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About this document

Scope and purpose

This eFuse proof of concept implementation demonstrates the features of a high-voltage (HV) solid state fuse
for DC currents, e.g., auxiliary loads in an electric or hybrid vehicle. It incorporates a variety of diagnostic
features, e.g., short circuit protection for safe and fast turn-off and in-situ device diagnostics. This user guide
shall give a brief overview about the concept and functions implemented, as well as instructions for operating
the system.

The eFuse proof of concept system consists of:
e Output stage (different technologies and output power configurations possible)
e Driver/Mainboard (discrete driver implementation and functions)

e Interface board (galvanically isolated interface to the PC)

Intended audience

Users of the demonstrator boards and hardware developers.

Reference board/kit

Product(s) embedded on a PCB, with a focus on specific applications and defined use cases that can include
Software. PCB and auxiliary circuits are optimized for the requirements of the target application.

Note: Boards do not necessarily meet safety, EMI, and quality standards (for example UL, CE) requirements.
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Important notice

“Evaluation Boards and Reference Boards” shall mean products embedded on a printed circuit board
(PCB) for demonstration and/or evaluation purposes, which include, without limitation, demonstration,
reference and evaluation boards, kits and design (collectively referred to as “Reference Board”).

Environmental conditions have been considered in the design of the Evaluation Boards and Reference
Boards provided by Infineon Technologies. The design of the Evaluation Boards and Reference Boards
has been tested by Infineon Technologies only as described in this document. The design is not qualified
in terms of safety requirements, manufacturing and operation over the entire operating temperature
range or lifetime.

The Evaluation Boards and Reference Boards provided by Infineon Technologies are subject to functional
testing only under typical load conditions. Evaluation Boards and Reference Boards are not subject to the
same procedures as regular products regarding returned material analysis (RMA), process change
notification (PCN) and product discontinuation (PD).

Evaluation Boards and Reference Boards are not commercialized products, and are solely intended for
evaluation and testing purposes. In particular, they shall not be used for reliability testing or production.
The Evaluation Boards and Reference Boards may therefore not comply with CE or similar standards
(including but not limited to the EMC Directive 2004/EC/108 and the EMC Act) and may not fulfill other
requirements of the country in which they are operated by the customer. The customer shall ensure that
all Evaluation Boards and Reference Boards will be handled in a way which is compliant with the relevant
requirements and standards of the country in which they are operated.

The Evaluation Boards and Reference Boards as well as the information provided in this document are
addressed only to qualified and skilled technical staff, for laboratory usage, and shall be used and
managed according to the terms and conditions set forth in this document and in other related
documentation supplied with the respective Evaluation Board or Reference Board.

It is the responsibility of the customer’s technical departments to evaluate the suitability of the
Evaluation Boards and Reference Boards for the intended application, and to evaluate the completeness
and correctness of the information provided in this document with respect to such application.

The customer is obliged to ensure that the use of the Evaluation Boards and Reference Boards does not
cause any harm to persons or third party property.

The Evaluation Boards and Reference Boards and any information in this document is provided "as is"
and Infineon Technologies disclaims any warranties, express or implied, including but not limited to
warranties of non-infringement of third party rights and implied warranties of fitness for any purpose, or
for merchantability.

Infineon Technologies shall not be responsible for any damages resulting from the use of the Evaluation
Boards and Reference Boards and/or from any information provided in this document. The customer is
obliged to defend, indemnify and hold Infineon Technologies harmless from and against any claims or
damages arising out of or resulting from any use thereof.

Infineon Technologies reserves the right to modify this document and/or any information provided
herein at any time without further notice.
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Safety precautions

Note: Please note the following warnings regarding the hazards associated with development systems.

Table1l Safety precautions

Caution: Only personnel familiar with the load, power electronics and associated
machinery should plan, install, commission and subsequently service the system.
Failure to comply may result in personal injury and/or equipment damage.

Caution: The evaluation or reference board contains parts and assemblies sensitive to
electrostatic discharge (ESD). Electrostatic control precautions are required when
installing, testing, servicing or repairing the assembly. Component damage may result
if ESD control procedures are not followed. If you are not familiar with electrostatic
control procedures, refer to the applicable ESD protection handbooks and guidelines.

Caution: A load that is incorrectly applied or installed can lead to component damage
or reduction in product lifetime. Wiring or application errors such as undersizing the
load, supplying an incorrect or inadequate AC supply, or excessive ambient
temperatures may result in system malfunction.

Caution: The evaluation or reference board is shipped with packing materials that
need to be removed prior to installation. Failure to remove all packing materials that
are unnecessary for system installation may result in overheating or abnormal
operating conditions.

>
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1 Application overview

1.1 Introduction to eFuse

The supply and the wiring harness of a high-power source must be protected against overload conditions and
short circuits, as errors such as these of each individual branch could cause a fatal malfunction of the complete
system. In order to keep the remaining system functional, each branch should be protected with an individual
safety element.

The legacy overload protection device for a wiring harness and protecting the system is a melting fuse (or a
pyro-fuse if fast turn off time is required). In the case of an overload or short circuit event the fuse will melt and
disconnect the malfunctioning device from the system. In this case, the fault device is disconnected and is no
longer functional.

A melting-fuse or pyro-fuse is a one-shot device, which means that when it has been triggered, the fuse must be
replaced manually. Furthermore, the trigger characteristic of a conventional melting fuse is slow and the actual
switch off current is orders of magnitude higher than the nominal current. In this case it must be ensured that
such high trigger current can be handled and supplied by the system and the wiring harness. The tripping
characteristic and short circuit currents of a semiconductor-based fuse compared to a melting fuse are shown
in Figure 1. In this example, due to the slow reaction time of a melting fuse the maximum short circuit current
is ~2 orders of magnitude higher than with an eFuse.
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Figure 1  Tripping characteristics comparison of an eFuse vs. a melting fuse

The melting fuse is a passive element without any diagnostic functionality. This means that any diagnostic or
intelligent functions (e.g., detecting that the fuse has been triggered) must be built externally.

As the trigger of a melting fuse is dependent on the energy required to melt the fusing element, the trigger
current is affected by the ambient temperature. The ambient temperature effect is in the range of +/- 10 ... 20
percent of the nominal rated trigger current. Another drawback of a conventional melting fuse is the possible
mechanical fatigue when the fuse is loaded with pulsed currents. These electrical pulses caused, e.g., by surge
currents, start-up currents, inrush currents or transients produce a thermal cycling in the fusing element, which
can cause a degradation of the metallic fuse element, in turn reducing the current carrying capabilities. [1]
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To manually replace the melting fuse, it must be accessible from the outside and maintenance openings must
be incorporated into the design. Therefore, replacing the melting fuse by an electronic fuse (eFuse) offers
numerous benefits:

e The eFuse is maintenance free with no mechanical replacement needed
e Configurable overload detection and pre-warning

e Diagnostic functions easily implementable

o Iftriggered, reset possible via software commands

e No performance degradation because of current induced stress

e Selective arc-free switch-off in case of failure

The main difference between an eFuse and a load switch or solid-state relay is that the eFuse is used as a safe
disconnecting device and is not designed to switch on capacitive loads. This means that high inrush currents
(e.g., due to capacitor charging currents) could cause a tripping of the eFuse, and therefore the turn-on of the
fuse should be done with no- or low-load currents.

1.2 Automotive eFuse application example

In electric or hybrid vehicles, an increasing trend toward electrification of auxiliary loads to the HV supply rail
can be observed. Malfunction of these auxiliary loads could compromise the availability of the HV boardnet and
functions driven from this supply rail. In order to minimize failure propagation into the vehicle network, the
auxiliary loads are protected with an eFuse. In this case the malfunctioning branch can be disabled individually
and all other functions will remain fully operational. As those functions could include safety-relevant systems
(e.g., main drive), the disconnect function of the failed branch is a safety-relevant function as well, with a
dedicated ASIL rating.

