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Abstract

The goal of this thesis is to design and realise an emulator of advanced functions of
an electronic fuse currently in development. The emulator is built around an already
existing electronic fuse device. The additional features are emulated by a microcontrol-
ler. Most important of these feature is the ability to control and diagnose the electronic
fuse via SPI bus. An analysis of the parameters of the future device was performed
and based on that the hardware and software was designed and implemented. In Ap-
plication Validation measurements were performed on the finished device to validate
that the requirements were met and determine it’s parameters.

Key words: electronic fuse, automotive, emulator, microcontroller

Abstrakt

Tato prace se zabyva navrhem a realizaci emulatoru pokrocilych funkei elektronické
pojistky, ktera je ve vyvoji. Emulator je zalozen na jiz existujici elektronické pojistce,
ktera témito funkcemi nedisponuje. Pokrocilé funkce budou emulovany pomoci mik-
rokontroléru.
pojistku prostiednictvim rozhrani SPI. Byl proveden rozbor parametru budouciho
zafizeni, na jehoz zdkladu byl navrzen a relizovan hardware a software emulatoru.
Na dokon¢eném zatizeny byla provedena valida¢ni méfeni, jejichz cilem bylo ovérit zda
byly splnény vsechny pozadavky.

Klicova slova: elektronicka pojistka, automotive, emulator, mikrokontrolér
Pieklad nazvu: Navrh emuldtoru pokrocilych funkei elektronické pojistky
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Chapter 1
Introduction

As modern cars get more complex, their power distribution systems are getting more
complex as well. This increase in complexity requires a more sophisticated solution for
power distribution. The standard melting car fuses have not changed for several dec-
ades, and they have several shortcomings, which are no longer acceptable in modern
cars. Among these shortcomings is the fact, that melting fuses are not reusable. One
way of addressing the growing requirements for reliability and safety is the use of elec-
tronic fuses. An electronic fuse is a device which replaces the traditional melting fuse
as a circuit protection device while o ering more features and improved performance.
The adoption of electronic fuses in the automotive industry is relatively recent, and
the developers of car power distribution systems need to get familiar with them before
applying them to a car's systems.

This thesis aims to design and develop an emulator of an electronic fuse that is
currently in development (VNF9D1M5), which will be used to provide the automotive
developers with a way to familiarise themselves with the e-fuse before it is manufac-
tured. The emulator will emulate advanced functions of the future device and will be
built around an already existing e-fuse device (VNF7000AY) that does not provide
these features. The most notable of these functions is the control and diagnostics of
the e-fuse via SPI.

The emulator's development will involve the analysis of the future device's para-
meters, from which the requirements for the emulator's design will be derived. Based
on these requirements, the emulator hardware and software will be designed and im-
plemented. The HW design will include the selection of components and the design
of a PCB. The SW design and implementation will involve implementing then fea-
tures not available on the VNF7000AY. When the emulator's design is complete and
the device is realised, validation measurements will be performed to con rm that the
design requirements have been met.



Chapter 2
Assignment analysis

As mentioned in the introduction, the goal of this thesis is to design and implement
an emulator of an electronic fuse with advanced functions. This emulator will be using
an already existing electronic fuse. The purpose of the emulator will be to emulate
advanced functions, which will be added to a new iteration of the e-fuse. These new
functions include communication via SPI and basic diagnostic of the device as well as
better con gurability of the device and several other functions.

2.1 Emulator design requirements

Before the emulator is designed, the requirements of the new device need to be
analysed in order to determine which functions can be emulated and what will be its
limitations. This analysis will produce a list of achievable parameters of the emulator.
Based on this, the emulator speci cation will be drawn up.

2.2 Emulator hardware design

The design of the emulator's hardware will be focused on meeting the requirements
for the future e-fuse device. Some of these requirements will be ful lled only partially
or not at all. This is because it would be too complicated to implement them, and
they are not key to the function of the device. HW design will be based on the block
schematic, which was created as part of the requirement analysis.

The emulator will be designed as an evaluation platform at rst. This means that
the design will put emphasis on the accessibility of signals and generally making it
easier to work with the device in a laboratory. Another more compact and simpli ed
version might be designed when this version is properly evaluated, but that will not
be a part of this thesis. The emulator will be designed to be able to integrate into
a vehicle's power distribution system.

The rst step of the design will be selecting the components from which the emu-
lator will be assembled. This includes microcontroller selection, integrated circuits
and connectors. E-fuse devices are already provided, which means | will not be se-
lecting them. This process also includes checking the compatibility of the devices and
their availability. Since the device is going to have automotive applications, it is also
important to select automotive grade components where possible.

After the component selection comes the schematic design. The schematic will be
derived from the block schematic. For the integrated circuits, the microcontroller and
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the e-fuses, the reference designs will be followed. The schematic design also involves
determining the pinout of the MCU. This will be partly done in component selection
because the MCU will need to have enough pins to accommodate our needs. Before
proceeding with the PCB design, the schematic will be reviewed.

Once the schematic has been nished and reviewed, | will be able to proceed with
the printed circuit board design (PCB). During the design, basic design rules and
device requirements shall be taken into account. The emulator is required to work with
high currents (up to 64 A). This means that power losses on components, connectors
and the board itself will need to be taken into account. Before manufacturing the
board, a thermal simulation will be performed to determine whether the board and the
components on it have su cient cooling. A review of the PCB design will be performed
as well.

When all this is done, the board design les will be sent to the chosen manufac-
turer. After receiving the board, the hardware part of the device will be completed by
soldering the components onto the PCB. This will also include some testing to uncover
design or soldering errors and prepare the board for software development.

2.3 Emulator software design and implementation

Software development for this project will involve the design and implementation
of rmware (FW) for the MCU, which emulates the behaviour of the new e-fuse. Part
of the development can be done before the hardware is ready. While waiting for the
PCB to be manufactured, | shall familiarise myself with the MCU and its peripherals
(SPI, ADC,...). Peripheral and core con gurations will be examined, and the most
appropriate ones will be selected.

Once the hardware is available, it will be possible to develop the code on it. The
peripheral and 1/O con gurations shall be veri ed to work on the new hardware. The
future e-fuse device behaviour is described using a nite state machine. A modi ed
version of this state machine will be de ned for the emulator. This modi ed state
machine will be implemented. The FW needs to be designed to be indistinguishable
from the real device by the user.

Since there are strict safety requirements concerning reaction times and speed in
general, no Hardware Abstraction Layer (HAL) libraries shall be used. The MCU will
be programmed using direct register access. This approach will result in more di cult
development but also better FW performance. Important signals shall be handled by
interrupts in order to minimise the reaction time as much as possible.

