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1. Introduction 

For the past years, the perspective of societies and governments 

on global warming and climate change have changed considerably. 

So, being in search of solutions to fight against global warming can 

be observed in many countries both in individual and collective 

ways. Using electricity as a source of energy instead of other harm-

ful fuels is one of the known methods. Therefore, this increasing 

consciousness and demands of nature-friendly way outs have sped 

up the process in the arrival of electric vehicles, particularly in the 

mobility industry [1]. CO2 reduction laws, specially brought to cit-

ies, have enabled a forced conversion in public transport [2]. How-

ever, this rapid increase has brought a range anxiety to it. Improve-

ment in energy density on cell basis is essential to prevent this per-

ception. In xEV applications the smallest unit in the battery system 

is described as cells. In general, the chemistry is li-ion and it con-

sists of four main parts which are cathode, anode, electrolyte, and 

separator [3]. The cells create the modules by connecting in series 

and (or) parallel. Moreover, modules form the battery system with 

a specific configuration. Furthermore, paralleling battery packs 

provides more energy content for the electrification of large vehi-

cles such as buses and trucks [4]. This type of application provides 

flexibility during the design. Such systems also lead up to the usage 

of all unused areas in large vehicles. Using distributed battery sys-

tems (DBS) allows more capacity instead of one bulky pack. How-

ever, the system which is created by more than one battery pack 

shall also fulfill the functional safety requirements as a single 

standalone pack. A safety system is performed against fault cur-

rents in a battery pack through the alignment of the fuse and the 

contactor. However, since parallel packs will have a (PDU) power 

distribution unit where all packs are inter-connected to supply the 

required power to the traction, a functional safety concept shall be 

implemented to both the components in the (BDU) battery discon-

nect unit and the elements in the PDU. When the system is exam-

ined electrically through a single line diagram, the system is in the 

form of parallel conformity of more than one contactor-fuse pair 

and connecting these parallel strings to a larger contactor-fuse pair. 

While this is a method for general use in industrial applications [5-

9] it is also required in automotive battery applications. However, 

in the literature, over current protection studies are made for only 

one pack system [10-14] and there is no noteworthy study done for 

distributed systems. In this study, a detailed analysis of the selec-

tive shut-off strategy for a parallel connected battery system is in-

vestigated. The main target is to maintain the vehicle operation 

properly in a failure case by cutting-off just the pack with fault in-

stead of shutting down the whole system. Thus, the other packs can 

continue to provide energy and power to the traction. As a result, 

the alignment of contactor and fuse in the system shall be con-

ducted properly on not only a pack basis but also a system basis. 
 

2. Structure of a Battery System  

In battery packs, modules are made of cells connected in parallel 

and (or) series.  Beyond that, the pack consists of modules with 
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different configurations. Moreover, to ensure the functionality and 

safety of the battery system as can be seen in Figure 1, there are 

components such as contactors, fuses, connectors, and sensors in 

addition to the modules [15, 16]. Apart from these components, 

there are many parts with the functionality of measurement, con-

trol, and execution in the pack. Contactors serve as a switch in au-

tomotive battery packs at normal operating ranges for the make 

and break the battery from the vehicle powertrain  and to protect 

against fault currents up to a certain level. Usually, two contactors 

are used to switch both, the positive and the negative HV path to 

achieve redundancy according to functional safety regulations and 

homogeneous switching behavior, and to assure complete galvanic 

isolation of the battery from the rest of the system [17]. Despite 

that, there is a series connected fuse for fault currents which the 

contactors are not capable of safely switch off. Over-current and 

short-circuit current protection are ensured by a fuse, where  cuts 

off large fault currents. This fuse may be controlled or uncontrolled. 

Therefore, an alignment between fuse and relay is necessary to 

cover the whole current range in a battery system. Described areas 

of the interaction of relay and fuse in certain current categories are 

the individual "working current areas" of the components. To 

measure the current values in the battery pack it is necessary to 

specify a current sensor properly. In automotive battery packs, 

generally, as a current sensor shunt and hall technologies are uti-

lized. However, in some cases, fluxgate sensors are considered. 