For high-availability functions, e.g., DC-DC converter for replacing the 12 V battery in an electric vehicle, a

redundant approach is typically used. In this case it is key to be able to switch to the backup converter very
quickly if there is a malfunction in the primary converter. Such fast transitions and additional features, e.g.,
deactivation of the second converter in normal operation, can only be achieved with a solid-state solution.

The automotive boardnet usually consists of the HV battery and one or two battery main switches as shown in
Figure 2. The battery main switch is used to power up the HV net and the main drive of the vehicle. The
remaining auxiliary loads are protected by either a centralized or decentralized eFuse.
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Figure 2

Automotive board net with battery main switch and eFuse application

Figure 3 shows centralized and decentralized eFuse implementation options. A centralized eFuse is placed
within the power distribution unit and has higher current capabilities than a decentralized eFuse. In a
decentralized eFuse topology, the eFuse could also be part of the auxiliary control unit itself (e.g., DC-DC
converter, HVAC compressor, etc.). In both cases the eFuse could re-use the existing infrastructure of the
electronic control unit (ECU) e.g., battery main switch, power distribution unit, or on-board charger.

Depending on the individual application requirements, an eFuse could be implemented as a uni-directional or
bi-directional switch. For a bi-directional application, the MOSFETSs in the output stage will be placed in a back-

to-back configuration (series connection of two MOSFETSs, connected at the source).
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1.3 Typical boardnet topology for a centralized eFuse

In a typical automotive boardnet configuration, the battery is disconnected from the main system with one
battery main switch on the high-side (e.g., eDisconnect switch with additional pre-charge circuit) and one
switch on the low-side (e.g., mechanical relay). The main inverter is then directly connected to the main grid
after the battery main switch.

Auxiliary fuses are typically implemented into one supply line (either high side or low side). In the case of a
centralized auxiliary fuse, the connection point to the main powertrain can be close to the battery main switch
and is thus close to the connection point of the main inverter. Figure 4 shows a typical boardnet topology with
the eFuse connected on the low side terminal of the auxiliary load. The loads are connected with HV power
cables, which imply parasiticimpedances depending on the wire diameter and length. Both branches and their
respective impedances must be considered for the equivalent circuit diagram of the HV boardnet.
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e | T I I

‘ & {:_,:,_I X : T T : T 1 |
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| | oa
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Figure4  Typical boardnet topology with eFuse in low-side configuration

1.4 Example eFuse load profile

In a centralized eFuse implementation as shown in Figure 5, all auxiliary loads are connected on a single
branch from the HV battery. Table 2 shows the nominal power rating and the load current for a dedicated load
at the nominal battery voltage. For limited time the peak current of those loads could be higher - e.g., the peak
power of a DC-DC converter could be increased to 4 kW for 10 seconds. This results in a typical load profile for a
centralized eFuse implementation as shown in Figure 6.

In this case it could be differentiated between different load conditions as shown in Table 3. With this load
pattern, a 42 A DC rated eFuse must be able to handle significant overload currents up to 68 Agus for 10 s.
Additionally, the typical load pattern includes a significant AC superimposition for all load ranges (see Chapter
1.5). In this example, the worst-case AC amplitude of the ripple current is defined with 26 Ay This not only
affects the thermal design, but also the protection mechanisms as those ripple currents will not trigger the fast
overcurrent detection (OCD) of the eFuse, the OCD threshold needs to be set to more than 89 A. When
considering all tolerances of the current measurement and threshold level setting, the nominal overcurrent
detection level needs to be at least 110 A in order to not trigger in normal operating conditions.

As the thermal design of the eFuse is dimensioned for 42 A continuous current (including limited-time overload
patterns) but the overcurrent threshold needs to be set to at least 110 A, an additional protection mechanism
to cover the current range between those limits is needed. In this case the power devices are thermally limited
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and should be protected to not reach the limit load integral (i*t value) of the output stage and in that case a
destructive chip temperature. This could be done by integrating the current and calculating the temperature
rise with respect to the Rpsion) and thermal mass m and thermal capacity c, accordingly:

E

m-c

ty
E :f Rps(on)(T) - i%dt - AT =
0

As these calculations include uncertainties and tolerances this method will lead to significant errors in the
temperature calculation. These errors need to be considered in the thermal design and lead to an over
dimensioning of the output stage and therefore higher cost. Direct thermal monitoring of the die temperature
is the best method to protect the output stage during these operating conditions and resulting in an optimized
utilization of the power device.
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v
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Figure5 Connected loads for a centralized eFuse

Table 2 Loads connected for the central eFuse example
Auxiliary load Nominal power rating Nominal load current
PTC heater 1 3kw 8.5 A (Vbatnom = 345 V)
PTC heater 2 3kw 8.5 A (Vbatnom = 345 V)
HVAC compressor 6 kw 17 A (Vbatnom = 345 V)
HV/12 V DC-DC converter 3.5 kW 10 A (Vbatnom =345 V)
Total Power for Centralized eFuse | 14.5 kW 44A
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Figure 6 Load profile for centralized eFuse
Table 3 Centralized eFuse load pattern

Duration Nominal Load Load including ripple current
Infinite 42A 68 A

900 s 46 A T2A

10s 63A 89A

Less than 1 s More than 120 A -

1.5 Load pattern in an application environment

An eFuse has a different, much faster trigger characteristic than a melting fuse as discussed in Chapter 1.1, the
type of connected load must be taken into consideration in the design. When using a traditional melting fuse,
the trigger threshold is defined by the energy level needed to trigger the fusing element. This intrinsic
integration is no longer the case with an eFuse, and therefore the load current pattern needs to be considered.

In a typical eFuse application, the protected load could include auxiliary inverters (e.g., pump, motor) or
switched power converters (e.g., onboard charger, DC-DC converter). This type of applications usually consists
of a DC-link bulk capacitor and a switched output stage (e.g., B6 inverter stage, H-bridge). Such a topology for a
B6 inverter stage is shown in Figure 7.
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When the inverter is in normal operation, the voltage on the output phase V.. is pulsed with the frequency of
the PWM output of the controller. This PWM frequency is for drive applications usually from 6 kHz up to 20 kHz,
with the tendency for this to increase when using wide-bandgap power devices (e.g., SiC, GaN).

Although the DC-link capacitor is low-pass filtering the input current from the HV battery, a significant ripple
current is still drawn from the HV system. As this ripple current contributes to the RMS current of the eFuse, it
must be taken into consideration when dimensioning the cooling strategy and tripping characteristics of an
eFuse.

Furthermore, it is important that no protection and diagnostic mechanisms of the eFuse are triggered by these

ripple currents from the load.
|Ripple_€} ; \ lleg
loc 4 ~
4

Wiring

g..'_’.‘?_rf_’.eff ......... JK} JK} JK} .

a z 5
= = =
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e
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Figure 7  Typical topology for an eFuse application

As discussed, due to these pulsed current patterns, the load current may have a significant AC content. The
frequency spectrum of this load current AC share depends on different parameters of the system:

e Output current shape of the inverter (e.g., rectangular, triangular)
e Switching frequency

e Input current filter

e DC-link capacitor (ESL, ESR)

The load current can be modelled as a DC current superimposed with an AC ripple as shown in Figure 8. For a
drive inverter the input current of the output stage is a rectangular shape, while for a DC-DC converter the
shape is usually triangular.

As the input low-pass filter with the DC link capacitor will already dampen the AC component of the load input
current significantly, the maximum amplitude of those ripple currents is limited. The AC content of the load
current of a drive inverter will therefore have a trapezoidal shape, resulting in a lower harmonic component in
the amplitude spectrum. This generalized example considers a worst-case scenario with a rectangular AC ripple
component.

The Fourier transform of an ideal rectangular waveform with the amplitude of 1 would be:
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(o]

x() = 4 Z sin((Zk — 1)wt)

T 2k —1

4 1 1
= E(sin(wt) + gsin(Swt) + gsin(Swt) + )

For an ideal triangular waveform the Fourier series would have a 1/6? roll-off:

- in((2k + 1)wt)
w0 = = (a2l

8
2 2k + 1)?

