is proportional to the magnetic field passing through the magnetic core which is also 

proportional to the current that is being measured. This is illustrated below in Figure 2.3 and the output 

signal is then usually sent through an amplifying circuit.  
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FIGURE 2.3: HALL EFFECT CURRENT SENSING WITH AMPLIFIER 

The current measurement schemes can be divided into open-loop and closed loop current sensing. The 

open-loop configuration is the basic measurement scheme, and the closed-loop has negative feedback 

which improves the performance of the closed loop by having a secondary winding which is wrapped 

around the core that creates a magnetic flux in the opposite direction as the flux from the sensed 

current. The total magnetic field then ideally goes to zero. This is why the closed loop Hall effect sensor 

is also called zero flux Hall effect sensor and when operating near zero flux the dependence on linearity 

in the core is lost and hysteresis errors are reduced. If the total magnetic flux is zero, then the following 

relation exists [10]: 

 𝑁𝑃𝐼𝑃 = 𝑁𝑆𝐼𝑆 (2.1) 

Where Np and Ns are the turn for the primary and secondary windings. From this we get the sensed 

output voltage that can be calculated in the following manner, 

 𝑉𝑜𝑢𝑡 =  𝑅𝑚 ∗
1

𝑁𝑆
∗ 𝐼𝑝  (2.2) 

When deciding to use an open-loop or a closed loop several sources [11, 12] suggests that it depends on 

if the application prioritises accuracy or response time. An open-loop configuration tends to have a 

faster response time and closed loop have superior accuracy. Therefore, the open-loop configuration 

could be a better choice for protection and detecting faulty currents where the closed loop is a better 

choice for more accurate current monitoring. 

The Hall effect sensor can be used to measure both AC and DC current and depending on the design can 

measure large currents at high accuracy. The main advantage of the hall effect current sensor is that the 

current can be measured with galvanic isolation from the circuit that is being measured. This reduces 

losses from parasitic elements added to the measured circuit which is especially important in high 

current applications. The hall effect sensor does however add small losses to the system from the 

required supply voltage for the IC circuit. These losses are different depending on the circuit and can be 

calculated. The accuracy and other performance characteristics of the hall effect sensor can be quite 

different depending on the model, but the output error of the signal can be as low as 1%. The main 

disadvantages with using the hall effect sensor for current measurement is the limited measurement 

frequency and the high cost of the sensor. Other problems with the hall effect sensor are the 

susceptibility to temperature drift which causes error to the output when the hall sensor is exposed to 
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large heat and noise from nearby magnetic interference which can originate from other conducting 

paths.  

2.5.  Current transformer 

A current transformer (CT) works similar to a regular voltage transformer and can be used for measuring 

both AC and DC current. A CT consists of two windings with a magnetic core and uses electromagnetic 

induction to step down the current from the primary side to the secondary side with a known ratio. The 

primary side is set across the conductor which carries the current that is measured which generates a 

proportional current on the secondary side. A measurement resistor is then placed to create a voltage 

signal which is proportional to the primary current [13]. 

The CT is mainly used for AC measurements in power systems but can also measure DC current in so 

called DC current transformers (DCCT). There are according to [14] many different variations of DCCT 

have a slightly different circuitry and in Figure 2.4 below shows an example with two cores and a 

secondary AC supply. The AC generates a flux at the secondary with opposite polarity across the two 

cores which will go in and out of saturation. The flux change from the primary current will induce a 

current IS which will go through a rectifier and a resistor to get the voltage signal proportional to the 

primary current. 

 

FIGURE 2.4: CURRENT TRANSFORMER FOR DC MEASUREMENT 

The benefit for using the current transformer for current measurement is the electrical isolation like the 

Hall sensor. The simple construction also leads to a very cost-effective solution that can measure high 

currents at relatively high accuracy but that is only true for the AC current transformer since that is the 

main configuration and application for this method. The DCCT is considerably more expensive, and the 

transformer could also require cooling at higher currents and the accuracy is limited for smaller 

currents. 