Alongside the FW for the microcontroller, software for an application platform
will be developed. This software will be provided by STMicrocelectronics and its
development is not part of this thesis. This application software will be used for the
evaluation of the emulator.

2.4 Testing and validation

Once the emulator is nished, it needs to be tested and validated. This means it
will be necessary to verify that the design requirements were met. It will also provide
a more accurate view of the emulator's parameters. The testing and validation will be
carried out according to a test speci cation which will have to be drawn up. This must
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be done as a part of the emulator's speci cation. The test speci cation will be based
on the requirement list and automotive industry standards. Because the emulator is
built on an already existing e-fuse device, it will not be necessary to perform every test
on the power part of the device.



Chapter 3
Introduction to fuses

In this chapter, | will give a brief overview of automotive fuses and their application.
The reasons why fuses are needed and their parameters will be discussed. Then the
concept of electronic fuses will be introduced and compared to the standard melting
fuse. Applications and bene ts (and disadvantages) of electronic fuses will be discussed
as well.

3.1 Fuses in automotive applications

The purpose of fuses in power distribution systems is to protect individual com-
ponents and the entire system. In standard melting fuses, this protection is achieved
by the fuse melting under overcurrent conditions. When the fuse melts, the current
ow in the circuit is interrupted, and the overcurrent condition is eliminated.

Wiring in cars is made from copper. Even though copper has excellent electrical
conductivity, the wire resistance is not negligible. The wire resistance can be determ-

ined using the following formula:
I

= — (3.1)
where is the electrical resistivity of the material (copper ¢, =17 10° m), |is
the length of the wire, andA is the wire cross-section area.

When the passing current through a non-ideal conductor, Joule's law applies, mean-
ing that a part of the power owing through the conductor is turned into heat. The
power turned into heat is proportional to the conductor resistance and square of the

current as expressed in this formula:
P=I°R: (3.2)

The conductor needs to dissipate the heat generated by the passing current. When
the current is within the rating, the conductor manages to dissipate the heat into
its surroundings. When the current exceeds the rating, the wire begins to overheat.
This issue is exacerbated by the fact the wires in cars are bound into a wiring, where
there are more wires generating heat and the heat dissipation is diminished. Wire
overheating can lead to isolation melting which can lead to a short circuit between the
wires in a wiring harness. It can even lead to the melting of the conductor itself. These
are serious safety risks, and fuses are essential in reducing them.

In this section, an overview of fuse parameters and behaviour will be given, and the
fault states against which fuses protect the circuits will be presented.
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3.1.1 Types of faults in power distribution systems

Fuses generally protect against overcurrent faults. This means that the current
owing through the circuit exceeded the maximum rated current. This condition can
be caused by both overloads and short circuits. When any of these faults occur, the
fuse must open the circuit and interrupt the current ow. The fuse reaction must be
fast enough in order to prevent any permanent damage to the circuit.

An overload in the circuit occurs when the current exceeds the rating of the wiring
and the devices connected to it. In this condition, current is owing only through
the de ned pathways (i.e. the wires). This usually happens when too many active
devices are connected to the circuit at the same time or when a device experiences
a malfunction. This can lead to wiring and/or device damage due to overheating.

Short circuit occurs when an unintended connection is made between the power
source (battery, alternator) and the ground. This could happen as a result of wiring
insulation damage or device malfunction. In this case, the current is owing through
an unde ned path. Short circuits have very low resistance, which means that the
supply voltage forces huge currents through them. Such large currents can damage
the wiring, connected devices and even the power supply itself. Because the current
passing through the wires during short circuit is so high, the chance of wiring insulation
melting and catching re is greatly increased.

3.1.2 Fuse parameters

When selecting an appropriate fuse for a circuit, it needs to have de ned paramet-
ers. These parameters describe the fuse's maximum ratings and its behaviour during
overcurrent. Fuse parameters can also be applied to e-fuses. Following is a brief over-
view of these parameters.

Voltage rating

As with most electric and electronic components, fuses also have maximum voltage
ratings. This is the maximum voltage that can occur in the circuits. Fuses are designed
so that they operate safely under this voltage. When voltage rating is exceeded, the
fuse might not work as expected due to arcing. The circuit voltage must never exceed
the fuse maximum voltage rating. Voltage rating is usually specied in volts DC.
Sometimes AC value is given as well.

Breaking capacity

Breaking capacity or Interrupting rating determines the maximum current the fuse
is able to handle safely. During an overcurrent event, the current through the fuse
can be several times the nominal current. If this current is higher than the breaking
capacity, it can result in fuse package damage. The damaged fuse might damage
surrounding components (e.g. other fuses), or it may not break the circuit properly.
Fuse breaking capacity is speci ed as maximum current at rated voltage.

Current rating

The current rating speci es the maximum current that the fuse can carry continu-
ously. This rating can change depending on external conditions, especially temperature.

6
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Under normal conditions (25C), the maximum current is usually derated to a lower
value. This is done to avoid the fuse blowing prematurely due to manufacturing tol-
erances. Under normal conditions, the derating factor is typically 25%. For example
a fuse rated for 20 A would be derated to just 15A at 2%.

When ambient temperature increases, the fuse's ability to dissipate heat decreases.
This means that the fuse will blow at a lower current than at 25C. In order to de-
termine which fuse to use, rerating for increased ambient temperature needs to be
performed. The rating for the de ned temperature can be determined using the fol-
lowing formula: I

o = G 69
wherelyom is the nominal circuit current, r is the temperature rerating factor and
Irat IS the required rating of the fuse. The rerating factor can be obtained from
Temperature Rerating Curve from the fuses datasheet. An example of this curve can
be seenin gure 3.1. For example if the circuit current i$yon = 10 A and the ambient
temperature ist = 80 °C, the rerating factor from the curve isrr = 0:92. The rerated
current is then 10

lRAT = —075 0:92: 145 A: (34)

This means that at least a 15 A fuse should be used for the circuit under these condi-
tions.

Figure 3.1: Example of fuse temperature rerating curve [1]

Time-current characteristic

All of the parameters mentioned so far described static parameters, but when se-
lecting a fuse, reaction times are as important as the current rating. Time-current
characteristic describes the response times to di erent overcurrent values. These char-
acteristics are always declining, meaning that when the current gets higher, the time
needed for the fuse to break the circuit is shorter. Knowing the time-current charac-
teristic helps to select the right fuse when the fault needs to be cleared in a specied
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Figure 3.2: Average time-current characteristic of di erently rated fuses [1]

time. It can also be used to choose a fuse that will allow a temporary overload. In
gure 3.2 you can see a comparison of average,characteristics of fuses with di erent
current ratings. In gure 3.3 characteristics of two fuses with identical current ratings
and di erent constructions are compared.

| %t rating

| 2t expresses the amount of thermal energy available from the current. The unit
is A%s. It is also used for rating electric motors or wiring. There are three kinds
of 1%t rating. Melting 12t rating expresses the amount of energy needed to melt the
fuse. Arcingl 2t expresses the amount of heat dissipated during arcing. Total Clearing
| °t expresses the total amount of heat dissipated in the fuse from the start of the
overcurrent event to its end when the fuse clears the fault by interrupting the current.

| %t rating is important when selecting fuses. The total clearing?t of a fuse needs
to be higher than thel ?t rating of the wiring of the circuit it protects.