8 (. 1 1
= ﬁ(sm(wt) — gsm(?,wt) + gsm(Swt) — )

The spectral distribution of the current (amplitude spectrum) of a drive inverter is shown in Figure 8. Table 4
shows the load characteristics with AC content for typical auxiliary loads.

IFuse A
trwm

A
\d

\ 4

IDCl@ |recti @ A('Fuse) jF

1
I3T 1 f
| %’
1 3 5 7 9 Foun
Figure 8  Load current equivalent circuit and load profile
Table 4 Parameters of typical auxiliary loads

Load type f(PWM) Spectrum roll-off Amplitude factor at f(PWM)
Drive inverter 6 kHz...20 kHz Rectangular waveform-1/8 |4/ n
DC-DC converter 100 kHz...500 kHz Triangular waveform - 1/62 | 8/ ?
Heater No AC content - -

With these considerations of the amplitude response for different auxiliary load currents, the maximum current
slew rate during normal operation can be defined. Up to this slew rates the eFuse should not be disturbed,
especially the OCD.

The maximum slew-rate to be considered for the OCD of a sine waveform can be calculated as followed:
i(t) = Iy sin(wt)
di
Fri wlpy cos(wt)

Maximum slew rate is at the zero crossing of the sine wave:
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(di) /
P =W
dt max pk

The slew rates in an eFuse application with the maximum switching frequencies for the fundamental, third- and
fifth- order harmonics are shown in Table 5. For this example, a typical auxiliary inverter with 6 kW power rating
and a typical DC-DC converter with 4 kW power rating is used. The amplitude roll-off factors of the Fourier
series as described above are used.

Table 5 Maximum switching frequencies
Auxiliary inverter DC-DC converter
Harmonics f/Hz [1a]/A di/dt/A/us f/Hz [1a]/A di/dt/A/us
fo 20.000 30.6 3.85 500,000 15 47
60.000 10.2 3.85 1,500,000 1.7 15.7
100.000 6.1 3.85 2,500,000 0.6 9.4

It can been seen that the fundamental frequency and amplitude are defining the maximum slew rate in the
application and even higher harmonics do not show a higher slew rate as the amplitude is limited. For a DC-DC
converter the slew rate is even decreasing because of the 1/6 roll-off factor.

With those worst-case calculations, it can be concluded that the maximum slew rate of the current in the
application is limited to values of less than 50 A/us. Any slew rates above 50 A/us indicate a malfunction or
abnormal operating condition and should be considered as a fault resulting in turn-off of the eFuse.
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2 Implementation

2.1 Assembly technology

One of the key aspects of the eFuse implementation is the assembly technology. This is the key driver for
performance and cost of this solution. In the system, space limits the assembly concept options and therefore
different implementation variants are available. These boundary conditions include PCB and assembly
technology, manufacturability, cooling strategy, cost, as well as isolation coordination.

The heatsink dimensioning and isolation coordination must be considered together in the design. In a typical
application the eFuse could be part of another ECU or an individual ECU (e.g., a power distribution unit).
Usually for both options, only convection cooling on the housing of the ECU would be feasible. In this case a
galvanic isolation of the heatsink must be included in the design.

For these reasons, the eFuse PoC consists of three different PCBs, as shown in Figure 9. The main PCB
incorporates all the basic functions, such as gate driver, state-of-health (SOH) diagnosis or output stage
protection features. The interface PCB is used to control the demonstrator and supports additional switches for
controlling dedicated system tests. On top of the main PCB the output stage is connected to two power
connectors and a signal connector.

This way the output stage is exchangeable and different cooling schemes, power levels and technology options
are available. The eFuse PoC is designed for a passive cooling system without any fan or liquid cooling. In the
next chapters, the two different cooling topologies, top-side cooling (TSC) and bottom-side cooling (BSC), as
shown in Figure 10 will be discussed. For more detailed information please refer to Infineon’s application note
“Innovative top-side cooled package solution for high-voltage applications” (AN_2101 PL52 2103 112902).

In: 45-9VDC / 1.1-0.56 A
Out: 24 VDC / 125 mA.
. THB3-0515 M.

Figure 9  eFuse PoC flexible PCB concept
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Figure 10 TSCvs.BSC

For the following comparisons, the Ry and Cy, values are calculated with a highly reduced model of each layer
using a simplified representation of lateral heat spreading, keeping the vertical dissipation in focus as it is the
main contributor for the overall system. In the calculations below, this reduced model for the lateral heat flow
would consider a thermal spreading angle of 45 degrees in highly thermally conductive materials. All soldered
connections are considered to have a solder void density of 40 percent. For more accurate results, a finite
element method (FEM) simulation of the layer stack in the application environment shall be performed.

For comparison reasons, only the Ry, and Cy, up to the external cooler are considered in the next chapters, as

the main heatsink is dependent on the final assembly concept. In the application the thermal capacitance Cy
with a very good conductivity to the semiconductor is important for covering short overload conditions, and

therefore this is a focus in the upcoming comparisons of cooling concepts.

2.1.1 Top-side cooling output stage

The best cooling performance for the eFuse PoC is achieved with the TSC output stage. In this case, the thermal
conduction is separated from the electrical conduction. The thermal losses generated in the semiconductor
will be dissipated to the top side of the device and into the external cooling structure, while the electrical
energy is conducted through the device pins on the PCB. With Infineon’s diffusion soldering die-attach process
the thermal resistance from the die to the exposed pad is improved by 40 to 50 percent compared to a soft
solder die attach, which results in a minimum Ry, of the package and an excellent thermal coupling to the
heatsink.

To avoid over-dimensioning the power switches to cover the short-term overload patterns in the eFuse
application as described in Chapter 1.4, the performance of the passive cooling can be significantly improved
by applying a heatspreader. When adding thermal capacitance, it is important to consider the isolation
coordination strategy, because adding an isolation layer considerably increases thermal resistance, which
degrades the efficiency of the applied thermal mass to buffer transient power losses.

The best performance can be achieved by implementing the isolation between the heatspreader and the
heatsink. This way, the connection between the heatspreader and the exposed pad can be implemented with a
good thermally conductive glue or a solder connection. In addition to the increased thermal mass, the
heatspreader is used to increase the interface area in the highly thermally resistive connection to the heatsink.

In Table 6 and Table 7 an example calculation, comparing a cooling structure with and without heatspreader,
is shown. Even though the heatspreader is an additional series element in the cooling stack, the increase in
contact area for the isolating thermal interface material (TIM) significantly decreases the overall Ry . The factor
4.8 higher thermal capacity Cw with a thermally very good coupling to the device increases the performance of
this cooling structure especially for short overload conditions. Furthermore, the main contributor to the overall
Ru is the TIM towards the heatsink which is needed to compensate for any height differences and positioning
tolerances of paralleled devices and includes safe electrical isolation.

User Manual 15 V1.0
2022-12-22



Automotive high voltage electronic fuse demonstrator
User Guide
Implementation

(infineon

Heatsink
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Figure 11 Cooling stackup for eFuse TSC implementation

Table 6 Example stackup for TSC without a heatspreader
Thickness Conductivity Area Rin Cen
[um] [W/mK] [mm?] [K/W] [J/KI
Package - - 123.6 0.18 0.379
TIM1 (conductive) 400 3.6 123.6 0.899 -
TIM2 (isolation) 120 1 123.6 0.971 -
Total 2.05 0.379
Table7 Example stackup for TSC with a heatspreader
Thickness Conductivity Area Rin Cin
[km] [W/mK] [mm?] [K/w] [J/KI]
Package - - - 0.18 0.379
Heat slug solder 100 34.8 123.6 0.023 -
Heatspreader 4500 237 238 0.104 1.458
TIM1 (conductive) 400 3.6 238 0.467 -
TIM2 (isolation) 120 1 238 0.504 -
Total 1.279 1.838
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2.1.2 Bottom-side cooling output stage - standard PCB

For some applications, the assembly concept using a TSC implementation is not feasible. In this case the use of
a conventional BSC design is supported by a dedicated package option. The major drawback of a degraded
cooling performance is compensated by the benefit of having a standard surface mounted device (SMD)
process without the need to allow for different height tolerances of the power devices.

