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Abstract—This paper presents a new power electronic device,
named power antifuse, providing an irreversible bypassing func-
tion for the current after having been ignited by an external
electrical signal. The antifuse is a scalable power electronic device
of 1cm’ of active area. A pristine antifuse device provides an
electric resistance of more than 100 mega-ohms between the
terminals. After having been activated, the same antifuse device
becomes a bidirectional bypass element offering less than
20 micro-ohms of resistance to the electric current. The activa-
tion time corresponding to the delay between the reception of the
electrical trigger signal and the full conduction of the antifuse is
less than 10 ms even at environment temperatures below -40°C.
This paper shows how the integration of antifuse devices in bat-
tery cells can be used to bypass and turn-off lithium-ion battery
cells thus improving the safety and availability of battery systems
used in transport applications like aircraft, railways, ship and
road vehicles. The characteristics of the proposed antifuse device
make it also an ideal power electronic device for bypassing faulty
series connected sub-systems used in high-availability applica-
tions or fail-operational redundant systems.
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I. INTRODUCTION

Nowadays, battery systems based on series connections of
lithium-ion battery cells are widely used in a vast variety of
mobile and stationary applications [1] [2]. Since lithium based
batteries provide a high energy density, they are potentially
dangerous when they release their energy in an uncontrolled
way. The hazards can be of several types, for example chemi-
cal, mechanical, electrical or thermal. A faulty battery cell
principally generates two main threats:

e the threat coming from the faulty battery cell (e.g., ther-
mal runaway, electrolyte or gas leakage, explosion, fire)

o the threat of making the system unusable or worse, de-
stroying it and hurting persons

Safety critical high-power and high-energy applications re-
quire preventive safety measures during the conception phase
and during the definition of their architecture [3]. A fail-safe
device is defined as a device that will cause no harm to the
persons using the system in which the device is integrated, and
limit this caused harm for the other components of the system.
A fail-safe system will in general show a clear change in be-
havior (e.g., being shut down) or a dramatic decrease in per-
formance. For instance, the failure of a motor in an electric
vehicle will lead to the immobilization of the vehicle.

The next level of safety-demanding systems is defined by
the term fail-operational. This level of safety is mandatory
when the function of the system must be maintained at a cer-
tain level even in the case of a single device failure. In general,
fail-operational systems provide a certain amount of redundan-
cy. This level of safety is required for example in aircrafts,
where shutting down is never an option. A very similar strategy
is used in high-availability systems, requiring a non-stop ser-
vice, for example in uninterruptible power systems (UPS) sup-
plying hospitals or data centers.

This paper describes a new power electronic antifuse device
that can be used as current bypass in applications requiring a
high level of availability. First, the antifuse device is described
in its context and the design of the antifuse is exposed. Further,
the integration of an antifuse in a battery cell is considered and
the triggering explained. Finally, thermal simulations and direct
measurements on high-power lithium-ion cells are presented.

II.  POWER ANTIFUSE DEVICE

A. Motivation for Bypass Devices in Battery Systems

High-power and high-energy battery systems are using se-
ries connections of lithium-ion battery cells, in general between
several dozens and several hundreds of cells, to reach the re-
quired power levels for the considered mobile or stationary
application. A battery system illustrating such current bypass
elements is shown in Fig. 1. Without the bypass elements, the
battery system would no more be able to operate, because the
current path would be irreversibly opened.
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Battery system consisting of battery cells connected in series and
having integrated antifuses. The current path is shown during normal
operation on the left side and in case a battery cell has failed and the
current must be bypassed by one of the antifuses on the right side.



B. State-of-the-Art in Bypass Devices in Battery Cells

State-of-the art electric road vehicles are using lithium-ion
battery systems based on cylindrical, pouch or prismatic hard-
case automotive battery cells. These battery cells are made
smarter from generation to generation, thus integrating com-
munication functions [4] [5], temperature estimation functions
[6] [7], and protection functions, like current interrupt devices
(CID) or overcharge protection device, as shown in Fig. 2. The
battery cell is a state-of-the-art automotive grade 60 Ah pris-
matic lithium-ion battery cell (14) providing an integrated
safety device (28) that is pressure sensitive [8] [9]. The nega-
tive battery cell terminal (24) is galvanically isolated from the
cell case (12), whereas the positive battery cell terminal (26) is
electrically connected to the cell case (12). In case of an over-
pressure event in the cell compartment (14), the electrical con-
ductive membrane (30) in the safety device (28) flips out of the
battery cell (14) and enters into contact with the prolongation
(22) of the negative terminal (24), thus providing a direct cur-
rent path between the negative terminal (24) and the positive
terminal (26), further disconnecting the electrode stack (16) by
blowing the fuse (18).
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Fig. 2. State-of-the-art 60 Ah prismatic lithium-ion battery cell (14) provid-
ing an integrated pressure sensitive safety device (28) [8] [9]. In con-
trary to the antifuse, the device (28) cannot be triggered by an exter-
nal signal and is therefore not able to provide a controlled irreversible
shutdown of the battery cells in case of a vehicle crash.