3.1.3 Fuse selection process

All of the parameters mentioned above need to be considered when selecting a fuse.
Another complication in the selection process comes from the conditions in which the
fuse operates, such as ambient temperature. In order to compensate for these, the fuses
need to be rerated according to speci ed characteristics.

When using melting fuses, another issue is introduced into the selection process,
and that is the variance of the parameters. As with essentially every electrical and
electronic component, no two identically rated fuses are the same. The parameters in
the fuses datasheet are only the average values. As you can see in gure 3.4, taken
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Figure 3.3: Comparison of time-current characteristics of fuses with di erent construc-
tion [1]

from a LittelFuse catalogue [2], the maximum and minimum opening times of a fuse
can di er by several orders of magnitude. This means that in the event of an overload,

it is dicult to determine for how long will the overcurrent ow. When rating the
wiring and devices in the circuit, the longest time the fuse takes to open needs to be
considered. This usually leads to overrating of the wiring in order for it to handle the
longer overcurrent event. The overrating of the wiring leads to increased mass and cost
of the wiring. The increased mass also leads to increased fuel consumption of the car.
The electronic fuse aims to resolve this problem by being much more accurate than the
melting fuse.

Figure 3.4: Example of maximum and minimum opening time of a fuse [2]



3. Introduction to fuses

3.2 Introduction to electronic fuses

As modern car systems get more and more complex, the power delivery systems
need to keep up with the requirements. Many of these requirements focus on safety and
reliability. Fuses are key safety components of a car's power distribution system safety.
To make the system safer and more reliable, the fuses need to get more sophisticated.
The advancements in areas of power transistors and integrated circuits in general lead
to the concept of the electronic fuse (e-fuse), which is an ideal replacement for the
traditional fuse.

In its most basic form, the electronic fuse uses a power switch, which is usually
a MOSFET, some form of current sensing and control logic which controls the switch
and evaluates the current sense data. This structure is illustrated in gure 3.5. When
the current in the circuit is below the set threshold, the transistor remains switched
on. Once the current exceeds the threshold (overcurrent event), the transistor switches
0, interrupting the current through the circuit.

This is the simplest version of the electronic fuse possible. Thanks to the modern
processes that allow integrating complex circuits onto the same chip as the power
transistor, e-fuses can have many more functions. Dierent and more sophisticated
protection mechanisms and even diagnostics of the fuse can be implemented in one
device.

In this section, the principle of e-fuse will be introduced and the main protection
mechanisms and other features of electronic fuses will be presented. After that, a com-
parison between the traditional melting fuse and the electronic fuse will be made. This
will show the reasons for adopting electronic fuses into modern car power systems.

Figure 3.5: Basic schematic of an electronic fuse

3.2.1 Electronic fuse principle

An electronic fuse is an electronic device that can be used to protect a circuit in
case of an overcurrent. The electronic fuse can also protect against other kinds of faults
in the power grid. Its primary purpose in a system is the same as that of a standard
melting fuse: interrupt current passing through it when it reaches a prede ned level.
However, the mechanisms used to interrupt the current are di erent. When the melting
fuse experiences an overcurrent, the conductive element of the fuse heats up to the point
of melting, which interrupts the current. E-fuses use electronic switches, transistors,
and current sensing. When the e-fuse detects an overcurrent, it opens the switch,
interrupting the current ow.

E-fuse can be realised either as a single integrated circuit or assembled from discrete
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components (transistors, diodes, transils,...). The discrete solution allows the designer
to select exactly which protections to implement. Unfortunately, this approach results
in a much larger and less e cient device than the integrated solution. Modern man-
ufacturing processes allow the integration of control logic onto the same silicon as the
power switch. This tight integration allows for much more control over the transistor.
For example, it is much easier to measure the transistor's temperature in the IC than
to measure it on a discrete component.

Since the switching o of the transistor is controlled by the control logic of the e-
fuse, the fuse parameters can be con gured to required values instead of having preset
parameters from the factory. This is very useful because the fuse can be con gured
precisely to the requirements of the circuit it protects. E-fuses are also more precise
when it comes to current measurement and interrupt times. The VNF7000AY's current
sense has accuracy of 7% for currents from 10 A to 30 A [3], which is much lower than
tolerances of melting fuses. The current sense accuracy is worse for current that are
much lower than nominal, which is why, it is important to select the appropriate e-fuse
device. Thanks to this, the wiring in the circuit does not need to be overrated, resulting
in weight and cost reduction.

Since the fuse control logic can be realised as an integrated circuit, it is much easier
and cheaper to implement more functions than standard overcurrent protection. These
functions can include more protection mechanisms, diagnostics and con guration of the
fuse's behaviour.

3.2.2 Current sensing in electronic fuses

For the electronic fuse to be able to perform its function, it needs to be able to
monitor the amount of current passing through the circuit. In this section, the various
methods of current sensing will be presented. Since there are many ways to measure
current, we rst need to determine the requirements for an automotive e-fuse.

The current measurement methods vary in complexity and accuracy and their prin-
ciple of operation. One of the basic classi cations is to direct and indirect methods.
Direct methods need to interrupt the circuit in order to insert a measurement device
(ammeter) through which the current will pass. Indirect methods do not need to Iin-
terrupt the circuit because they measure the magnetic elds generated by the passing
current. Since the e-fuse is already inserted into the circuit, the direct methods are the
obvious choice.

Current Shunt

The most used direct current measurement method is using a current shunt. A cur-
rent shunt is a resistor of a known resistance inserted into the circuit. When current
passes through the shunt, a voltage drop appears on it.. By measuring the voltage
across the shunt, the current can be determined using Ohm's law:

U=R I: (3.5)

This method can be very accurate, but it is dependent on the accuracy of the voltage
measurement and the accuracy of the resistor. Current shunts also have very good
resistance against interference, depending on the measured current (frequency, amp-
litude).
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Unfortunately, the principle upon which current shunts operate is also their greatest
weakness. When current passes through the shunt, heat is generated (Joule's law):

P=UIl=R IZ (3.6)

This causes the shunt to heat up, which can lead to its damage or destruction. The
power loss on a shunt resistor also decreases the e ciency of the entire system. One
shunt would probably not be a problem, but there can potentially be dozens of these in
a single car. This can be mitigated by using lower resistance shunts. Using a lower res-
istance shunt also means lowering the voltage across the shunt. This can complicate the
measurement and potentially make it less accurate. A lower resistance current shunts
are also more expensive, as they require tighter manufacturing tolerances. A current
shunt's price is comparable to the price of an entire electronic fuse.