Solder
-
70 pm Cu
Standard PrePreg
Standard PrePreg
70 pm Cu
PCB < FR4 Core
70 pm Cu
Standard PrePreg
Standard PrePreg
70 pm Cu
TIM1 — ~
TI M 2 Y T T T T T T T T T T T T T T T T T T T T T T T T T o N N N N N N N N N N N N N N N N W W LV
R S ST A T TRTTLAAT
. B S RS0
Heeat s 1Nk~ R R R R R R R e e e e e e e A,
eatsin B O SIS
R S SRR ERRRRRRREEEES
eialnsieitsiairsisideisidatelvivideitetatetelsidieisiiioisisisisieiniatiiriiiisisirisiriiviieisistettetivisieirietetetsiels HAHAA

IR R A R
RRRRESS S

Figure 12 BSC with standard multilayer PCB process

A typical assembly concept based on a standard multilayer PCB process is shown in Figure 12. In this case the
PCB consists of four 70 um thick copper layers, separated by FR4 PrePreg or core layers. One of the main
disadvantages in a BSC cooling structure is that the thermal energy must be dissipated through the typically
~1.6 mm thick PCB. In order to improve the thermal conductivity of the PCB, filled and capped vias (IPC 4761
Type Vll) are placed in high density directly underneath the exposed pad of the device. These vias are placed in
a 0.4 mm grid with a drill diameter of 0.2 mm. Figure 13 shows a potential layer stack of a standard PCB when
using a BSC cooling stack. With this stack, the R and Cw can be calculated - see Table 8.
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4 layer stackup; Tg 150°C

Material Layer Material Thickness / pm Via
Blue Solder mask

Standard L1 Copper

ISA00ML 2x106

Standard L2

ISA00ML

Standard L3

ISA00ML 2x106

Standard L4 Copper

Blue Solder mask

Figure 13 Example layer-stack of a BSC board with standard PCB

Table 8 Example stackup for BSC using a standard PCB
Thickness Conductivity Area Rin Cin
[um] [W/mK] [mm?] [K/W] [J/K]
Package - - - 0.18 0.379
Heat slug solder 100 34.8 123.6 0.023 0.042
Top layer 70 399 126 0.001 0.03
PrePregl +via 200 15.25 128 0.049 0.002
Inner layer 1 70 399 128 0.001 0.031
Core +via 1200 15.25 130 0.606 0.026
Inner layer 2 70 399 130 0.001 0.031
PrePreg 3 + via 200 15.23 132 0.047 0.002
Bottom layer 70 399 132 0.001 0.031
PCB total 1680 0.911
TIM1 (conductive) 300 3.6 238 0.633
TIM2 (isolation) 120 1 238 0.911
Total 2.455 0.567

2.1.3 Bottom-side cooling output stage - advanced PCB

As seen in the previous chapter, the main disadvantage for a back-side cooling solution is the decreased
performance of the cooling structure in terms of higher Ry, and lower Ci,, which is tightly coupled with the
semiconductor. In order to overcome this drawback and still maintain the advantage of maintaining a simpler
assembly process, advanced PCB technologies can be used. In this case the significant Rw increase due to the
FR4 material in the core of the standard PCB can be decreased by the use of a thick copper inlay PCB.
Furthermore, superior performance can be achieved if the isolation barrier is moved into the PCB. In this case
the PrePreg toward the bottom-side cooler acts as safe isolation barrier, and can be made much thinner
compared to an external solution. In this case the TIM toward the heatsink can be electrically conductive,
meaning it has higher thermal conductivity than isolating TIM materials.
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coupling allows better heat distribution and spreading over a larger surface area, which decreases the thermal
resistance to the external heatsink. Another advantage of these thick copper inlay PCBs is that, due to the
stiffness of the inner layer, the overall PCB thickness can be reduced, as well as the thickness of the TIM

In the power inlay PCB layer stack as shown in Figure 14, the top copper layer will be tightly thermally and
compensating for mechanical tolerances (e.g., PCB bending).

electrically connected to the thick center layer with filled and capped laser micro-vias (uVias). This tight
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Solder

uVias

{

Figure 14 Example layer stack of an inlay PCB
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Example stackup for BSC using an advanced PCB process
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2.14 Bottom-side cooling output stage - isolated back side

As discussed in Chapter 2.1.3, to simplify assembly the isolation layer is moved inside the PCB. In order to
reduce the cost of an advanced PCB process, an isolation scheme can also be used with a standard power PCB
process. Even though the thermal resistance and capacitance are degraded compared to the other
implementations, this assembly concept may give the best performance-per-cost ratio.

In this case the backside of the PCB is already isolated and the PrePreg 3 is used for the safe isolation towards
the cooling structure. The thermal performance calculation is shown in Table 10. In order to improve the
thermal performance, instead of using a standard FR4 material for the PrePreg, a higher performance thermal
PrePreg should be used. This significantly increases the cooling performance of the cooling stack, as this layer
is the main contributor to the total Ry.. Figure 15 shows an example layout of the eFuse PoC output stage with
high-density, filled uVin the exposed pad.

Table 10 Example stackup for BSC with isolated backside

Thickness Conductivity Area Rin Cin

[um] [W/mK] [mm?] [K/W] [J/K]
Package - - - 0.18 0.379
Heat slug solder 100 34.8 123.6 0.023 0.042
Top Layer 70 399 126 0.001 0.03
PrePregl +via 200 15.25 128 0.049 0.002
Inner layer 1 70 399 128 0.001 0.031
Core +via 1200 15.25 130 0.606 0.026
Inner layer 2 70 399 130 0.001 0.031
PrePreg 3 200 0.36 132 2.004 0.002
Bottom Layer 70 399 132 0.001 0.031
PCB total 1770 2.867
TIM1 (conductive) 300 3.6 238 0.633
Total 3.49 0.567

°) . 1 @)

Bineon

23 23) 23
NetP1_1 NetP1_1 NetP1_1

(} m | NetP1. | @ )

Figure 15 Example layout of the eFuse PoC output stage
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For all implementation concepts, the isolation layer is the main contributor for the Re. In the BSC cooling
structure implementation the PCB’s FR4 material, especially the core in the center, is an additional major
contributor, even though the thermal conductivity is already improved with thermal vias directly in the
exposed pad. To overcome this drawback in the BSC cooling performance, it would be possible to use a special
PCB technology (e.g., inlay process) to achieve a similar cooling performance as with the TSC approach.

2.1.5 Comparison of TSC vs. BSC

Table 11 and Table 12 shows a comparison of the Ry and Cy, for the different power stage implementations. In
Figure 16 the Ry and Cw, contributors for the different implementation options are displayed. With this
representation, for example, in the TSC implementation both TIMs contribute equally to the total Ry, and are
the best choice for further improvement. The comparison of the thermal capacitance only shows the low-ohmic
connected thermal mass, as this is key for supporting short overcurrent pulses. The main contributor to the
thermal capacitance is the external heatsink which needs to be isolated and is therefore less effective for those
short-term overloads.

With all cooling and assembly schemes discussed, a comparable thermal performance can be achieved.
Depending on the implementation, an advanced assembly process (TSC) or a higher cost PCB back-side cooling
concept can be selected.