2.6.  Ratio metric SenseFET 

A SenseFET MOSFET is a current sensing method commonly used for integrated circuit applications and 

new power MOSFET applications according to multiple articles [15, 16]. The MOSFET consists of 

thousands of parallel transistors where a small portion of the connections from drain to source are 

connected from a separate source which creates a secondary isolated transistor. When the MOSFET is 

on, the secondary sense transistor will have a smaller current with a known ratio to the main current. 

The secondary sense current is then passed through a shunt resistor and the signal is then usually 

amplified with an operational amplifier. An example of the circuit is shown below in Figure 2.4. The main 

drawback for this method is the accuracy which depending on the product can vary from 5% up to 20%. 
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Such accuracy is a bit low and can lead to relatively large error for current measurement for control 

applications.  

 

FIGURE 2.5:SCHEMATIC OF A SENSEFET MOSFET 

The main intended application of the SenseFET is therefore for overcurrent and short circuit protection 

but is more suitable for lower power applications such as low power electronics. It is also worth to point 

out that the bandwidth of current sensing in the MOSFETs is very low which limits the ability to detect a 

fast spike in increased current.  

2.7.  Flux gate current transducer 

A flux gate current sensor which also goes by the name of zero flux sensor is shown in Figure 2.6 below 

and is a closed-loop device where the change of the saturation point is used to measure the primary 

current with high accuracy. The sensor works by using a high magnetic permeability material core with 

two proportional windings W1 and W2. A simplified schematic is shown below in Figure 2.6 where two 

DC currents I1 and I2 are supplied with two independent sources. Like the transformer effect, the fluxgate 

sensor uses Faradays law of electromagnetic induction where the magnetic flux in the core is zero. The 

primary current 𝐼1 induces the magnetic flux Ꝋ1 =  
𝐼1𝑊1

𝑅𝑚
  which ideally will be equal to the magnetic flux 

induced by the secondary Ꝋ2  =  
𝐼2𝑊2

𝑅𝑚
 [17]. The expression Ꝋ1 = Ꝋ2 can be rewritten as relative to the 

currents and wirings as done below since the magnetic resistance Rm cancels out. Then the primary 

current is obtained as follows. 

𝐼1

𝐼2
=  

𝑊2

𝑊1
 → 𝐼1 =

𝐼2∗𝑊2

𝑊1
    (2.3) 
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FIGURE 2.6: FLUXGATE SENSOR 

Advantages with the zero-flux transducers are that they can be used for non-intrusive measurement and 

have high accuracy and linearity that come with a low offset. This is a result from operating in a zero 

magnetic field if the closed loop gain is high enough which eliminates a lot of white noise. The 

limitations and drawbacks of the zero-flux sensors are that they tend to have a relatively high power 

consumption and that the supply voltage in the fluxgate may interfere with the secondary current which 

will add an unwanted signal to the measurement signal. The fluxgate sensors also tend to be expensive 

to fabricate due to the need of non-magnetic building materials and a core made of permalloys [18, 19]. 

 

 

FIGURE 2.7: SCHEMATIC OF A FLUXGATE SENSOR 

2.8.  Rogowski coil 

A Rogowski coil is another device for measuring AC current, and is similar to an AC current transformer 

where a voltage is induced to a secondary coil in proportion to the current passing through the primary 

side. The difference in a Rogowski coil is that it uses no steel core instead an air-core coil which results in 

most of the advantages and disadvantages for this method. The Rogowski coil works by using a single 

toroidal winding across the current path of the conductor. The coil uses the principle of Faradays law to 

induce a voltage that is proportional to the current change in the conductor that is measured. The 
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Rogowski coil can be used to measure AC current, high-speed transient, pulsed and sinusoidal currents 

according to reports [20]. The equivalent circuit for a Rogowski coil is shown in Figure 2.8 below [21]. 