Ratio Metric Sense MOSFET

When using MOSFETS, another current measurement method is available. Modern
power MOSFETs are composed of many parallel cells with their sources, drains and
gates connected. This is done to achieve a large current carrying capacity with low on-
resistance. This is a very simpli ed explanation; for more detail, see a power electronics
book. Some of these cells can have their sources electrically disconnected from the
others and connected to a separate pin. This pin is usually called Current Sense or
Mirror. If this pin is connected to the same potential as the source of the power
transistor, the sense transistor acts as a current mirror. It consists of a large power
transistor Qpow and a small sense transistoQsense as illustrated in gure 3.6. In this
case, an N-type MOSFET is used as a low side switch. For now, tiense resistor
will be considered to be O .

The Shichman-Hodges model of the MOSFET provides an equation that can be
used to calculate the current owing through the transistor based on its parameters

and voltages:
1

w
Ip = éKpf(vGS Vth)2(1+ Vps) (3.7)
" Ip is the drain current
" K, is the technological constant of the transistor
W and L are the width and length of the transistor

" Vgs Is the gate-source voltage

" Vy, is the transistor threshold voltage

" Vps is the drain-source voltage

is the channel length modulation constant

Since both the transistors have their gates, drains, and sources connected and are made

using the same technology, we can substitute into this equation and determine the ratio
betvveenl D _sense and I D,DOW'

L

| %Kp v (Vs Vth)*(1+ Vps) %
D _pow _ pow -

= pow (3.8)
I'b _sense %K b W (Mes Vth)2(1+ Vps)
sense

w
L L sense
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This means that the ratio between the drain currents is the same as the ratio
between the sizes of the transistors. This ratio is given by the number of MOSFET
cells used in the power part and the number of cells used in the sense part.

However, to measure the current passing through the sense transistor, a resistor
Rsense Needs to be connected to the source. This, unfortunately, causes the drain-source
voltage of the sense transistoYps sense t0 change and no longer equal t¥ps pow. This
causes the above equation to no longer apply. The higher tiense resistance, the
worse the accuracy of the mirror. This makes the selection of tfiense resistor a little
complicated. In integrated circuits, the solutions are more complex, and an example
of such a solution can be seen in gure 3.7. The transistd@,; and the operational
amplier U; are used to match the source voltages of transisto@@sense and Qpow [4].

Figure 3.6: Current sensing mirror
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Figure 3.7: Improved current sensing mirror

3.2.3 Protection mechanisms integrated into electronic fuses

As mentioned in previous sections, thanks to the control logic being integrated into
the e-fuse, itis possible to implement more protection mechanisms than just overcurrent
protection. Some of these protections are also necessary to protect the e-fuse itself.
This section will introduce the basic and the advanced protection mechanisms.

Short-circuit protection

During a short circuit, the current ows through a low resistance path from one
terminal of the power supply to the other. The current is limited only by the resistance
of the wiring and the voltage and output resistance of the power supply. That is why
short circuit currents are usually very high.

One of the main functions of any fuse is to protect the circuit from short circuits
by interrupting the current. This applies to electronic fuses too. Melting fuses, as
the name suggests, interrupt the current by melting due to heating up by the passing
current. E-fuses monitor the current passing through them, and when the current
exceeds the preset limit, the control logic turns o the transistor, interrupting the
current.

When a short circuit occurs, the current is so high that it can cause the power
supply voltage to drop. If this voltage drop is signi cant and long enough, it can cause
problems for systems connected to the same power supply. This is considered a safety
risk. It is therefore important to interrupt the current as soon as possible. For reasons
explained in the previous section, the melting fuse cannot react very fast. However,
a well-designed e-fuse can respond much more quickly, as illustrated in gure 3.8.
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Figure 3.8: Voltage drop caused by short circuit at = 1 ms (e-fuse vs. melting fuse)

Overload protection

During an overload, a current higher than expected is running through the circuit,
usually due to a device fault. These currents are lower than during a short-circuit but
can still cause damage. They are especially dangerous to wiring, as it can heat up to
the point of melting the insulation. This can, in turn, lead to a short circuit. It is
sometimes necessary to allow an overload for some time, for example, when turning
a device on and charging its input capacitors. The?t rating of the wiring is the
deciding factor here. It must not be exceeded.

Melting fuses have their ownl %t rating. A fuse with an | 2t rating lower than that
of the wiring will protect it. However, the tolerances in fuse parameters mean that the
wiring needs to be overrated in order to handle the worst-case scenario of the fuse's
performance.

E-fuses can use logic and mathematics. One option is to have a set of prede ned
threshold currents and corresponding turn-o times. When the current exceeds a cer-
tain threshold, the fuse will wait for the de ned amount of time, and if the current does
not drop, it interrupts the circuit. This approach is very simple and, for many reasons,
impractical. For instance, it does not really take repeating overloads into account.

Another option is to compute thel %t of the current running through the fuse. By its
principle, this approach requires some form of integrating the current over time. One
option is to sample the current periodically and compute thé?t using a microcontroller.
Unfortunately, using an MCU would make the e-fuse too expensive. A simpler approach
is to use a counter. When the current through the e-fuse exceeds the preset threshold,
the counter starts counting up. The counter increment is proportional to the size of
the overcurrent. When the current drops below the threshold, the counter starts to
decrement. If the counter reaches a certain prede ned value, which corresponds to an
| %t rating, the fuse interrupts the current. This process is illustrated in gure 3.9. The
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second overload is long enough for the fuse to latch o dt= 5ms.

The | °t computation allows the fuse to be closely matched to the wiring and devices
protected by the e-fuse. E-fuses also o er greater precision than melting fuses, which
reduces the need for overrating the wiring. This approach is used for fault detection in
many other systems, as it helps to reduce false alarms. The way this system is imple-
mented is key to the accuracy of the 2t computation, but the exact implementation
is kept secret by the manufacturers.

Figure 3.9: Overload protection illustration

Overvoltage and Undervoltage protection

So far, all of the mentioned protections are present in melting fuses as well as in e-
fuses. Since the e-fuse already contains some form of an ADC, it is possible to monitor
the supply voltage. The power supply voltage\gat ) is not constant. It can be higher
or lower than the nominal voltage.