Table 11 Comparison of Ry,
R [k/W] TSC without TSC with BSC BSC BSC
heatspreader | heatspreader | Standard PCB | Advanced PCB | Standard
isolated
PCB/heat slug 0.18 0.203 0.911 0.789 2.867
solder
Heatspreader - 0.104 - - -
TIM1 (conductive) 0.899 0.467 0.633 0.401 0.633
TIM2 (isolation) 0.971 0.504 0.911 -
Total Ry 2.050 1.279 2.455 1.190 3.500
Table 12 Comparison of thermally low-ohmic coupled C,
Cun[J/K] TSC without TSC with BSC BSC BSC
heatspreader | heatspreader | standard PCB | Advanced PCB | Standard
isolated
Heat slug 0.379 0.379 0.379 0.379 0.379
PCB - - 0.188 0.283 0.188
Heatspreader - 1.458 - - -
Total Cy, 0.379 1.838 0.567 0.663 0.567
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Figure 16 Distribution of the Ry, and Cy, contributors for different assembly options

2.1.6 Thermal model

For all the different assembly schemes a thermal FEM simulation has been performed. For simple verification
and testing of different load patterns, a Cauer network has been created for each cooling structure. These
Cauer networks can be used in any SPICE simulator and give a good indication of how the cooling structure is
performing. Figure 17 shows an example of such a Cauer network used in electro-thermal SPICE simulations.
On the MOSx terminals, the junction temperature terminal of the L3 SPICE model of the MOSFETs are
connected and with the BASE terminal the ambient temperature is set. The T;node of the Infineon MOSFET
model refers to the junction temperature of the power device as a voltage node (1V = 1°C) and a current of 1 A
would represent 1 W of power intake (for more information see AN2014-02). [3]

Figure 18 shows the use of the Cauer model in a simplified power model. In this simulation three
IPDQ60R010STA devices are used in parallel and connected to the thermal model. The starting temperature is
defined with a voltage source and to consider the additional power losses of the shunt resistor on the center
MOSFET, an additional current source has been added. The ambient temperature of the heatsink is set with a
voltage source connected to the Cauer model. In this simulation the Ry of the external heatsink is adjusted to
the one which was used in the application by adding an additional resistor at the HS output of the model.
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Figure 17 Cauer network of TSC with heatspreader
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Figure 18 Use of Cauer network in an electro-thermal SPICE simulation

User Manual 23 V1.0
2022-12-22



o~ _.
Automotive high voltage electronic fuse demonstrator |n f| neon
User Guide
Implementation

Comparison FEM cauer simulation vs. measurement

100

90

80

70

60

50

temp / °C

40
30
20

10

0 100 200 300 400 500 600 700 800 900
time /s

Vtempl_meas Vtemp2_meas Vtemp3_meas V(Tj1)_sim ==——V(Tj2)_sim =—V/(Tj3)_sim

Figure 19 Measurement vs. simulation results
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2.2 Diagnostic and protection concept

In static switch applications such as an eFuse the integrity and reliability of the power semiconductor is
essential, as any failure in the power device could result in a catastrophic and potentially hazardous condition
for the end-user. With their excellent manufacturing and high-quality gates, Infineon’s MOSFETs have a very
low failure probability. Nevertheless, this reliability is only ensured if the device is operated in the specified
operating range. Stress factors which affect the reliability and lifetime of semiconductors include high
temperature, fast temperature gradients, overvoltages, and overcurrents.

To ensure the integrity of the power stage, the eFuse PoC incorporates an advanced safety, diagnostic, and
protection concept. This protection concept includes:

e Power MOSFET thermal protection

e Device cooling supervision

e Redundant and diverse overcurrent protection (OCP)

e Overload detection

e Builtin self-test (BIST) system for power device SOH diagnostics
e System voltage supervision

2.2.1 Overtemperature protection

As predominant failure mechanisms in a semiconductor are triggered through overtemperature or temperature
gradients, an output stage in safety relevant applications should be dimensioned conservatively. This will lead
to an over-dimensioning of the output stage and will not result in a cost-effective design. This chapter discusses
appropriate measures in order to ensure a safe operation of the eFuse with a progressive- and cost-minimized
design of the output stage.

Abnormal operating conditions, e.g., overcurrents due to failures in the load or wiring harness, can lead to a
thermal overloading of the eFuse power stage which would in turn result in damage to the output stage if no
protection mechanism is in place. In order to protect the output stage from these critical conditions,
measurement of the power device die temperature is essential.

There are multiple options to implement a temperature sensing scheme in the application. A cost-sensitive
solution is to use the observer method, where the die temperature is estimated indirectly with respect to other
operating conditions (e.g., load current, ambient temperature, cooling structure ...). With this method, the
estimation error is dependent on the accuracy of the observer model in the current operating point. In that
case any changes in the system due to e.g., degradation effects or errors of the input variables will have an
impact on the temperature sensing accuracy. This error must be taken into consideration when dimensioning
the output stage and therefore for a cost-effective design a more accurate sensing method is key.

Any direct temperature information which is located closer to the actual semiconductor will improve the
accuracy of such observers significantly and can be realized in various ways, as shown in Figure 20.
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Figure 20 Different possible temperature sensing positions

Discrete sensor at drain:

When using a vertical power semiconductor technology, the current flow from drain to source is in the vertical
direction. In this case the drain potential is on the back of the chip, which is soldered onto the exposed pad of
the package. This exposed pad is on the drain potential and due to the solder connection is thermally well
coupled to the chip. In this case using a discrete temperature on the drain potential gives a good
representation of the die temperature and because of the tight thermal sensor coupling the measurement
delay of temperature transients is reasonably low. In HV applications, this implementation has the drawback
that the temperature evaluation must be referenced to the drain potential of the power device and therefore a
HV evaluation circuit is needed.

Discrete PCB sensor, isolated:

In this case a discrete temperature sensor, which is isolated from the power device potential, is used to
measure the PCB temperature. This simplifies the evaluation circuitry as the temperature sensor is galvanically
isolated from the HV potential. However, the thermal coupling to the actual die temperature is limited because
the only physical connection is through the PCB base material, in which thermal conductivity is a factor of
~1000 less than copper. This introduces very slow feedback of the die temperature information and a low-pass
effect with a high time constant, where short current pulses and the corresponding temperature transients are
not detectable by the sensor. This type of implementation could be used as an ambient temperature sensor as
an input for an observer method, as this method includes a drop in the junction temperature.

Discrete heatsink sensor:

The temperature sensor is embedded in or attached to the external heatsink. In this case the sensor is
thermally tightly coupled with the external heatsink but depending on the implementation has a limited
coupling to the junction temperature as the heatsink is isolated from the HV potential of the power device as
discussed in Chapter 2.1. This implementation includes a high delay and a drop of the temperature
measurement and leads to problems with fast transients, and therefore this implementation can be used as an
additional input for an observer method.

Another challenge with this solution is that the sensor is now externally and galvanically isolated from the
power electronics which makes implementation and connection to the control unit more difficult.
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Integrated sensor:

A direct, monolithic integration of the temperature sensor gives the best thermal coupling and lowest delay
time of all sensor implementations. It is referenced to the source potential of the power device which is used by
the gate control circuitry and therefore an isolation is not needed to read out the sensor.

It is a direct measurement of the die-temperature which does not rely on any other measured variables or
complex behavioral models and furthermore any tolerances or failures in the assembly have no impact on the
accuracy of the measurement. Because of that, the integrated sensor can be used to detect delamination or
degradation of the cooling stack during the lifetime of the system.

©

Power
source

Discrete sensor, Discrete sensor,
isolated

heatsink

Integrated
sensor

91
Discrete sensor,

drain

Figure 21 Simplified thermal model of different temperature sensing location

The benefits and disadvantages of different sensing implementations in terms of delay and response time can
be seen in the simplified thermal model in Figure 21. Each of these thermal resistance and capacitance
elements introduces an additional damping of the amplitude as well as a time delay of the measured
temperature. With an observer solution using discrete temperature sensors, this RC network needs to be
precisely characterized to determine the threshold margins in the application. All tolerances in the complete
signal chain need to be considered when dimensioning the power stage, resulting in a conservative device
utilization.

In addition to that, observer solutions rely on the integrity of several input parameters (e.g., ambient
temperature, current measurements, voltage measurements) and a failure in one of those measurements
would also result in an error in the observer. In this case, for safety-relevant applications, the observer with all
input parameters should be implemented according to the functional safety requirements. Furthermore, all
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series elements from the temperature sensor toward the hotspot contribute to the failure probability of the
system.