 

FIGURE 2.8: EQUIVALENT CIRCUIT OF A ROGOWSKI COIL 

The induced voltage VS is then typically sent to an integrator circuit in order to get a signal that is 

equivalent to the amplitude of the current. For over current detection the signal is then followed by a 

simple comparator circuit as showed in Figure 2.9 below. The integrator can be an active or a passive 

integrator with the advantages for using a passive is the simplicity and being more affordable. The 

advantages for the Rogowski coil are the simplicity in the design which leads to a very affordable cost 

and the main cost for applying the Rogowski coil as a measurement system is the integrator part. The 

method also has the advantage of being non-intrusive to the measured circuit and can measure large 

currents at a very high bandwidth up 30MHz according to [22] with practically no losses. This makes it 

possible to measure and detect shifts in current in just a few µs which makes the Rogowski coil method 

very suitable for short-circuit protection applications. Other advantages include the high flexibility in use 

since the Rogowski coil can be very small and flexible depending on the model which makes it easy to 

apply to a small conductor or in a cramped space. Disadvantages for the Rogowski coil include the 

limitation of only being able to measure AC current and its high susceptibility to noise and interference.  

 

FIGURE 2.9: ROGOWSKI COIL CONNECTED TO A PASSIVE INTEGRATOR 

As mentioned, the Rogowski coil is unable to measure DC current but the ability to detect the increase 

of current and current pulses makes it possible to use this method in a DC setting for strictly detecting a 

short-circuit since that will lead to a huge increase of current. There have been several studies of testing 

to implement a Rogowski coil in this matter with a SiC MOSFET for protection as in [23] where two 

1.2kV, 300A SiC MOSFETs were used in a half-bridge module. In this project, a PCP-embedded Rogowski 

switch was integrated to the gate driver and a short-circuit test was performed where the current was 

rising with a di/dt of around 15 A/s. The setup is shown below where the comparator was connected to 
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a threshold voltage correlating to the derivative of the current under the event of a short-circuit. The 

experimental results from this were very promising and a short-circuit detection could be made in 80 ns 

with a reaction time of 200ns and the total time for detection and switch off for the MOSFETS could be 

done in 1,3µs. These results show that the PCB-embedded Rogowski coil can be very effective in 

detecting a short-circuit and trigger a SiC MOSFET to turn off which is ideal when applying a solid-state 

breaker. 

 

FIGURE 2.10: ROGOWSKI COIL SETUP  

2.9.  Current measurement with comparator circuit 

For detecting overcurrent and short-circuit, one can apply any of the measurement methods mentioned 

in 2.1 and use a comparator circuit. The comparator circuit is then connected to the circuit breaker 

which will disconnect the battery in the event of a fault. A comparator circuit can look differently 

depending on the application but consists of an operational amplifier with two inputs where the voltage 

in the positive and negative input determines the output of the OP-amp. If the amplitude of the voltage 

in the positive input is greater that the amplitude of the voltage in the negative input, then the output 

from the OP-amp will be the positive supply voltage and vice versa.  

 

FIGURE 2.11: OPERATIONAL AMPLIFIER 
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When using this in an overcurrent detection purpose the voltage signal Vi from the sensor is connected 

to the positive input and the reference voltage Vref is connected to the negative input. The reference 

voltage is the voltage signal from the sensor which corresponds to the current limit for the BJB. In this 

case the negative supply voltage can be connected to ground since an output voltage is only wanted if Vi 

is greater than Vref which will send a fault signal to the circuit breaker. This could be a pyro fuse but if 

the solid-state breaker is used this will be connected to the OCPP (over current protection pin). The 

reference voltage is usually also connected to the positive supply voltage and with a voltage divider with 

two resistors the wanted Vref can be easily achieved. 