Undervoltage occurs when thé/gar Voltage drops a certain amount below the
nominal level. It can be caused by a fault in the circuitry or in a device in the system.
An undervoltage can cause the systems in the power grid to behave incorrectly or
stop working altogether. The e-fuse can detect the undervoltage event and can send
a warning to other parts of the system. This warning can be used to turn o devices
safely before they are a ected by the undervoltage.

During an overvoltage, Vgar Voltage exceeds the nominal level. This can cause
unexpected behaviour and even damage to some systems. A melting fuse has no way
of detecting an overvoltage; therefore, the protection needs to be built in into the
devices. An e-fuse can monitor th&gar voltage, and when it detects an overvoltage,
it can generate a warning and eventually interrupt the circuit. This means that the
devices in the circuit protected by the e-fuse do not need to implement their own
overvoltage protection.

Overvoltage protection becomes more important as new power distribution systems
in cars start to include 48V supply. A short between the 12V and 48 V power rails could
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cause the 48V voltage to appear on the 12V power rail. This would probably destroy
most devices connected to that power rail. An e-fuse with overvoltage protection will
reliably protect the devices.

Overtemperature protection

While the above-mentioned protection mechanisms focus on protecting the circuit
wiring and devices connected to it, overtemperature protection primarily aims to pro-
tect the e-fuse itself. Like every electronic device, the e-fuse has a maximum operating
temperature. When this temperature is exceeded, the e-fuse may not behave according
to speci cation or be damaged. The e-fuse can overheat due to the high current passing
through it (power loss in the switch) or due to high ambient temperatures. Usually,
overheating is caused by the combination of these two factors.

In order for the power distribution to operate safely, the e-fuse needs to operate
safely as well. This is the reason why e-fuses implement overtemperature protection.
It is fairly easy to implement temperature monitoring in integrated circuits. A diode
or a pair of diodes is used. The temperature dependence of these structures is well
known ( 2mV K 1! for an Si diode). The voltage of this structure is monitored, and
once the voltage corresponding to the maximum junction temperature is reached, the
overtemperature protection engages.

The e-fuse can also generate a warning that its temperature is approaching the max-
imum possible level. This can help the system to prevent the e-fuse from overheating
by lowering the current passing through it or engaging active cooling (a fan).

Power limitation

Another way the e-fuse can protect itself is through power limitation. Su ciently
high currents can damage the e-fuse even before the overtemperature or short-circuit
protections step in. The high currents can potentially melt the bonding wires between
the silicon chip itself and the package pins. This would make the e-fuse completely
unusable, and it would need to be replaced. This current limitl(;y, ) can be in excess
of 150 A.

There is no need to interrupt the current passing through the e-fuse; it is enough to
limit it. This can be done by changing the operating point of the power transistor. Itis
possible to change the gate voltage so that the transistétps on) resistance increases.
This is another advantage of the integrated circuit e-fuse. The increase in on-resistance
limits the current that can pass through the e-fuse at the supply voltage (see Ohm's
law).

The increasedRpson) also means larger power loss and, therefore, heating of the
e-fuse. If the current is limited for long enough, the e-fuse reaches its maximum tem-
perature, and the overtemperature protection interrupts the current. The increased
on-resistance also means a large voltage drop across the e-fuse, meaning the circuit
voltage (power for devices protected by the e-fuse) will be lower.

There are various ways to implement this kind of protection. One way is to monitor
the current and when it exceeds thé ,, current, change the transistor gate voltage to
increase theRps on). This approach has the disadvantage of being fairly slow as the
current measurements take time. Another option is to place two diodes into the IC. One
close to the power transistor, the other on the edge of the die. When a large current
passes through the transistor, it heats up, and so does one of the diodes. By comparing
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the forward voltages of these diodes, a temperature gradient can be detected. If it is
large enough, the power limitation is triggered.

3.2.4 Additional e-fuse features

Thanks to the e-fuse being an integrated circuit, it is possible to include additional
features that extend the use of the device beyond just a fuse. These features can
improve the safety and reliability of the power distribution system as well as provide
greater control over it.

Modern integrated logic technology allows manufacturers to include complex, com-
putationally demanding features into their devices. The result of this are so-called
smart electronic fuses. The inclusion of some communication interface (SPiC) into
the e-fuse gives the user more control and much more information.

Fault diagnostic

At their most basic, e-fuses do not di er much from ordinary melting fuses. They
interrupt the current when it exceeds a certain level or when the?t rating is exceeded.

It is impossible to distinguish the reason for the melting fuse to blow. However, the
e-fuse can be equipped with dedicated diagnostic pins or diagnostic registers, which
can be accessed through a communication interface.

This can be very useful in case of overloads, which are usually caused by malfunc-
tioning devices. By latching o and then unlatching again, the e-fuse resets the device,
which might clear the overload fault. Knowing that there is an overloaded device in
the circuit, the controller may disable it, thereby removing the source of the overload.
On the other hand, if the cause of the e-fuse latching o is a short-circuit, it is usually
caused by wiring damage. The retry strategy can be de ned by the car manufacturer
to suit the application.

Open load detection

By monitoring the various currents and voltages available, the e-fuse becomes
a source of valuable data. This data can be used to diagnose the state of the cir-
cuit. Open load detection (OLD) can detect if the load has been disconnected from
the e-fuse. This mechanism is often implemented in high side switches and drivers.
There are two kinds of open load detection. O -state (o ine) when the switch is open
and On-state (online) when the switch is closed.

On-state open load detection monitors the current passing through the device.
When it falls below the open load current threshold o, p , it is evaluated as an open
load state. O -state open load detection works as indicated in the schematic in gure
3.10. When the power transistor is 0, a source of small diagnostic currentjac ) IS
connected to the output. The control logic senses the power supply voltayg,r and
the output voltage Vout. If the load is connected R oap is small), the diagnostic cur-
rent is not high enough to cause a large enough voltage drop across the load. However,
if the load is disconnected R oap is high), the output of the device is pulled high
to the supply voltage Vear . This voltage can be measured by the control circuitry.
The current source could be replaced by a resistor, but in an IC, it is simpler to use
a current source.
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Figure 3.10: Open load detection mechanism

E-fuse parameter programmability

E-fuse properties are de ned by the control logic. The logic of the e-fuse can be
programmed to t the application. The e-fuse's breaking current and time character-
istics can be de ned by setting one or more parameters. These settings can be based
on the required! t of the e-fuse.

There are various ways of programming the e-fuse. For simpler e-fuses, it can be
done by external resistors. If the e-fuse is equipped with a communication interface,
SPI for example, it can be programmed by simply setting the values in appropriate
registers. The programming can also be done by writing the one time programmable
(OTP) memory in the e-fuse. The OTP is programmed when the e-fuse is installed
into the system in the factory. Using OTP can reduce the risk of fault due to accidental
rewrite of the e-fuse parameters.