[ oy |
Label Legend
[ 1(T3) {tran2) (¥2)
. [ T_dis,drain (tran2) (¥1) —_—
=T [ T_dis.isolated itran2) (¥1) JRS—
[ T_hestsink (tran2) (1) JEE—
[ T_heatsink sense (tran2) (Y1) ———
T (tran2) (Y1 —_—
e ‘ Integrated [ Tisense (tran2) (¥1)
or sensor=Tj
-
100

5 | Discrete ‘
sensor at drain |

a0

80 \

‘ Discrete PCB

sensor isolated

| Load current | _

20F>

1(T3) /A

70

60 — e

I [ Discrete
5 . | heatsink sensor

50 -

0.0 0.2 0.4 0.6 0.8 1.0

Time/Secs 200mSecs/div

Figure 22 Simulation result of different temperature sensing locations

Figure 22 shows a simulation result of the simplified model shown in Figure 21 with the different sensing
locations for a 400 ms current pulse. The different time constants of the sensor locations are showing that for
short current pulses only an embedded sensor can be used to protect the power device without the need for an
additional observer.

In summary there are several benefits of implementing the sensor on the die compared to any observer-based
solution:

e Direct measurement of die temperature with minimized delay and response time

e Independence of cooling structure

e Discrimination of individual power devices possible when paralleling

o Detectability of thermally disconnected, degraded or damaged devices from the heatsink
e Better utilization of the power device as a minimal safety margin is needed

The eFuse PoC incorporates Infineon’s CoolMOS™ IPDQ60T010S7A power device, which features an embedded
temperature sensor and can provide the die temperature information individually on a dedicated pin. The
temperature sensor is implemented as a series connection of three diodes to increase the sensitivity over
temperature. A typical temperature characteristic of the sensor voltage Viemp for a given bias current and the
principal schematic of the device is shown in Figure 23.
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Figure 24 Location of on-die and discrete temperature sensors on the PoC
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A time-multiplexing scheme of the bias current is used to read out the on-die temperature sensors in the eFuse
PoC. This multiplexing allows the readout of the sensors individually with the need for only one current source
and analog infrastructure (signal conditioning, ADC inputs) of the control unit. Figure 25 shows the readout
principle of the on-die temperature sensors in the eFuse PoC.

As discussed in Chapter 1.3, the thermal protection of the output stage is needed in case of overload or
overcurrent events which do not trigger the OCD. The power stage of the eFuse is dimensioned so that it can
withstand currents below the overcurrent shutdown for more than 10 ms. In the PoC an update rate of ~200 Hz
is achieved with the embedded sensing principle, and this is fast enough for a thermal shutdown. Additionally,
the overtemperature warning and overtemperature shutdown are software configurable. The biasing current
for the diode stack used in the eFuse PoC is 200 pA.

ii]—h

Figure 25 Readout principle of the on-die temperature sensors

The eFuse PoC incorporates two different temperature sensing methods for comparison. Figure 24 shows the
position of the three embedded and two discrete negative temperature coefficient (NTC) temperature sensors.
As the performance of the embedded sensors are better than the discrete solution, they are used for the
thermal shutdown of the power stage.

The discrete NTC temperature sensors are connected to the source potential of the power MOSFETs, which
simplifies the measurement circuitry, as the electronic control is also referenced to the source potential and
can be used as input for a redundant and diverse observer method. The biasing current for the NTC
temperature sensor is generated with a pull-up resistor in series to the NTC. This results in a non-linear transfer
characteristic of the temperature vs. the NTC voltage as shown in Figure 26. The calculation of the temperature
can be realized with a fitted polynomial calculation or a lookup table to save computing power.
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Figure 26 NTC characteristics with pull-up resistor
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2.2.2 Overcurrent patterns - short circuit profiles

In a typical application, a variety of different external faults can lead to an overcurrent event in the eFuse. A
protected auxiliary load could be a drive application (e.g., HVAC-compressor) or any other load controlled with
an inverter output stage (e.g., on-board charger (OBC), heater). Potential external failures that could lead to
different overcurrent scenarios are shown in Figure 27.

Potential failures in the auxiliary load include output wiring short, failure in the power stage, an inverter control
failure (shoot-through), a stuck motor or a failure in the bulk capacitor. Furthermore, the wiring harness to the
auxiliary load is another potential point of failure and it can be differentiated between load short circuits and
terminal short circuits in the auxiliary cable. The main difference between these two short circuit types is the
residual impedance of the wiring harness, resulting in a difference of the current slew rate and clamping energy
requirement.

When evaluating all these different failure cases, faults in the load can be covered as a load short circuit in
perspective of the eFuse and therefore, only the terminal short circuits and load short circuits cases are going
to be differentiated further.

Wiring short Inverter control failure
Terminal short circuit

Wiring short .
Load short circuit Power stage failure

\ Bulk capacitor

Wiring
harness

......................

Motor

ESRESL ...,
ESR, ESL

Output wiring short

Figure 27 External faults which lead to overcurrent events in the eFuse

When considering the typical boardnet topology for a centralized eFuse application as discussed in Chapter
1.3, the protected auxiliary branch is in a parallel connection to the main inverter. The current slew rates as
well as the clamping energy in short circuit conditions depends on the wiring harness and the boardnet
topology and therefore the requirements change depending on the system architecture.

Typical minimum cable lengths from the power distribution box to the main inverter are ~0.5 m, and to the
auxiliary inverter ~1 m. The battery to the junction box and internal wiring of the junction box is considered to
be at least ~0.5 m long. The HV battery is assumed to have a series inductance of 17 uH, the current
measurement shunt in the eFuse is 3 nH and for the wiring harness an inductance of 1 uH/m is considered.

Load short circuit:

The equivalent schematic diagram for a load short circuit event is shown in Figure 28. In a short circuit
condition the limiting factor for the current slew rate is the inductance of the system and the short circuit itself.
The resistive part of the impedance is in this case too low to effectively limit the current and can be taken out of
consideration. The system is in normal operating mode before the short circuit event and all DC-link capacitors
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are charged up to the battery voltage. For the duration of a short circuit event these capacitors represent a low
impedance energy source and can be paralleled in the equivalent schematic with the battery. The short circuit
itself is considered with a parasitic inductance of 1 uH.

The total short circuit inductance is ~3.9 pH in this case. The main current contributor to the short circuit
current is the DC-link capacitor of the main inverter, as the ESL of the capacitor and the wiring harness is
significantly smaller than the series inductance of the HV battery. The maximum slew rate in this configuration
is calculated as follows:

di V 500V
(—) =2 = =1282 4/
dt max,LSC Ltotal 3.9 HH

As discussed in Chapter 1.4, the OCD limit needs to be set to a value of more than 110 A. It is therefore
necessary to implement a high-speed OCD circuit to limit the overshoot and as a result the clamping energy
which needs to be handled by the eFuse during turn-off. With a detection delay of 300 ns and the previous
calculated slew rate this would result in a clamping energy and switch-off power of:

Isnutaown = locp + Iovershoor = 110 A + 38.46 A = 148.46 A
Prsc = Upar * Ishutdown = 500V - 148.46 A = 74.2 kW

1 1
Evsc = > Leotar* 13 cdown = 739 uH 148.46%A4% = 4298 mJ

Lgan
10 uH

Rshor = 10 MQ,
Lsrort = 1 uH
500 nH LSL 500nH x 2 LSL

[ I

3.9 pH

Main inverter 500V

owwst]] | | " HV cable main
ety . HV cable aux

Aux load(s)

el : Lshunt
200 ...S30V¢ = 1pHx 2 LSL 3nH 0.3SV¢
I eFuse '
Rshunt 05V
| 50013 (100 A)

Figure 28 Equivalent schematic diagram for a load short circuit

Terminal short circuit:

Figure 29 shows the equivalent circuit diagram for a terminal short circuit. The equivalent circuit diagram is
similar to the LSC case but in this case the bulk capacitor of the auxiliary inverter is additionally contributing to
the short circuit current in the eFuse. Due to this lower total short circuit inductance, the current slew rate is
higher than in the LSC case and more dependent on the short circuit inductance:

di U 500V
(—) =% = =3125 4/
dt max,TSC Ltotal 1.6 |-1H

The shutdown current, power and clamping energy are calculated as follows:

Ishutdown - IOCD + Iovershoot == 110 A + 9375 A = 20375 A
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Prsc = Upar * Ishutaown = 500V -203.75 A = 101.87 kW