2.10. Desaturation detection method  

The desaturation detection method is a short-circuit and overcurrent detection method which can be 

applied to semiconductor switches such as MOSFETs and IGBTs. The method works by monitoring the 

drain-source or the collector-emitter voltage over the semiconductor and sending that voltage to the 

DESAT pin in the gate driver. When an overcurrent or a short-circuit occurs, the current passing through 

the semiconductor will increase rapidly and therefore the voltage drop will also increase and will cause 

the semiconductor to reach desaturation [16]. During normal operation when the MOSFET is closed, the 

drain-source voltage VDS is dependent on the drain current ID that is passing through if the on-resistance 

RDS,ON is assumed to be constant. The voltage VDS according to Ohms law will be [24]: 

𝑉𝐷𝑆 =  𝐼𝐷 ∗ 𝑅𝐷𝑆    (2.4) 

Additional components are needed for monitoring the voltage in the desaturation method. A 

conventional desaturation circuit for a MOSFET as shown below in Figure 2.12 consists of a blanking 

capacitor, a blanking resistor, and a high voltage diode. The capacitor CBLK is used to avoid false 

triggering from nuisance tripping during start up when the power is turned on. The capacitor adds a 

charging time before the DESAT pin in the gate driver is triggered. This time is called a blanking time and 

is usually around 1µs and can be estimated as: 

𝑇𝑏𝑙𝑘 =  
𝑉𝐷𝐸𝑆𝐴𝑇∗𝐶𝐵𝐿𝐾

𝐼𝐶𝐻𝐺

   (2.5) 

 
FIGURE 2.12: CONVENTIONAL DESATURATION CIRCUIT 

The blanking resistor RBLK has the purpose of limiting the current to the DESAT pin from the circuit but 

also affects the blanking time since it limits the charging current ICHG.  

The desaturation circuit can be done in several ways and an alternative configuration to increase the 

response time is to add a Zener diode and an external charging circuit as shown in Figure 2.13. The 

Zener diode is used to set the detecting voltage level for the VDS and the diode DPROT and RCHG are added 

to increase the response time of the desaturation protection. Multiple diodes can also be placed in 

series to reduce the noise interference but also to increase the voltage threshold [25]. 
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FIGURE 2.13: IMPROVED DESATURATION CIRCUIT 

The major advantage of the desaturation method for overcurrent and short circuit detection is the fast 

response time. The added circuit to implement the desaturation method on an existing MOSFET is also 

very simple and affordable. This method also adds very low losses to the system since it only consists of 

passive components and this method is also very flexible where the threshold can be changed 

depending on the applications by simply changing the components and some gate drivers even have 

programmable protection time. There are limitations and challenges with implementing the 

desaturation detection method with MOSEFETs compared to IGBTs since the MOSFETs has a weaker 

short-circuit withstanding capability because of the smaller chip and higher current rise because of the 

different saturation curve. For this reason, the clamping time needs to be shorter for the MOSFET to 

avoid breakdown of the semiconductor. The clamping time should however be long enough to avoid a 

false trigger which can make the desaturation circuit design difficult but the short-circuit shutdown time 

is usually set around 2µs.  
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3. Method 

3.1.  Proposed short-circuit detection methods and circuit models 

The intended tests were to have one type of test for nominal current measurement and other tests for 

simply detecting a short-circuit and then sending a short-circuit signal to the circuit breaker. These tests 

would then be made with different sensor and detection methods but due to time constraints the tests 

will be limited to test the current measurement and the short-circuit detection that will trigger the 

circuit breaker will only be using the desaturation detection method. It became apparent early in the pre 

study phase that the solid-state switch is a promising circuit breaker to continue with in the system 

moving forward. No other type of circuit breaker was therefore tested since it was not part of the scope 

for this project to evaluate. 

The original plan was to compare this method to each current sensor where the current measurement 

signal is sent to a comparator circuit which will trigger the overcurrent protection in the gate driver if 

the signal reaches the reference voltage that corresponds to an overcurrent. The following methods for 

overcurrent detection would have been tested. 

3.2.  Desaturation detection 

This method as explained in the theory will use the MOSFET in the solid-state breaker and monitor the 

drain-source voltage and charge a capacitor which will trigger a shut off event when the MOSFET 

reaches a current threshold. The circuit model is shown below in Figure 3.1 which uses a simple version 

of the desaturation detection method which will be connected to the gate driver and when tested 

separately before the short-circuit test had a shutdown time of around 1,7µs.