The fact that e-fuses can be programmed to a specic application also relieves
supply chain issues. Instead of several di erent types of melting fuses with di erent
parameters, one type of integrated circuit (i.e. an e-fuse) is used and programmed as
needed.

Automatic fuse reset

When a melting fuse clears a fault in the circuit, it is destroyed and needs to be
replaced. That means that the systems protected by the fuse are inoperable until the
fuse is replaced. This is problematic for systems responsible for the safety of the vehicle.
To solve this problem in modern cars, there are two independent power supplies for
such systems.

When an e-fuse clears a fault, it simply switches o a transistor. This transistor
can be switched on again. When an overload in the system is caused by a device
malfunction, it is possible that the device malfunction was only temporary, and the
reset (because of the power supply loss) xed the problem. That is the reason why
e-fuses come with auto-reset functionality. When the e-fuse latches o, it way for
a period of time and then unlatches. This process can be repeated. Most e-fuses have
a maximum number of retries before requiring action by a master system.
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Health monitoring of the wiring

Health monitoring of the wiring harness is a very advanced functionality proposed
for the next generation of electronic fuses. These e-fuses operate with a model of the
power distribution grid. Using the model of the wiring and the measurements of the
current passing through it, they are able to estimate the temperature of the wiring.
From this, it is possible to estimate the state of health of the wiring. This can be used
to determine the remaining useful life (RUL) of the wiring.

Normally, the wiring is replaced only when it is damaged. This is unsatisfactory
from the point of safety as the wiring could fail at a critical moment (i.e. emergency
braking). When a reliable estimate of the remaining useful life is known, predictive
maintenance can be applied. When the wiring is nearing the end of its RUL, it is
replaced during regular service.

Capacitive charging mode

Modern cars are equipped with a large number of electronic devices which need
to be powered. These electronic devices draw current in short pulses, which can be
so large that the power supply can not deliver them, or they can be limited by the
impedance of the power lines. This is why electronic devices require decoupling (or
bypass) capacitors that are capable of delivering short high current pulses. Through the
combination of many devices in the circuit or one device with very large capacitance,
the capacity that needs to be charged when the circuit is turned on can become very
large, in the range of millifarads. A car's battery is an excellent voltage source, and
when a capacitor is connected to it, the capacitor will start to charge to the battery's
voltage. The charging current is de ned by the circuit resistance, battery voltage and
capacitor voltage. The circuit resistance is a combination of factors: battery internal
resistance, wiring resistance and the equivalent series resistance (ESR) of the capacitor.
The blocking capacitors tend to have low ESR values, as that makes them more e cient
and reliable. That means that the capacitor charging currents can become very large
(in excess of 100 A), which could be damaging to the circuit. Capacitive charging tries
to solve this problem by limiting the RMS value of the current to a manageable level.
Meaning the capacitor will take longer to charge (milliseconds instead of microseconds),
but the current will not damage the e-fuse or the circuit. One way of limiting the current
IS to use a pulse width modulation (PWM) during turning on of the e-fuse, which will
charge the capacitor a little bit every time the e-fuse turns on, limiting the time the
current is owing, thus limiting the RMS value.

3.2.5 E-fuse vs Melting fuse comparison

Now that the electronic fuse has been introduced and the application of fuses in
automotive has been discussed, a comparison between the electronic fuse and the melt-
ing fuse can be made. In this section, the advantages and disadvantages of using e-fuses
instead of melting fuses will be discussed.

For these reasons and many more, the automotive industry has started to adopt
electronic fuses instead of melting fuses. The introduction of e-fuses brings a reduction
of costs during manufacturing. They also help to reduce the weight of the car (slightly),
which in turn helps to reduce fuel consumption and C@emissions. E-fuses also help
manufacturers to keep up with the increasing demands on reliability and safety.
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Reusability of electronic fuses

The obvious advantage of e-fuse over melting fuses is the reusability of the e-fuses.
When a melting fuse clears an overcurrent event, it needs to be replaced. The e-fuse
just needs to be switched back on. Since e-fuses are not user-replaceable, there is no
need to place them somewhere accessible, like a fuse box. An e-fuse can be integrated
directly into the system it is meant to protect, or it can be a part of a large power
distribution module. The absence of a fuse box means more space for other systems
and a lower overall weight of the car. The reusability of e-fuses also improves the safety
and reliability of the car.

Improved accuracy of fault detection

As was already mentioned, the e-fuse relies on measuring the current, rather than
on the e ect of the current on the fuse, to protect the circuit from overcurrent. This
helps to improve the accuracy of the fuse. Melting fuses have quite large manufacturing
tolerance, which has a negative in uence on the variance of their parameters. Integrated
circuits are manufactured with much smaller tolerances. If the current measurement
is done correctly, the e-fuse can react more accurately, which can lead to reduction of
diameter of wiring connected to the e-fuse. This can, in turn, reduce weight, cost and
emissions. The same applies to reaction times. The e-fuse has built-in logic that will
react to overcurrent as fast as speci ed.

Variability e-fuse parameters

The fact that e-fuses are programmable also increases their variability. The design-
ers of the power distribution system are no longer limited by the range of available fuses.
They are able to de ne the e-fuse behaviour exactly as is required for the protected
circuit.

Furthermore, some e-fuses can be reprogrammed during operation (those with
a communication interface), which allows the system to change the e-fuse proper-
ties during an emergency (limp-home mode). One scenario when this can be used is
when a vital system malfunctions and requires more power to continue working. The
power distribution system may allow temporary overload of the circuit by changing the
nominal current rating in order to keep the system working.

Control and monitoring

By controlling the logic of the e-fuse, it is possible to control the power MOSFET.
With this, the e-fuse can be used as a high side switch. This allows the power grid
controller to connect and disconnect the loads protected by the fuse. The monitoring
of various voltages and currents provides a lot of information about the circuit. By
combining these features, the e-fuse improves the management of the power distribution
system.

Price and life-time

One of the disadvantages of electronic fuses is price. E-fuses are more expensive
than melting fuses, due to the fact that they are complex electronic devices. The price
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di erence is however o set by savings in other areas, such as the reduced diameter of
wiring.

Both melting and electronic fuses are designed for a specic life-time. Melting
fuses have shorter life-times, due to the fact that the mechanical stresses caused by
thermal cycling, weaken their structure. Electronic fuses are designed for the same
life-time as most automotive electronics (around 80000 hours), which is much longer
than a life-time of a melting fuse.