1 1
Ersc = ELtotal A utdown = 3 1.6 uH - 203.75%42 = 33.2mJ
To prevent excessive current overshoot and high clamping requirements, a high-speed detection circuit (tqless
than 300 ns) is necessary. Furthermore, the short circuit inductance plays a major role in the terminal short
circuit and the clamping energy is lower than in a load short circuit. The influence of a higher shutdown delay
or lower short circuit inductance can be seen in Table 13:

Table 13 Terminal shutdown parameters with different delay times and short circuit inductance
Lshort = 1 p.H Lshort = 500 nH
(di/dt)max =312.5 A/us (di/dt)max = 454.5 A/us
tdelay Ishutdown Pshutdown Eclamp Ishutdown Pshutdown Eclamp
[us] [A] [kw] [mJ] [A] [kw] [mJ]
0.3 203.75 101.88 33.21 246.36 123.18 33.38
0.5 266.25 133.13 56.71 337.27 168.64 62.56
1 422.5 211.25 142.81 564.55 282.27 175.29
1.5 578.75 289.38 267.96 791.82 395.91 344.84
Rshort = 10 mQ,
I—shurt =1 I—lH
500 nH LSL -200nHx 2 LSL 1625 uH
; ' : l:l- Main inverter
L""""*"""‘HVcable main S00v
10 pH LSL
. A SRESEEE e HV cable aux
! i :l— Aux load(s) E';']'ﬁ‘ 0.925 v¢
¢ +  1pHx21SL Rawe 05V i
i 500 p (100 A)
eFuse
T | '
Figure 29 Equivalent schematic diagram for a terminal short circuit
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2.2.3 Overcurrent protection

Even though the on-die temperature sensors already give a very fast and accurate feedback on the die
temperature, fast OCD is essential for comprehensive protection of the output stage. Especially during very fast
and short overcurrent pulses, e.g., short-circuit, the response time of the temperature sensor is too slow to
protect the output stage effectively.

As a fast and reliable OCD is required for the protection of the power stage in failure conditions, a redundant
and diverse detection method may be necessary to cover functional safety related application requirements. As
shown in Figure 30, in the eFuse PoC a Vps-based current sensing scheme is implemented as an alternative or
redundant concept to the shunt solution.

Shunt current sensing Transistor current sensing

Vean

J X —-é' é ﬁ Load
High gain,
(|

low BW
Imonitos

. A
DESAT <
1
High speed

comparator
[
o—| -
—

T Vi Tsense |« —
Overcurrent

Figure 30 Redundant and diverse OCD scheme

_|

Low Gain,
high GBW,

Rshunl h‘gh CMR
(200 pOhm, 3 nH)

—

Shunt
frequency
compensation

Shunt based overcurrent detection:

The most common way to sense a current is by using a shunt resistor in the power path and measuring the
voltage drop across this resistor. In the eFuse PoC the shunt-based measurement is used for monitoring the
current through the eFuse as well as protecting the power devices in case of overcurrent events. As discussed in
the previous chapter, the OCD delay should not exceed 300 ns in order to prevent excessive overshoots in case
of low-impedance short circuit events.

The drawback of using a shunt resistor to implement a high-speed measurement is the parasitic inductance of
the resistor. A typical high-power shunt has a series inductance of approximately 3 nH [2]. This results in a high-
pass frequency response with the corner frequency:

R; = w L = 2nf L
- 2mLg

fe

Lower shunt values result in a lower corner frequency of the measurement. For a 200 uQ shunt resistor with a
parasitic series inductance of 3 nH, the corner frequency would be at 6.4 kHz. This high-pass behavior would
lead to a measurement error in the frequency region above 6.4 kHz resulting in a decreased OCD threshold.

When now comparing this frequency response with the spectrum of typical loads in an eFuse application (see
Chapter 1.5) the high-pass behavior of the shunt resistor could lead to a false OCD when a ripple current of an
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inverter or DC-DC converter load is present. The overlap in the amplitude spectrum is shown in Figure 31. In
this example a switching frequency of 10 kHz for the inverter and 100 kHz for the DC-DC converter with the
typical power ratings as discussed in Chapter 1.4 is considered.

A Ipk/A A& A_shunt/dB
120+ 1 '
L £ Ipk_inverter
Short circuit event
351 — -
~500 A/us\ Ipk_DC-DC
= |pk_short
301 601
|A]g_shunt
Non compensated
254 shunt measurement ""\
20 e 40
= ~
AN Compensated shunt
BT A > N |7 measurement
4
101 201
5__
04 B B i - * - } >
1kHz 10 kHz 100 kHz 1 MHz f log / Hz
\ J
Application relevant spectrum

Figure 31 Typical load amplitude spectrum and shunt frequency comparison

For a constant OCD, the high-pass frequency response of the shunt resistor must be compensated and the
corner frequency should be shifted to higher frequencies outside the dominant spectrum of the application as
shown in Figure 31. This can be done in different ways - one option would be to reduce the parasitic
inductance of the shunt resistor by selecting a different shunt or parallel configuration, or to compensate it
with additional signal conditioning. However, when dimensioning the signal conditioning, it could be benéeficial
to maintain a high-pass behavior in the frequency region above the application-relevant spectrum. In this case,
the OCD threshold would be decreased for transients above the application relevant slew rates of more than 50
A/us and this would reduce the overshoot in abnormal operating conditions (e.g., short circuit).

In the eFuse PoC the compensation for the high-pass behavior is done in several ways. First the parasitic
inductance of the shunt is reduced by using two low-inductive shunt resistors in parallel configuration. Then
the shunt resistor value is increased to 500 uQ which increases the corner frequency. Finally, a two stage low-
pass filter as shown in Figure 32 is implemented to compensate for the remaining high-pass behavior in the
application-relevant spectrum. A simulation result of the two stage low-pass filter and the operational amplifier
stage is shown in Figure 33 (estimated parasitic shunt and wiring inductance of 3 nH). With this filter the OCD
threshold behavior for higher slew rates can be adjusted. The overcurrent switch off threshold characteristics in
the eFuse PoC is shown in Figure 34.

A typical turn-off measurement using the shunt-based OCD in a load short circuit is shown in Figure 35, with a
current slew rate of 83 A/us. In this case the inductive effect of the shunt resistor can be seen in the Vshuntampi
signal. The total delay from detection until the switch-off is approximately 300 ns.
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Figure 32 Frequency compensation filter for shunt measurement
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Figure 33 Simulated amplitude response of implemented current measurement compensation
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Figure 34 Measurement of optimized OCD threshold
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Figure 35 Typical load short circuit turn-off with shunt-based OCD
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Vps based OCD:

An OCD for bipolar devices (IGBT) is usually done with DESAT detection. In this case the Ve voltage is measured
and if it exceeds a certain threshold voltage, the OCD will be triggered. A similar concept is used for the Vps-
based OCD in the eFuse PoC. The drawback of using this concept for a MOSFET device is the Rpsion) change over
temperature in the power devices which would result in lowering the overcurrent threshold with higher
temperatures. The typical Roson) change over temperature for the CoolMOS™ S7TA MOSFETSs is shown in Figure
36. To compensate for this effect, the eFuse PoC uses the on-die temperature sensors and dynamically adjusts
the OCD threshold accordingly. In this case a constant and accurate overcurrent threshold over temperature is
achieved. The comparison between the overcurrent shutdown with and without compensation is shown in
Figure 37.

The benefits of using the Vps-based shutdown are lower parasitic inductance and higher Rpson) compared to the
shunt resistance value giving a higher R/L ratio, resulting in a higher signal output and higher corner frequency
in the amplitude response. The Vps-based OCD threshold for different current slew rates is shown in Figure 38.
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Figure 36  Typical Roson) drift over temperature for S7A device [4]
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Figure 37 Vps based OCD shutdown with and without temperature compensation
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Figure 38 Measurement of Vps threshold variation for different current slew-rates

2.3 Fast turn-off - power device clamping

As discussed in the previous chapters the auxiliary load could include an inductive share while the wiring
harness incorporates parasitic inductances. In case of overcurrent events, the eFuse will turn-off the output
and the current flow abruptly and therefore the energy stored in those inductances must be dissipated by the
eFuse.