The concept proposed and realized in [8][9] provides a very
efficient solution to bypass the battery cell in case of an inter-
nal cell failure producing enough gas to increase the internal
cell pressure to a level pressing the membrane (30) to the con-
tact (22), as depicted in Fig. 2. This is for example the case
when the battery cell is being overcharged, but it does not
cover all possible failure modes [10]. It cannot disable or shut-
down all cells in the battery system in case of a severe vehicle
crash. This paper proposes to integrate in each battery cell a
power antifuse that can be activated electrically anytime to
ensure a much wider coverage of the possible failure modes in
safety-critical, high-availability and fail-operational systems.

C. Design of the Power Antifuse Bypass Device

The proposed power antifuse device was designed based on
strict requirements defined for battery systems designed for
modern transportation applications, more specifically coming
from the automotive and aviation domains. These requirements
are summarized in TABLE 1.

TABLE I. OVERVIEW OF THE REQUIREMENTS OF THE PROPOSED HIGH-

CURRENT LOW-VOLTAGE ANTIFUSE POWER DEVICE

Parameter Name Required Value Reached Value

Isolation Voltage >10V >30V
Open Circuit Resistance >10 MQ >100 MQ
Closed Circuit Resistance <200 pQ <20 pQ
Ignition Delay Time <30 ms <20 ms
Total Activation Time <50 ms <25 ms
Lifetime at 60°C >10 years >15 years
Costs [11] <1.00 €/cell 0.15-0.45 €/cell

The proposed power antifuse device consists of two major
functions: an ignitor function triggered by an electric current,
heating a reactive material generating an exothermal reaction;
and the antifuse function, in which tin is molten to shorten two
high-current electrodes. Both functions have been brought
together in a single electrically triggered power antifuse device.
An electrical symbol for the antifuse device is proposed in Fig.
3 and the corresponding mechanical assembly shown in Fig. 4.
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Fig. 3. Proposed electrical symbol for the new controlled power antifuse
device in which the antifuse device symbol is shown directly ac-
colated to the electro-thermal ignitor device symbol.
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Fig. 4. Exploded view of the assembly of a high-current low-voltage power
antifuse bypass device prototype.

As shown in Fig. 4, the power antifuse bypass device con-
sists of two electrodes, which can actually be copper or alumi-
num busbars. In case aluminum is used, it must be treated, for
example with a nickel layer, to be able to be soldered with tin.
An electrically isolating foil, for example polyethylene (PE) is
used to galvanically isolate both busbars from each other. The
thickness of the polyethylene isolation foil can be adapted to




the electrical isolation required by the final application. Two
holes in the upper busbar allow both pins from the lower bus-
bar to enter in these holes, but without exceeding the thickness
of the upper busbar, as illustrated in Fig. 5. A reactive multi-
layer foil consisting of stacked very thin aluminum and nickel
bi-layers (i.e., <50 nm) alternating up to a total thickness of
around 80 pm is used as electrically triggered heat source. To
ignite the reactive foil, a temperature increasing rate of at least
200°C.min"" when passing at least the 200°C threshold is nec-
essary. A slower heating rate will only anneal the reactive foil,
without bringing it to ignition. When ignited, the reaction front
propagation velocity is between 2-10 m.s™', depending on the
age of the reactive foil. A pristine reactive foil provides an
energy of 1kJ.g" with a density of 6 g.cm™, thus correspond-
ing to 6 kJ.cm™. An 80 um thick 10x12 mm’ reactive foil gen-
erates around 57.6 J (i.e., 48 J.cm™) of heat to melt the solder
layers of both busbars and establishes an electrical short be-
tween them. A pressure pad is applied over the reactive foil to
ensure a good thermal and electrical contact between the reac-
tive foil and the solder layers on the busbars. The pressure pad
can be an electrically conductive or isolating material.
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Fig. 5. Assembly of a high-current low-voltage antifuse device showing the
difference in height ensuring the electrical isolation in the pristine

state. The cross-section AA’ is shown in Fig. 7.