Failure conditions

When discussing functional safety of a device, its failure states need to be con-
sidered. This is a problematic topic when it comes to electronic fuses. When an
electronic fuse fails (burns out), there are two failure modes of its power switch: fail
open and fail closed. In the event the e-fuse fails open, the circuit remains protected,
but nonfunctional. In case the e-fuse fails closed, the current can pass through it un-
controllably and the circuit is not protected. Currently, there is no way to guarantee
that the switch fails open. This safety problem can be solved by using one central
melting fuse to prevent catastrophic overcurrents. Another option is to use two e-fuses
in parallel; therefore, if one fails open, the other can still interrupt the current.
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Chapter 4
Emulator design requirements

Before starting to work on the design and implementation of the emulator, the
parameters of the emulator need to be de ned. The purpose of the emulator is to
emulate the functions of a future device for the purpose of evaluating the additional
features. This means that the speci cation of the emulator will be based on the spe-
ci cation of the future device. Unfortunately, not every feature can be implemented
in the emulator, and some may be implemented with limitations. In this chapter, the
speci cation of the future e-fuse will be analysed, and the possibility of their emulation
will be discussed.

The emulated e-fuse device, called VNFOD1MS5, is a dual-channel e-fuse with ad-
vanced features. This device is based on an already existing device VNF7000AY, which
Is a single channel e-fuse device. VNF7000AY does not have a serial communication
interface. It is equipped with control and diagnostic pins. The parameters of the e-fuse
are set using external resistors. The advanced features, such as control through SPI,
will be emulated using a microcontroller.

The main limitations of the emulator will be related to two factors. First is the fact
that the logic implemented using an MCU will be slower than the dedicated logic in
the silicon. The second main limitation is the fact that the internal status of the logic
already integrated into the VNF7000AY cannot be accessed. A simple block schematic
of the emulator is in gure 4.1.

The requirements can be divided into two groups. Hardware requirements and soft-
ware requirements. Hardware requirements specify the parameters of the device, such
as maximum voltage and current. These requirements will be addressed during hard-
ware design. Software requirements describe the required behaviour of the emulator.
Some of these will be part of the hardware, but most will require a software solution.

4.1 Emulator hardware requirements

Hardware requirements are based on the speci cation of the VNF9D1M5. Some of
the requirements are also a result of the emulator's purpose as an evaluation platform.
These requirements include electrical speci cation, control and communication speci c-
ation, analog to digital conversion and many other details. In this section, the most
important parameters of the VNFOD1M5 will be evaluated in terms of the possibility
of their implementation in the emulator.
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Figure 4.1: The basic structure of the emulator

4.1.1 Required electrical characteristics

Every electronic device has electrical characteristics that include absolute maximum
ratings and characteristics of inputs and outputs, and electromagnetic compatibility
(EMC). The emulator is required to have the same characteristics as the nal device,
or at least be as close as possible. Many of the characteristics are related to the power
section of the device. Because the power section will be based on the VNF7000AY,
which already ful Is most of the requirements, they will be met. For instance, the
VNF7000AY is already equipped with a reverse battery protection mechanism, which
means that there is no need to implement one in the emulator. Other such character-
istics are related to supply voltage ranges (4V to 28V).

When it comes to supply voltage, there is a rst limitation of the emulator. Because
the emulator requires an MCU to perform the additional functions, it also needs a power
supply for the MCU. Automotive MCU can work on a 5V power supply. This voltage
can be obtained by including a 5V LDO (low drop-out voltage regulator). Including
a regulator would increase the complexity and the size of the emulator as well as the
power losses. The emulator will therefore require an external power suppMyp =5V
for its logic. One characteristic which will have a signi cant in uence on the design
of the emulator is the maximum current rating. Each channel (out of two) needs to
be able to carry 32 A of steady current. This means that the total current from the
power supply can reach up to 64 A continuously. During overcurrents, these overloads
can be much higher. As a result, great care needs to be taken when designing the
PCB of the emulator. The traces carrying the high currents need to withstand them,
and su cient cooling of the VNF7000AY devices needs to be provided. The typical
on-state resistance of the power transistor in the e-fusefpy = 1:5m . This means
that the power loss on one e-fuse at maximum steady-state currentigfoy = 32A is

Ploss = Irgjom Ron =32A% 1:5m = 15W: 4.1)

That is a signi cant amount of heat that will need to be dissipated by the PCB.

The current consumption of the device is another key characteristic. The VNF9D1M5
has maximum supply current in an active mode of 4 mA, and in standby mode, it is
only 0:8pA (at 25°C) [5]. These kinds of currents can not even be approached with
the emulator. The VNF7000AYs consume typically 4 mA each in active mode [3] with
outputs turned o. The most signi cant part of the current consumption of the emu-
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lator comes from the MCU, whose current consumption can reach 90 mA [6] and more
when running at maximum frequency and peripherals are active. The consumption
can be lowered in a standby mode of the emulator by switching the MCU into a low
power mode. In these modes, the current consumption can be as low as i80but
they have some drawbacks, such as long wake-up times (around @80 However, it
will not be possible to reach the performance of the real device, and the emulator's
power consumption will need to be taken into account when integrating it into a power
distribution system.

4.1.2 Communication and control interface

The emulator needs to have the same signal connections as the real device, meaning
that the pins of the device need to have an equivalent on the emulator. This will be
done using various connectors. There are two pins that will not be implemented in the
emulator. These are the CP and the VREG pins. The CP pin is used to drive a gate
of external reverse battery protection MOSFET. This feature is not required for the
emulator. The VREG pin provides an output of the internal regulator of VNFOD1M5
[5]. Since the emulator does not include this regulator, implementation of this pin is
not possible.

The fact that the rst version is intended as an evaluation platform means that it
Is also required to allow access to all of the signals. To that end, there will be several
headers that will serve as test points for the various signals. The emulator will be
controlled through direct signals and through SPI. The master system needs to be able
to connect to it. That will be done using a universal connector.

The power section requires robust connectors that will be able to handle the large
currents going through the e-fuses. These connectors will need to have very low res-
istance, and their connection to the PCB will have to be low resistance as well. It is
also required to be able to easily connect laboratory power supplies and loads to the
emulator during evaluation.

4.1.3 Analog to digital conversion of voltages and currents

To perform their function, the e-fuses need to monitor the current passing through
them. They are also able to monitor battery and output voltage. In the VNF7000AY,
all of this is done through analog circuits. There is also the MultiSense pin which
provides analog feedback of all of these values and of the e-fuse's temperature. The
VNF9D1M5 provide these measurements digitally through an SPI interface. This
means that the analog values need to be converted to digital. For that, an analog-
to-digital converter (ADC) integrated into the MCU will be used.

VNFOD1M5 has an internal 10-bit ADC, and its parameters are specied in the
datasheet. The MCU ADC will need to be con gured to match the e-fuse's parameters.
The errors of the measurement, such as integral and di erential linearity errors, will
be given by the parameters of the ADCs in the MCU. The sampling rate of the ADCs
will be given by the capabilities of the hardware and the implementation of software.