 

FIGURE 3.1: DESATURATION CIRCUIT IN GATE DRIVER 

The MOSFET is connected to the gate driver circuit as in Figure 3.2. As stated previously in the theory, 

the main factors that affect the clamping time are the value of the resistor and the size of the capacitor. 

For this desaturation circuit the size of the desaturation resistor R4 is 100Ω which is relatively large but 
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will ensure that the gate driver is safe from any large currents and that the MOSFET is not likely to have 

a false trigger.  

 

FIGURE 3.2: MOSFET CONNECTION TO GATE DRIVER 

3.3.  Current measurement with comparator 

The current measurement methods that will be tested is a hall sensor and a gate flux sensor. Why the 

shunt resistor is not considered is because of the low bandwidth of 1kHz. All of these will be connected 

to the high side if the battery in separate measurement tests. The output voltage signal from the current 

measurement will then be sent to a simple comparator circuit based on an OP-amp as illustrated in 

Figure 3.3. The voltage reference which represents the measured current threshold will be different for 

each sensor since the current sensitivity is different for each method. The output from the comparator 

circuit will be the positive supply voltage from the operational amplifier if the voltage from the positive 

input is greater than the negative input and the other way around. The negative supply voltage would 

then be connected to ground since in we don’t want any voltage when the current is below the 

threshold. The output is then connected to the OCCP pin in the gate driver and the positive supply 

voltage is set to 450mV to trigger a shut off in the solid-state breaker. There are IC circuits available 

which are optimised to be used as comparators which is what would have been used in this case. 

 

FIGURE 3.3: THE SIMPLE COMPARATOR BASED ON A OP-AMP 

Simulations for this experimental test were made by the master thesis student Daniel Buvarp who did 

his thesis project at Scania to compare different circuit breaker methods and to simulate this based on a 

model in the program Simscape. This model was designed by me and Daniel to be similar to the regular 

BJB from Figure 1.2 but to replace the current sensor with other current measurement methods. The 

pre-charge circuit was also removed and the Simscape model is shown below in Figure 3.4. This proved 
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to be difficult since there are a lot more challenges when simulating current sensors like Hall sensor or 

Rogowski coil since it requires simulations of magnetic fields for the current measurement which cannot 

be done in Simscape. 

 

FIGURE 3.4: SIMSCAPE SIMULATION OF CIRCUIT WITH SHUNT MEASUREMENT 

 

FIGURE 3.5: SIMSCAPE MODEL OF SOLID-STATE BREAKER 
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3.4.  Rogowski coil current ramp detection 

As previously stated, the Rogowski coil does not measure DC current but does however induce a voltage 

signal from current change. The output voltage from the Rogowski coil is a voltage pulse where the 

amplitude of the pulse is correlated to the derivative of the current. In this test the current increase 

which will occur during the short-circuit is estimated to be around 10A/µs and these estimations came 

from early testing of the desaturation detection method. This current increase is a large assumption and 

does not reflect the current increase during short-circuit of a full battery module in the BJB but is only 

for the experimental test as a proof of concept.  

 

FIGURE 3.6: EQUIVALENT CIRCUIT FOR ROGOWSKI COIL AND INTEGRATOR 

The equivalent circuit for Rogowski coil and the integrator is shown above in Figure 3.6 before the 

experimental testing was set up in Simscape to test the characteristics of complete circuit. This circuit in 

Simscape is shown below in Figure 3.7 and is built upon the Simscape simulations done by master thesis 

student Daniel Buvarp. The induced voltage from the Rogowski coil is represented as the ideal induced 

voltage which is the mutual inductance multiplied with the derivative of the current. This is connected 

to the rest of the circuit model and simulated to test the output values of the detection. The complete 

circuit with the Rogowski coil detection is shown in Figure 3.8. 