Nearly all packs have 2 current sensors to provide functional safety 

[17]. The first one is for measuring the current and the second sen-

sor is for redundancy. On the other hand, if the sensor has 2 chan-

nels, it can be used as a standalone sensor to fulfill functional safety. 

Furthermore, these current values are read by (BMS) battery man-

agement system and the data from two sensors are compared be-

tween each other to execute contactor control signals when it is 

necessary. Besides, current sensors, as well as the contactors and 

fuses, are required to test for shock and vibration requirements for 

automotive applications. Moreover, all these components shall 

meet specific requirements regarding, volume, power loss, weight, 

voltage, and current.   

 

 
Fig. 1. Battery Pack Structure 

 

A battery system can be made of parallel and (or) serial pack-

ages, the multiple system conjugates in the PDU to supply power 

to the powertrain, and same as the BDU there are several compo-

nents in the PDU also, where a parallel structure can be seen in 

Figure 2. These components are liable to different requirements as 

they are positioned at the system level rather than the pack level. 

 

 
Fig. 2. Parallel Battery Pack System 

 
 

3. Definition of Shut-off Strategy 

The shut-off strategy is a safety procedure to achieve functional 

safety. It is designed by considering safety components' specifica-

tions and managed by BMS. That is why BDU components shall 

be selected according to the safety procedure. Contactors, fuses, 

current sensors, connectors, busbars, cables, and even adhesive 

isolation tapes can affect the overall system's operating perfor-

mance by creating an impediment. The weakest component can 

cause failure. The shut-off strategy exhibits this weakest part. The 

core of the shut-off strategy is a proper alignment of relay and fuse. 

The contactor can switch off lower currents to ensure sustainability, 

while fuse cutting-off high currents where the relay only can carry 

but can't switch off. An additional safety function is the overlap of 

the working areas of relay and fuse. Another important part to ful-

fill the safety function is the battery management system in com-

bination with the current sensors to decide in case of failure if the 

relays shall be kept closed and the system shall be switched off by 

fuse, or if the relays shall cut-off the system. As shown in Figure 

3, with the help of the I-t curves of a contactor, fuse, current sensor, 

and load profile, current regions are visualized. Those 4 main re-

gions are the normal operating zone, fault current zone, the zone 

where the current on this circuit shall never reach, and the zone 

beyond the maximum short-circuit current. To create borderlines 

of the shut-off strategy, the contactor shall keep the circuit running 

within the normal operating range and the fuse shall not interact 

with the system shown as the green zone in Figure 3. The fault 

current part shall be divided into two zones, the point that separates 

these zones is called the strategic switching point. Furthermore, it 

is decided with the alignment of the fuse, contactor, and current 

sensors. The first one is the over-current zone, which is shown in 

yellow in Figure 3. In this region, the contactor deals with fault 

currents. Due to the fact that the contactor is like a blind shear on 

its own, BMS ensures that the contactor controls the correct ranges 

with the help of measured current values from sensors within spec-

ified tolerances. In this process, as long as the contactors have done 

the switching operation successfully, the fuse would not intervene 

in the circuit however would work as a secondary safety element 

in a possible contactor failure case. The second part of the fault 

currents shown as the red zone in Figure 3 is the region that can be 

defined as a short-circuit current zone. Since the error currents oc-

curring in this region are greater than the currents that the contactor 

can handle, the fault currents would occur at this level would let 

BMS execute the command of stay open to the contactor, and the 
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failure would be interrupted by the fuse. After this fault handling 

process, BMS reads current values through the current sensors, and 

when the fault current neglected, the contactors will be opened for 

galvanic isolation in both paths as a safety priority and then con-

tactor and fuse failure diagnostics are made and if necessary, a ve-

hicle will be sent to the service [18]. For the proper functioning of 

the system, the I-t curves and production tolerances of the compo-

nents shall be embedded in the BMS algorithm to manage contac-

tor control signals. The contactor, current sensor, and fuse shall be 

selected according to this system. Mechanical and environmental 

requirements such as vibration and shock, temperature, and humid-

ity shall be considered during selection. Moreover, derating curves 

of components such as busbars, cables, and connectors that may 

cause problems to this system shall be examined together with a 

shut-off strategy development. 