Fig. 6.

Photography of a power antifuse device with its trigger contact.

A cross section view of the antifuse assembly in Fig. 5 is
depicted in Fig. 7. The isolating air gap plays an essential role
for the electrical isolation. This air gap is sufficient to block
battery cell voltages up to more than 5 V. The geometry of the
holes was chosen to apply the ignition pin between both holes,
so that a strong counter pressure can be provided by the upper
busbar. This is important to ensure that the ignition pin will not
perforate the reactive foil or press it against the lower busbar.
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Fig. 7. Cross-section AA’ of the assembly of a high-current low-voltage
antifuse device as shown in Fig. 5.

III. CELL INTEGRATION AND SYSTEM ARCHITECTURE

A. Battery Cell with an Integrated Antifuse

Adding functions to battery cells increases their complexity
and costs, therefore a cost-efficient integration of the power
antifuse is essential to ensure the development of cost-efficient
battery systems. An integration concept showing a battery cell
with a power antifuse device is proposed in Fig. 8.
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Fig. 8. Prismatic hard-case battery cell drawing showing the integrated
power antifuse and its multifunctional electrical contact for cell volt-
age sensing, cell balancing and antifuse triggering.

B. Battery Cell with a Multifunctional Contact

In Fig. 8, the housing of the battery cell is electrically con-
nected to the negative terminal of the battery cell. The spring
loaded antifuse is held in place by a solder layer that melts
away, when the exothermal reaction of the reactive foil was
ignited, thus pushing the pressure pad to the bottom and short-
ing the positive terminal with the negative terminal of the bat-
tery cell. The reactive foil of the antifuse is also electrically
connected to the negative pole of the battery cell, and further to
a so called multifunctional contact. The antifuse is designed in
such a way that, as shown in Fig. 9, a multifunctional battery
cell contact can be used to measure the battery cell voltage, to
perform the passive charge balancing process (i.e., battery cell
charge equalization), and to ignite the antifuse to irreversibly
bypass and shutdown the battery cell (i.e., disable the battery
cell by forcing its voltage externally to zero volts).

1. Cell Voltage Sensing

2. Cell Balancing
3. Antifuse Triggering

Fig. 9.

Assembly of battery cells in a battery module showing the connec-
tion to a multifunctional battery cell contact allowing all three func-
tions over a single electrical cable connection: cell voltage sensing,
cell balancing (i.e., charge equalization), and antifuse triggering.



Battery Module Monitoring PCB

|
| Ny +
: «
ntifuse ntifuse ntifuse
Antif Antifs Antifi
riggering riggering riggering
| Triageri - N Trigaeri
| IE::_[I E’..__ll
: Passive Balancing J— Y Passive Balancing J— Passive Balancing J—
I e W W
|
oltage_Sensing oltage _Sensing oltage Sensing
Vot Si v Volt Si v Vol S
| & L
|
o4 - _____v_ | _
Multifunctional Contact Multifunctional Contact Multifunctional Contact
Power Antifuse Power Anlifuse Power Antifuse

== =N

R

@ © 6}

Battery Cell #n

Battery Cell #2

© @ ©

Battery Cell #1

Fig. 10. Schematic of a battery module showing the general principle of series connected battery cells having an integrated antifuse and a multifunctional contact
allowing the three following functions over a single wire: cell voltage sensing, passive balancing (i.e., charge equalization), and antifuse ignition.

C. Battery System Architecture with Integrated Antifuse

The schematic of a battery system using power antifuse
bypass devices in every battery cell as depicted in Fig. 10
shows how the three functions (i.e., cell voltage sensing,
passive cell balancing, and antifuse triggering) can be real-
ized over one single multifunctional contact. With this bat-
tery system architecture, there is actually no need for addi-
tional wires between the smart battery cells and the battery
module monitoring printed circuit board (PCB). The current
flowing through the multifunctional contact flows also over
the reactive foil. The battery cell monitoring function re-
quires less than 100 pA of current, while the passive battery
cell balancing consumes 50-200 mA of current.