 

FIGURE 3.7: SIMULINK MODEL OF ROGOWSKI COIL 
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FIGURE 3.8: COMPLETE SIMULINK MODELWITH ROGOWSKI COIL 

  

3.5.  Short-circuit test setup  

The short-circuit test was performed using an existing short-circuit test rig to test the results and 

performance of the current measurement and short-circuit detection methods. The current sensors that 

were supposed to be tested are a Hall sensor, a gate flux sensor, a shunt, and the desaturation detection 

method. The hall effect current sensor to be tested was a coreless differential current sensor from 

Allegro which could measure both DC and AC current. This sensor come in a small IC circuit and 

therefore an evaluation board with the hall sensor was ordered with the IC circuit connected to a small 

busbar which could easily be connected in the circuit. The busbar would add a resistance of 0.5mΩ to 

the circuit but this would only be for the test and not in the final BJB circuit if the Hall effect sensor is 

used.  

Testing the sensors mentioned in 2.1 with a comparator in the practical short-circuit test could however 

not be done. This was due to the long lead time for the sensors that was ordered in addition to the time 

for the order to be approved. This led to that the sensors were not delivered in time for the test and 

could therefore not be evaluated in a practical setting. 

The rig consists of a single battery pack which is connected to a contactor which will disconnect to 

simulate the short-circuit. A single battery pack will create a safer test since voltage will be kept 

relatively low at around 75V to avoid large power. This will not affect the current in the test which is the 

more important factor since it will be the same at a single battery pack. The test circuit is shown below 

in Figure 3.9 which consisted of the battery pack which is connected and starts to conduct current after 

a contactor is turned on. A pneumatic contactor is connected in parallel with a load with the purpose of 

simulating a short circuit from the low resistance load. Lastly the short-circuit and the solid-state circuit 

breaker are placed in series along with a pyro fuse and a shunt. The shunt is used for measuring the 

current and voltage to analyse the short-circuit event. The pyro fuse is used for safety precautions if the 

solid-state breaker does not break the circuit properly.  



 

21 

 

FIGURE 3.9: TESTRIG SETUP 

The test was performed by first connecting the circuit with the contactor and then initiating the short-

circuit by closing the pneumatic switch. This will short-circuit the battery pack from the vehicle load to 

the low ohmic load which will cause the current to increase rapidly. Even though the risks of short-

circuiting a single battery pack are relatively low since the voltage is low safety precautions are still 

needed. This is because the current can still be dangerous and spike up to 3kA which can cause the load 

to break if the circuit is not broken in time. For this the circuit was assembled in a crate and the person 

who turns on the circuit is in a separate crate with the switches to the contactor and the pyro. The 

short-circuit test was performed 3 times with similar results and the plot on the oscilloscope was then 

saved to reflect on the results on the reaction and shutdown time of the circuit breaker. Help to set up 

the experimental test setup was received by employees at Scania who had previously worked in a short-

circuit rig with a battery module. This was to avoid any accidents that could have occurred of 

inexperienced master thesis students would have set up the connections in the circuit. 
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4. Results 

4.1.  Simulation results 

From the simulation in Simscape the results for the model with a shunt equivalent and the solid-state 

breaker is shown in Figure 4.1. The characteristics of the response time and bandwidth of the current 

sensing are ideal and set to blank. 

 

FIGURE 4.1: SIMULINK RESULT USING A SHUNT 

 

The simulation of the equivalent circuit of a Rogowski coil in Figure 3.8 gave similar response and is 

shown below in Figure 4.2. The induced voltage from the Rogowski coil is however not realistic since the 

induced voltage is the derivative of the current multiplied with the mutual inductance and the current 

rise being almost instant during the short-circuit. This causes the derivative of the current to be very 

high, resulting in an unrealistically high induced voltage. The principle of the Rogowski coil is still 

working as intended. 
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FIGURE 4.2: SIMULINK RESULTS USING A ROGOWSKI COIL 