 

3.1 Alternative Methods for Shut-off Strategy 

There are alternative methods for clearing electrical faults in the 

system by eliminating the contactors and the fuses. One of these 

methods in the market is pyro-fuses. They are chosen because of 

their specific feature which is controllability. This feature allows 

drawing borders between shut-off strategy zones much more pre-

cisely. Pyro-fuses can be presented in a system that can perform 

and handle its error analysis to achieve the shut-off strategy [10, 

11].  Additionally, using a pyro-fuse parallel to a melting fuse is 

another method [12]. This method has the advantage of covering 

all current zones, but mismatching current between both compo-

nents may create a bottleneck. Moreover, if a faster solution is 

needed, semiconductor technology provides an interruption of 

fault currents in microseconds with their advantages of solid-state 

structures. In order not to waste the advantages of the rapid re-

sponse of the semiconductor; the measurement and control circuit 

shall be fast in the same way. Therefore, conventional hall and 

shunt measurements would not work with the semiconductor to 

achieve a fast short-circuit response.  Thus, an analog protection 

circuit shall be needed for this application. Studies on these circuits 

prove that they can clear the fault currents in microseconds, even 

if all delays are included [19, 20]. The utilization of semiconductor 

switches is only constricted for LV battery systems [21]. The rea-

son behind not being used in HV battery systems is voltage switch-

ing stress and galvanic isolation requirements. However, accord-

ing to recent developments, semiconductor switches have been put 

forward on HV battery applications as a hybrid switching method 

[22, 23]. Semiconductor switches offer many advantages when 

compared to conventional solutions. Due to the absence of moving 

parts, there is no arcing, contact erosion, or bounce. Very soon, 

contactor, fuses, and even pyro-fuses will be replaced by semicon-

ductor switches on HV battery applications in electric vehicles. 

 

 
Fig. 3. Current Zones in HV Battery Pack 

 

4. Selective Shut-off Strategy in Distributed Battery          

Systems 

Selective coordination is crucial for battery system reliability. A 

reliable system is not only important for electrical safety but also 

is important from an operational perspective as battery packs will 

disconnect from the rest of the powertrain and stop supplying trac-

tion power to EV. This method resembles a pack safety shut-off 

system. As can be seen in Figure 3, in standalone packs, the I-t  

curves of the fuse and contactor within the maximum and mini-

mum breaking values of these components are also important in 

distributed battery systems. The selective shut-off strategy ad-

dresses localizing faulted condition on the battery system and 

achieves a reliability design goal. A properly engineered and as-

sembled system that's selectively coordinated will allow only the 

closest and proper safety component to handle a whole range of 

over-currents (both overloads and all fault), In this way, other 

packs would undisturbed. Although the battery system is limited, 

it will supply the required load power and preserve the continuity 

of vehicle operation.  The one-line diagram in Figure 4 shows the 

structure of the strategy. In this concept, if the electrical fault oc-

curs in pack 3, the fault current will be cleared by safety compo-
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nents in the respected pack and the rest of the system would main-

tain its operation properly. 