The ignition of the reactive foil of the antifuse requires a
current pulse of 50-100 A during 1-2 ms (i.e., approximately
100 mJ). The extreme ignition velocity of the antifuse makes
it an ideal device to fulfill a further function: if integrated in
every battery cell, it is able to be used to shut the cell down
(i.e., turn it electrically off) in the case of a vehicle crash.
When the antifuse device is integrated in each battery cell, it
does not only allow a bypassing in case of a faulty cell, but it
also further provides the ability to shut down (i.e. reduce the
external cell voltage to zero) every cell, with a trigger veloci-
ty of less than 30 ms. The typical airbag activation and de-
ployment time is around 30-80 ms. This means that the anti-
fuse technology proposed in this work is able to shut down
every cell of a battery system in a very short amount of time,
in the case of a vehicle crash, thus guaranty the safety of the
work that will be performed by the rescue services. The
detailed driver circuit for triggering all the antifuses sequen-
tially or simultaneously is not part of this paper. It is simply
represented in Fig. 10 by the voltage source Var and the
PMOS antifuse triggering transistor.

Currents below 500 mA are not able to ignite the reactive
foil or to accelerate significantly its ageing. The reason is
that the terminals of the battery cells in high current applica-
tions are submitted to higher temperatures than the passive
balancing electronics on the battery module monitoring PCB,

thus the power losses occurring in the busbars connecting the
positive pole of one battery cell to the negative pole of the
next battery cell in series have a higher impact on the tem-
perature of the reactive foil in the antifuse, like it is repre-
sented in Fig. 8, than the temperature increase generated by
the battery cell balancing current. In conclusion, the ageing
of the reactive foil in the antifuse is not firstly determined by
the current flowing during the passive balancing process, but
by the temperature elevation generated by the main current
flowing over the busbars connecting one cell to the next in
the series.

Models developed by using differential scanning calo-
rimetry (DSC) thermal analyses have confirmed that after a
period of 10 years at a constant temperature of 60°C, the
reactive foil can still be ignited and that the generated exo-
thermal energy is more than 2/3 of the initial energy, thus
being sufficient to melt the solder layer, even at ambient
temperatures of -40°C. This is further investigated in the
next section, which will explain the thermal modelling and
simulation methods, and present the corresponding simula-
tion results.

IV. MODELLING AND SIMULATION OF THE ANTIFUSE

A. Modelling Configuration of the Antifuse

To design the antifuse capable of fulfilling the require-
ments shown in TABLE I, a thermal simulation model based
on the drawing shown in Fig. 7 was developed and analyzed
in ANSYS. The phase change of the solder layers is mod-
elled via a temperature dependent enthalpy curve. Due to the
temperature dependent material properties, the analysis is
nonlinear, requiring an iterative solver. To obtain a converg-
ing solution, time step control and mesh properties were set
accordingly. Because of the short times considered, the heat
generated by the reactive foil does not affect the outer parts
of the busbars. As a consequence, these outer parts were not
taken into account for the simulation. Other elements like the
packaging were also discarded for the simulations. With a
10x12 mm? reactive foil, the minimum and maximum reac-



tion period was calculated to be respectively 1.3 ms with
10 m.s™ and 6.5 ms with 2 m.s™ reaction front velocity.

B. Thermal Simulation of the Antifuse

The criterion defining a successful activation of the anti-
fuse was defined to be a melting depth of the solder layers of
at least the equivalent height difference shown in Fig. 7 by
the isolating air gap. The evolution of the melted solder
depth was investigated when the energy stored in the reactive
foil diminishes for example due to ageing. The thermal simu-
lation results for an ambient temperature of 22°C are shown
in Fig. 11. The total simulated time is 10 ms to include the
cool down phase, with heat being generated by the reaction
in the reactive foil only during the first 6.5 ms. The tempera-
ture distribution after 6.5 ms is plotted for different energies
from the reactive foil (i.e., new reactive foil with 100% of
reaction energy, aged reactive foil with 75% and 50%).

The thermal simulation results presented in Fig. 11 show
that a successful melting of the solder layers occurs only
when the reactive foil releases 100% of its initially stored
energy. During the reaction period, the heat front propagates
through both solder layer sides (i.e., both busbars and the
pressure pad), thus indicating that the insertion of a thermal
barrier on the side of the pressure pad shown in Fig. 4 would
allow a deeper melting of the solder layers on the busbars,
especially when less energy is released by the reactive foil.
The simulation has shown that with the insertion of such a
thermal barrier (e.g., a thermal insulation foil), at an ambient
temperature of 22°C, the antifuse device can be successfully
activated even when only 50% of the initial energy remains
in the reactive foil. At -40°C, the device can be successfully
activated when at least 75% of the energy remains in the
reactive foil.
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Fig. 11. Thermal simulation results obtained with an ambient temperature of
22°C and a reaction period of 6.5 ms. The temperature profile for
various remaining energies in the reactive foil is plotted. The mini-
mum melting depth for activation corresponds to the equivalent
height difference shown in Fig. 7 by the isolating air gap. No thermal
barrier was considered between the pressure pad and the busbars.