4.2.  Experimental results 

From the experimental short-circuit test the results were saved on a oscilloscope where the 

measurements of the current and voltage were connected to monitor and save the measurements. The 

results from short-circuit is shown below in Figure 4.3 where the yellow plot is the voltage over the low 

ohmic load and the more important green plot is the current. The horizontal axis indicates the time and 

the vertical axis indicate the measurement magnitude. The plot is divided in squares where each square 

is set to a time resolution of 5µs, and an amplitude resolution of 40V for the voltage and 20A for the 

current resolution. The short-circuit was performed after roughly 15µs which is indicated by the clear 

spike in the current. For this test with desaturation detection the maximum current was set to 47A and 

we can see that the solid-state circuit breaker has switched off the MOSFET at the peak of the current 

where the current decreases rapidly. The detection time after the threshold current has been surpassed 

and for the desaturation in the MOSFET to be detected and switch off was roughly ≈7µs. The current is 

then rapidly decreasing and is extinguished after around 15µs. After the MOSFET is turned off and the 

current path in the circuit is broken the voltage over the small load is naturally increased since the 

measurement point becomes an open circuit. A short while after this the entire circuit was shut off by 

using the main contactor which provided galvanic separation to the circuit.  
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FIGURE 4.3: OSCILLOSCOPE READING DURING SHORT-CIRCUIT 

The time for the detecting and shutdown initiation of the overcurrent is relatively long when comparing 

to tests in other technical papers where the “reaction time” for the method to detect a short-circuit and 

to switch off the current is done at around 0,7µs to 1µs. The main factor that caused this was the 

resistance RDESAT which was relatively high and caused a longer clamping time. However, this should not 

necessarily be seen as a slow response since this time is short in comparison to traditional circuit 

breaking methods. For reference the circuit breaker in the previous version of the BJB circuit is  the pyro 

fuse. The detection time is in this case dependent on the current measurement from the shunt which is 

done every 1ms. This detection time is then added to the time for the pyro to break the circuit by 

breaking the busbar in 0,1ms after a signal is received. Comparing this total time of detecting and 

breaking the current shows the difference in performance between these two methods. When applying 

the desaturation detection to the solid-state breaker the test showed a detection time of 7µs and 15µs 

to cut off the current. This means that this method is roughly 73 times faster than using a pyro with 

detection from a current sensor.  
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5. Discussion 

5.1.  Discussion about the experiment 

The results from the experimental test showed that the solid-state breaker with the SiC MOSFET could 

be implemented as a main circuit breaker in the BJB. The SiC MOSFET had the ability to switch off and 

break the circuit efficiently. These types of experiments will however naturally require more testing at 

higher currents in the future and eventually be tested in a fully connected BJB. The power losses of the 

solid-state breaker are low with the newer SiC MOSFET having a RDS,ON at only 10-14mΩ with high 

current and voltage tolerance while also having fast and reliable switching capabilities. Another 

advantage which was brough up in the beginning of the report is also that the circuit breaker does not 

need to be replaced after use like a melting fuse or a pyro fuse require. As stated in the results the 

desaturation method had a very fast short-circuit detection at ≈7µs which is many times faster than 

other circuit breaking methods used in the current system. The gate driver circuit can have changes to 

improve the response time by altering the clamping time. This can be done choosing a smaller resistance 

RDESAT which will reduce the clamping time and charge the capacitor C16 faster in Figure 3.1 connected to 

the gate driver and other improvements that can be done are adding a Zener diode like in Figure 2.13. 

More methods other than the desaturation method could however be tested in the future like the 

Rogowski coil method even though I personally don’t see this method being widely used in the industry. 

The advantages of simplicity, size and price don’t outweigh the disadvantages when compared to other 

methods. The Rogowski coil does not offer a more affordable solution then the desaturation detection 

which is also a method that is significantly more tested in several studies.  

5.2.  Current measurement & short-circuit detection discussion 

Different methods for current measurements have been brought up in this report in order to see which 

would be the most optimal for the battery junction box. Currently the system uses the shunt method 

which is a reliable solution but will add relatively large losses to the system with the high currents that 

are present. A non-intrusive solution could therefore be more appropriate which narrows the solution 

down to either a Hall sensor or a gate-flux sensor. The current sensing method like current transformer, 

ratio metric SenseFET and Rogowski coil do not meet the same functions for this application. The 

reasons for this are that the current that is measured is DC which makes current measurement with the 

current transformer and Rogowski coil impossible. The DC current transformer discussed in 2.5 is in my 

opinion also not a viable option. This is because of the drawback in the limited bandwidth, significant 

output distortion and the need of a shunt to measure the secondary current. This makes the solution for 

the current measurement more expensive by gaining a small advantage of the reduced losses which 

might not be worth the expenses and the space this bulky solution will require. The application for these 

methods is also not typically in electric vehicles but in power grid applications.   