4.1.4 Setting the e-fuse parameters via SPI

VNF7000AY uses external resistors to set the parameters of the VIP-Fuse protec-
tion. Resistor designatedRrcs to set the nominal currentlyom and resistor desig-
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nated Rrts to set the nominal timetyom [3]. VNFOD1MS5 contains the same protection
mechanism, but it is programmed by writing a register via SPI. The emulator will need
to be able to take the value received through SPI and set the corresponding parameters
on one of the VNF7000AYs.

Digital potentiometers or rheostats will be used to set the appropriate resistance.
The MCU will process the value received through SPI and set the potentiometer acting
as eitherRgts or Recs. These digital potentiometers are controlled through a com-
munication interface such as SPI ot ?C.

4.2 Emulator software requirements

Software for the microcontroller (the rmware) will de ne the behaviour of the
emulator. It is the key part of the project because the MCU realises all of the new
features of the e-fuse. The rmware (FW) also partially de nes the hardware properties
as it is used to con gure the peripherals of the MCU. In this section, the main FW
building blocks and requirements will be discussed.

4.2.1 VNF9D1M5 state machine

The behaviour of the VNFOD1M5 can be described using a nite state machine.
Finite state machines operate in only one state at any given time and transition between
these states in reaction to external signals. The best way to describe them is to use
a state diagram. It is an oriented graph, where the nodes represent the individual
states and the edges represent the transitions. Transition conditions are next to the
edges representing the transitions. The state diagram of VNF9D1M5 can be found in
its datasheet [5].

The state machine can be implemented in software, and that is exactly what is
going to be done. Due to the limitations of the emulator, one state and some of the
transitions will be left out. The state to be left out is the Prestandby mode. It is
essentially identical to the Standby mode. It waits for thel t protection counters to
reach 0. Unfortunately, the emulator does not have access to these counters. This
state will be merged with the Standby mode state in the emulator's state machine.
The transitions that are caused by regulator voltagé/rec falling below reset voltage
Ve or Will be left out as well because there is no regulator to provide thésec Vvoltage.

4.2.2 Communication and control interface

Primarily, control of the VNFOD1M5 is done through a 24-bit SPI interface. In
the emulator, this will be done by using the MCUs SPI peripheral in slave mode. The
format of the SPI frame is in table 4.1. The opcode controls what operation is to be
performed (read, write, ...), the address indicates the target register, and the remaining
sixteen bits are the data. The problem is, that the device needs to respond based on
the information in the rst byte (opcode and address). In the MCU, the registers will
be realised as an array in memory.

When the address byte is being received by the VNF9D1M5, it transmits the Global
Status Byte (GSB) back at the same time. When data bytes are transmitted by the
master, the slave transmits the contents of the accessed register. The emulator needs
to load the data to be transmitted into the SPI transmit register before the data
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transmission from the master starts (in between the rst and second byte). The MCU

will need some time (a fewus) to prepare the data. This needs to be taken into account
when designing the master software, which will control the emulator. The development
of this software is not a part of this thesis, but it will be developed alongside the
emulator. Inside the real device, the SPI module is directly connected to the status
and control register. Therefore it does not need any additional time to process the
address and prepare the response.

MSB=23 | 22 | 21 | 20 | 19 | 18 | 17 16
OC1 OCO| A5 | A4 | A3 | A2 Al A0

15 14 13 |12 | 11 | 10 | 9 8
D15 D14 | D13 | D12 | D11 | D10 | D9 D8
7 6 5 4 3 2 1 | LSB=0

D7 D6 | D5 | D4 | D3 | D2 | D1 DO

Table 4.1: SPI frame used in VNF9D1M5. OCx - opcode, Ax - address, Dx - data [5]

4.2.3 Reaction times to control signals

Reaction times, especially switching delays, are an important part of the e-fuses
safety. Switching delays and other timings are a part of the electrical characteristic of
the e-fuse. In the emulator, these delays will consist of two parts. The rst part are
the delays of the VNF7000AY, which are specied in the datasheet [3]. The second
part of the delay is the contribution of the MCU. When the microcontroller receives
an external signal (or SPI message), it needs to process it before sending a signal to
the VNF7000AY.

To make the delays caused by the MCU as short as possible, the signals requiring
fast reaction times will be handled as interrupts. This approach will also greatly reduce
the chances of the MCU not reacting to the signal. Even this will not guarantee that
the emulator will have the same reaction times as the real device. The delays will
always be slightly longer on the emulator, which will have to be taken into account
when using the emulator.
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Chapter 5
Design of Emulator Hardware

The development of the emulator involves hardware design as well as software
design. The hardware design includes two main tasks. Component selection and design
of the printed circuit board (PCB). This chapter documents the design process and the

nal implementation of the device hardware. The general requirements and guidelines
for automotive electronics in [7] were followed during this process.

5.1 Selected components

Before starting with the design of the PCB, the hardware requirements need to be
examined and appropriate components selected. This section contains an overview of
the main components and presents the reasoning behind their selection.

5.1.1 Basic e-fuse device

The component upon which the emulator is based is an already existing e-fuse.
The e-fuse to be used has been speci ed as a requirement on the emulator. It is the
VNF7000AY [3]. VNF7000AY is a high-side driver with analog feedback and embedded
VIP-Fuse protection intended for automotive applications. It contains all of the e-fuse
functionality required for the emulator. Namely, it has short circuit and overload
protection (VIP-Fuse), undervoltage and overvoltage detection and overtemperature
protection.

The VNF7000AY uses a PowerSS0O-36 package, which you can see in gure 5.1. This
package allows the VNF7000AY to dissipate a signi cant amount of heat into the PCB
under it and to handle the large currents passing through it. It has a large exposed pad
(marked as TAB/Vcc) at the bottom which is connected to theVgar power supply.
The exposed pad allows large current carrying capacity and better transfer of heat from
the IC to the PCB. The output of the device is connected to 24 pins to accommodate
the large output currents. The complete pinout of the device is in gure 5.2. Function
description of the individual pins can be found in the datasheet [3]. The control pins
are compatible with both 5V and 33V signals.

The key feature of the e-fuse functionality is the VIP-Fuse protection mechanism.
This function is designed to provide exible protection to the wiring harness and other
parts of the power distribution grid (PCB traces, connectors,...). It uses ah?t curve,
which is used to de ne conditions under which the e-fuses latches o . The normalised
version of this curve is in gure 5.3, and it is de ned by the coe cients in table 5.1.
K is the multiplier of nominal time tyom and K, is the multiplier of nominal current
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