   

 
Fig. 4. Shut-off Comparison of Distributed Battery Systems 

 

Although there are more than one selective security methods in 

the industry, it will be difficult to adapt a suitable one for automo-

tive battery systems. The most convenient method is to integrate 

the current-time graphs of the components into the BMS algorithm 

and to control the system by comparing these graphs with accurate 

and redundant measurements from each necessary zone. To create 

a proper shut-off strategy, an RL equivalent circuit shall be com-

posed of the parallel distributed battery system. Based on electric 

vehicle trends for the 800 V battery pack [24], the system is pro-

posed with 198 series 64.6 Ah NMC cells from LG Chem to 

demonstrate a shut-off strategy. The proposed RL equivalent cir-

cuit is given in Figure 5 to determine the short-circuit current. 

Meantime, not only the maximum short-circuit current value is im-

portant but also the inductance value which affects how fast the 

current reaches that particular point. 

 

 
Fig. 5. RL Equivalent Circuit of Parallel DBS 

 

RL equivalent circuit is simulated to find the short-circuit cur-

rent values for the system. Moreover, the short-circuit current 

value per pack is extracted from the system SCC. To obtain simu-

lation parameters, specific calculations are executed. Firstly, eval-

uated system parameters which are given in Table 1 are advised as 

legitimate specifications derived from [25]. 
 
 
 
 
 
 

Table 1. System Parameters 

 

Capacity [Ah] 64.6 

Number of cells in series - ns 198 

Number of cells in parallel - np 2 

Max. pack voltage [V] 831.6 

Inner resistance [mΩ] - RDCIR 0.9 

Contact resistance [μΩ] - Rc 5 

Busbar resistance [mΩ] - RB 2 

BDU components’ resistance [mΩ] - RBDU 0.95 

PDU components’ resistance [mΩ] – RPDU 0.92 

Resistance of cables [mΩ] - Rcable 1.03 

Additional resistance [mΩ] - Rshort 5 

Inductance of pack [μH] - Lpack 30 

Inductance of cables [μH] - Lcable 1 

 

Secondly, based on given parameters, equivalent pack re-

sistance (Rpack) is calculated as 63.01 mΩ with Eq. (1). 

 
𝑅𝑃𝑎𝑐𝑘 = ((𝑅𝐷𝐶𝐼𝑅 + 2𝑅𝐶)𝑛𝑠/𝑛𝑝) + 𝑅𝐵 + 𝑅𝐵𝐷𝑈

  

(1) 

 

Lastly, the equivalent RL circuit is simulated with the parameters 

given in Table 1, and the result of Eq. (1), as a consequence of the 

simulation, short-circuit current characteristic of the system is 

obtained. Respective graphs can be seen in Figure 6.  

 

 

 
Fig. 6. SCC Characteristic of the System and Pack 

 

By defining short-circuit current, the highest fault current that 

can be occurred in a system is found, in this way the upper limit of 

fault current is determined. On the other hand, the load profile shall 

be used to determine the lower limit of the fault current. Load pro-

files of the system and a single pack are given in Figure 7. In failure, 

one of the 3 packs would be short-circuited, therefore, 2 packs shall 

provide the required power and energy. Considering the aforemen-

tioned statement, the single pack is designed with the capability of 

providing half of the demanded traction load. 
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Fig. 7. Load Characteristic of the System and Pack 

 

After the upper and lower limits are obtained, intermediate 

zones shall be determined. Furthermore, the most fundamental 

component for defining the boundaries of these zones is the fuse. 

Therefore, the characteristics of the fuses shall be examined in de-

tail. Fuses are manufactured within specific tolerances and their 

dimensioning shall be carried out with the consideration of aging 

for the shut-off strategy. Although the shut-off strategy is devel-

oped with the (BOL) begin-of-life specifications of the fuse, (EOL) 

end-of-life conditions shall be sufficient to fulfill the normal oper-

ating boundaries. Tolerance values shall be considered over I2t be-

cause small alterations on the melting energy might affect both 

time and current [26]. In this concept, fuses with 10±% tolerance 

are selected for both BDU and PDU. Since early interruptions are 

safer than the later ones, +10% tolerances are considered for de-

signing the shut-off strategy, therefore, late interruptions are 

avoided. As a consequence, both fuses need to cover their load pro-

files within EOL conditions and tolerances. The current-time graph 

of PDU and BDU fuses are given in Figures 8.a and 8.b regarding 

BOL and EOL respective to tolerances. 