Perhaps the most obvious but notable point found during this project was however that short-circuit 

detection and current measurement can be separate and does not necessarily come from the same 

solution. The best short-circuit detecting solution like the desaturation detection does not actually 

measure any current. This does not necessarily mean that it has to. This is because the requirements on 

the measurement bandwidth and the response time for short-circuit detection are much higher than for 

normal current measurement. The only current measurement solution that can meet these 

requirements will either be a very expensive Hall sensor that can possibly be too sensitive. Having a 

separate solution for the overcurrent detection allows for much more freedom when selecting the 
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method for current measurement. The discussion will ultimately revolve around whether the practicality 

with having a UI sensor which can measure both current and voltage which can be done with a shunt. 

This method is a reliable, simple and cheap but the simplicity does however come at the cost of higher 

losses which will only increase with time as electric vehicles operate at higher currents.  
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6. Conclusion and future work 

6.1.  Conclusion 

The solid-state breaker has proven to be a valid solution for being the main circuit breaker in the BJB in 

the future because of the many benefits it provides. The solid-state breaker also allows for the use of 

the desaturation detection method which is shown to be a very viable method for protecting the circuit 

by switching the MOSFET off when the voltage drop over the semiconductor reaches a certain 

threshold. This method was also validated through an experimental test which proved that a short-

circuit could be detected in just 7µs and switch the MOSFET to an open state in order to break the 

circuit in just 15µs which is 100 times faster response than a pyro could produce. It is important to note 

that this result is just the first of many short-circuit tests at a lower voltage and current level, but this 

result shows great promise when comparing to other circuit breaker.  

Possible solutions for current measurement for system monitoring and short-circuit detection have 

been brought up and discussed in this report. The advantages and limitations for several methods for 

current measurements have been brought up and compared to see if there is a better solution for 

measuring the DC current in the BJB than the shunt method that is currently being used. The Hall sensor 

is one of the candidates for replacing the shunt and can offer accurate measurements at high currents 

while also significantly reducing the losses that the current sensor will add to the system. The arguments 

for staying with the shunt UI sensor could be the reduced price or the functionality of measuring both 

the current and voltage. 

Methods can be divided into current measurement and short-circuit/overcurrent detection regardless 

that the current measurement can also be used for overcurrent detection. This is because the demands 

on the performance for short-circuit detection is not the same as for current measurement and may put 

unnecessarily high requirements to the response time for ordinary current measurements. This will 

most likely lead to a more expensive solution compared to having separate method for current 

measurement and short-circuit detection.   

6.2.  Future work 

In the future more testing of the solid-state breaker with the desaturation detection will be needed not 

only to learn more about how the system reacts to a short-circuit but also to continue validating the 

method since protection functions in the automotive industry require a lot of testing. The choice of 

method for current measurement might require more discussion if the current UI-sensor should be 

replaced to reduce losses. Other options and new sensors will in the future be available for this 

application will when the industry in electric vehicles continues to grow.  

From the discussion about different current measurement methods, the Hall sensor is likely a promising 

future candidate for measuring high current, with relatively high accuracy and minimum losses. The 

limitations of the Hall sensor are more expensive and not as easy to implement as the current shunt 

method. The question regarding whether the advantages outweigh the limitations can be answered 

with more testing. There are multiple methods for measuring current, as discussed in this thesis. Each 

one of these methods has its best suited application. Finding the current measurement method that is 

most optimal for the BJB might require more testing but perhaps the function for the current 

measurement should not be to detect a short-circuit. The main function could be to simply to measure 
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current and that fact could direct future work to utilize the short-circuit detection methods discussed in 

this report.  
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