V. EXPERIMENTAL RESULTS

A. Ageing Considerations of the Reactive Foil

The thermal simulations shown that the reaction time has
an impact on the melting depth of the solder layers, therefore
the reaction period of aged reactive foils was analyzed.
Along with these measurements, the ignition delay was also
studied. To investigate the long term ignition capability of
the antifuse, artificially aged reactive foils were examined
relating to their ignition capability, ignition delay and reac-
tion period. These investigations were realized by means of a
high-speed camera recording 10,000 frames per second (i.e.,
a frame every 100 ps) with a resolution of 512x256 pixels.
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Fig. 12. Schematic of the measurement setup used to ignite the antifuses
and measure the ignition delay and the reaction period.

Fig. 12 shows the schematic of the measurement setup.
To start the measurement process, a 5V pulse generator
provides a 40 ms pulse that triggers the oscilloscope, the
high-speed camera and the switching MOSFET simultane-
ously. To achieve a fast slope of the ignition current, a con-
stant voltage source and a series resistor were used. The
ignition delay (respectively the reaction period) of the reac-
tive foil was derived by counting the frames from the trigger
pulse to its ignition (respectively to the reaction end frame).
An example of an oscillogram of the ignition sequence is
shown in Fig. 13. The measured 10-90% current rise time of
the reactive foil ignition sequence is approximately 48 ps.

Trigger Voltage (5V/div)

Pin Voltage (5V/div)

Fig. 13. Oscillogram of the reactive foil ignition sequence.

The artificially aged reactive foils could all be ignited
successfully, as shown in Fig. 14. It was measured that the
ignition delay varies in the 0.2-1.2 ms range, but without any
recognizable dependency on the amount of artificial ageing.
The reaction period however shows a significant dependency
on the amount of artificial ageing: the reaction time increases
with increasing ageing time and ageing temperature. The
reaction period was measured to be in the 1.5-8.0 ms range.



Fig. 14. Reactive foil with visible ignition point (left) and end frame (right)
showing the propagation of the reaction front, with a duration of
1.5-8.0 ms. The sequence was made with a 10,000 fps camera.

B. Battery Cell Bypassing Tests

The antifuse was connected to a 30 Ah LiFePO;, cell with
a graphite anode. The cell was fully charged by CC - CV.
The current was measured noninvasively with a Hall-effect
sensor at a sampling rate of 500 kS/s.

The antifuse was triggered by a current of 48 A with a
pulse duration of 40 ms generated by a voltage source
providing a fast rise time. Fig. 15 shows the trigger signal,
the trigger current and short circuit current. The delay after
which the antifuse carries the full short circuit current was
less than 20 ms. The peak short circuit current flowing over
the antifuse was about 955 A and occurred 5 ms after the
antifuse created the short circuit over the cell. The complete
discharge of the cell took about 200 s (not shown in Fig. 15).
The antifuse carried the current over the complete time with
no damage or other functional fault.
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Fig. 15. Short circuit current when shorting a 30 Ah prismatic high-power
lithium-ion LFP/Graphite battery cell charged at 100% SOC.

VI. CONCLUSION

Due to application demands, the requirements for safety
and availability in battery powered applications are increas-
ing dramatically. State-of-the-art automotive grade battery
cells with integrated pressure safety devices are no more
sufficient to fulfill these requirements. A novel power elec-
tronic device called power antifuse was proposed with its
associated electric circuit symbol to solve these new safety
requirements. Thermal modelling was done to obtain the
design margins, especially after ageing. Investigations of the
ignition delay and reaction period with a high-speed camera
have shown that the performance level reached for shutting
down high capacity battery packs in crash cases is given.
Further, to obtain the highest cost-efficiency, the antifuse
should be integrated in each battery cell and the cell should
provide a multifunctional contact allowing cell voltage
measurement, passive balancing and antifuse ignition. The

newly proposed power antifuse device offers both battery
cell bypass function in single cell failure case, and shutdown
function in battery system crash case, thus dramatically en-
hancing the offered safety and availability levels in the
transportation and energy domains.
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