 

 
Fig. 8. a) I-t Graph of BDU Fuse b) I-t Graph of PDU Fuse 

  

As explained in the previous section, if the curves from the con-

tactor and current sensors are added to the fuse graphics, the re-

gions would become clearer. The resulting regions are given in 

Figure 9. In the proposed concept current sensors shall measure the 

over-current values for the located path. Furthermore, the contac-

tor and fuse shall have overlapping to neglect the dead-leg on the 

border of crossing points between the zones. 

 

 

 
Fig. 9. Current Zones in HV Battery System 

 

 

In the normal operating zone for one pack (light blue zone), all 

BDU and PDU components shall carry all current values without 

any failure. Meanwhile, only the contactors can make and break in 

the respected zone. The normal operating zone for the system 

(black zone) consists of current values identified as fault currents 

for the BDU, but normal operating currents for the PDU. Therefore, 

the components of the BDU shall interrupt in this zone while the 

components of PDU shall carry the current values normally. Since 

the current measurements are separate for the packs and the system, 

fault currents shall be calculated in the BMS in order to localize 

the proper fault zone in Figure 9, so selective protection can be 

provided. In the over-current zone for pack (yellow zone), the 

BDU contactor shall clear the fault currents, so the fuse could re-

main undamaged. If the current is in the short-circuit current zone 

for pack (red zone), the fuse shall cut-off the current and the con-

tactor shall be kept open until the fault current is cleared. Beyond 

the aforementioned zones, the pack fault current cannot occur in 

the no-go zone for one pack (dark blue zone), due to the melting 

limitations of the BDU fuse. The same logic applies for the system 
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fault currents, in the over-current zone for the system (green zone) 

PDU contactors would actuate, in the short-circuit current zone for 

the system (purple zone) fuse would interrupt. In addition to the 

dark blue zone, there is a no-go zone for the system (brown zone), 

in this zone, fault currents for pack and system cannot occur. The 

boundaries between the zones are implemented to the BMS algo-

rithm as a lookup table, thus BMS could decide on the zones accu-

rately. Thus, a selective shut-off strategy for distributed battery 

packs is achieved. 

 

5. Conclusion 

One of the most crucial components of the electric vehicle is the 

battery system which can be also a driver or barrier to electric mo-

bility development. With the increase of high voltage packs and 

the emergence of DBS structures, safety studies should be carried 

out on such systems as in standalone battery packs. One of the most 

important studies that shall be concluded is overcurrent and short 

circuit protection. In the battery system, electrical failures may lead 

to thermal runaway or explosion. Handling electrical failure in the 

battery system brings forward the necessity of the shut-off strategy. 

The shut-off strategy made with contactors and fuses, realized in a 

conventional system, can be improved as stated in this study to 

provide additional advantages when it comes to DBS. The concept 

proposed in this study shows the sustainability of the vehicle by 

providing selective protection in case of failure in one of the packs 

in the DBS. In this study, a detailed analysis of the selective shut-

off strategy for a parallel distributed battery system is investigated 

and protection zones are defined for both standalone pack and DBS. 

With the guides given in this study, necessary measures shall be 

taken for the selection and dimensioning of switching parts (e.g., 

fuse, contactor). Moreover, BMS shut-off algorithm and contactor 

control strategy shall be improved. The main target of the strategy 

is to maintain the vehicle continuity in case of a failure by shutting-

off only the faulty pack instead of shutting down the whole battery 

system. Thus, the continuity of electric vehicles' operation can be 

provided with the other packs. The advantages of the system can 

be expanded by using pyro-fuses, smart-fuses, and even semicon-

ductor switches. In the battery design processes, this case shall be 

handled carefully and evaluated at the starting of the concept phase. 
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