When considering the equivalent circuit diagram of the two eFuse short circuit conditions shown in Figure 28
and Figure 29, a potential freewheeling path to the positive terminal of the battery would be possible. This way
part of the energy stored in the wiring harness of the system can be freewheeled in case of a short circuit
shutdown. As discussed in Chapter 2.2.2, the short circuit current will be mainly driven by the bulk capacitors
of the connected inverters and the current share from the HV battery is significantly smaller.

If no freewheeling path is available or possible in the application, the power devices cannot handle the power
and energy dissipation internally to stay in the safe operating area (SOA) of the device and therefore an external
clamping circuit is needed. This clamping could be realized in various ways by applying a transient voltage
suppressor (TVS), metal oxide varistor (MOV), or an RC snubber circuit.

The eFuse PoC uses a RC snubber circuit and an optional freewheeling path to protect the power devices during
a shut-down, as shown in Figure 39. The RC snubber must be dimensioned such that Vosmax is less than Vggrppss
during the switch off. Figure 40 shows the measurement of an overcurrent switch-off event during a load short
circuit. The OCD threshold level was set to 65 A and after a delay of ~300 ns the MOSFETSs start to turn off, thus
the Vps voltage rises. After this, the current through the eFuse is still increasing as the snubber capacitor has to
be charged. In approximately 5 ps all the energy of the wiring harness is dissipated, no more current is flowing
and the Vps voltage will settle to the battery voltage Vy.:.

Two main parameters must be considered for the snubber design. The first parameter is the initial voltage step
Vos(iniyy after the power device is turned off. This voltage step can be adjusted with the series resistance of the RC
snubber. The second parameter, the overshoot, can be damped with the capacitance to stay below the
breakdown voltage Vgrpss of the power device. As discussed in Chapter 2.2.2, the highest amount of energy to
be dissipated by the eFuse occurs during the turn-off of a load short circuit with 42.98 mJ. For clamping this
energy, the capacitance value for a defined voltage rise can be calculated as follows:
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2 Ecjamp _ 2-42.98m)
VDS(max)Z 4502 V2

Conubber = = 424.49 nF

The resistance can be dimensioned for a defined initial voltage step for the worst-case shutdown currentin a
terminal short circuit condition:

Vbsginiyy _ 400V
Ishutdown 1204

Rsnubber -

=3.33Q

When dimensioning the resistors in the snubber circuit, the maximum peak power dissipation during this first
step must be considered. In the eFuse PoC, anti-surge thick film resistors are used which can withstand a
maximum peak power of 4 kW, resulting in a maximum peak power of 24 kW for all resistors.
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Figure 40 Turn-off of eFuse during load short circuit
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In order to reduce the energy that needs to be dissipated in the snubber clamping circuit during short circuit
turn-offs, a freewheeling diode could be used. In this case, part of the energy can be fed back to the battery
instead of being dissipated in the RC snubber circuitry. To assess the benefits and drawbacks, the failure cases
must be evaluated on system level as shown in Figure 41. The considerations in Chapter 2.4 covering the
switch-off phase of the eFuse with an additional freewheeling path. The conclusions of Chapter 2.2.2 are cover
theinitial phase of a short circuit and therefore the slew rates and switch-off currents stay the same.

2.4 Fast turn-off - freewheeling diode

Load short circuit:

In the case of load short circuit, the energy stored in the wiring harness of the auxiliary load can be dissipated
to the battery, but the energy from the battery and the main inverter must be still dissipated in the eFuse
snubber circuitry. This would result in a switch-off parasitic inductance of 1.9 pH from the equivalent circuit
diagram and the reduced clamping energy can be calculated as follows:

1 1
ELSC,freewheel = ELtotal ' Iszhudown = E 1,9 uH - 148.462A% = 20.94 m/

Terminal short circuit:

When using a freewheeling diode in the case of a terminal short circuit case, the complete eFuse system must
be considered. In this case part of the energy can still be freewheeled to the battery, but a negative voltage
clamping circuit is needed in the auxiliary inverter, as during switch-off, circulation currents through the short
circuit and the body diodes of the inverter stage will occur. In this case the eFuse only needs to dissipate the
energy of the wiring to the main inverter and the battery. In the short circuit the current share of the main
inverter is approximately two-thirds of the overall shutdown current, and the reduced clamping energy can be
calculated as follows:

1 1
ETSC,freewheel = ELtotal ' Iszhutdown = E 19 pH - 134.47°A* = 17.18 mJ
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Figure 41 Using a freewheeling diode in load short circuit and terminal short circuit

NE

With the freewheeling diode, the required clamping energies can be reduced for the terminal and load-short
circuit in the eFuse application. However, due to compensation processes in the HV boardnet which could for
example lead to negative currents in the eFuse, the freewheeling diode could be energized and therefore may
not be an option in all boardnet topologies.

The implemented eFuse PoC RC snubber circuitry is dimensioned to cover the short circuit requirements
discussed without any additional freewheeling diode.
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3 eFuse - PoC hardware implementation

3.1 Key facts

The key goal of the eFuse PoC is to allow application-level evaluation of the CoolMOS™ S7A and CoolSiC™
power devices in combination with a protection and diagnostic concept supporting safety relevant
applications.

The key electrical parameters are listed in Table 14. In addition to that, the PoC features:

e Second generation safety and protection concept:

o Redundant and diverse OCD

o Cooling system diagnostics

o Dietemperature monitoring

o SOH diagnostics for power stage
e Application-specific clamping:

o Combination of freewheeling and RC snubber to minimize clamping effort
e CoolMOS™ and CoolSiC™ technology options
e Scalable assembly technology:

o TSCand heatspreader power stage

o BSCwith standard and advanced PCB technology
o Safeisolated interface and power supply
e Programmability with graphical user interface (GUI):

o OCD thresholds

o Overtemperature-warning (OTW) and shutdown (OTS) thresholds
o SOH levels
o Testof OCP
o Readout and export of analog measurements
Table 14 eFuse PoC key parameters
Parameter Value Comment
System voltage class 400V
Current capability (continuous) 42A T.=80°C
Current capability 63A for10s
Additional ripple current More than 26 A
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3.2 Hardware concept

The eFuse PoC hardware partitioning is shown in Figure 42. It consists of three different boards: the safety
extra low voltage (SELV) interface board, the discrete driver board and the power stage PCB. In the SELV
interface board the safety isolation between the HV discrete driver implementation and the communication
interface isimplemented. The complete eFuse PoC can be powered and controlled by a single USB interface.
The SELV MCU controls all functions of the discrete driver implementation via an isolated serial peripheral
interface (SPI) and supplies the driver PCB with an isolated DC-DC converter as shown in Figure 43.

If a USB connection is not available or wanted, the PoC supports the direct control and supply with the
connector P1. Additional low-current outputs (open-drain with pull-up resistors) are located at connector P8
and can be used to control e.g., an external short-circuit switch, for example. In addition to that, P5 supports
two high-current low-side switches with freewheeling diodes to control relays (e.g., to control a battery main
switch).

The discrete driver board uses a microcontroller to operate all hardware related functions and protection
features. Furthermore, the current measurement and OCP is implemented, as well as the temperature readout
and SOH diagnostic functionality. Depending on the output stage technology, the gate driver voltage can be
selected between low voltage (13 V for CoolMOS™ technology) and high voltage (18 V for CoolSiC™ FETSs).

The power PCB is exchangeable and connected to the driver PCB with a signal and power connector. Besides
the power devices and the shunt resistor, it incorporates the RC snubber circuit, additional on-board
temperature sensors and the shunt signal conditioning. Additional buffers for the analog shunt signal are
provisioned to ensure signal integrity despite the exchangeable power PCB.

Figure 42 eFuse PoC hardware partitioning
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Figure 43 eFuse PoC supply and isolation concept

3.3 Hardware overview

The full eFuse PoC demonstrator setup with a TSC power stage without any heatsink is shown in Figure 44. The
load and the battery can be connected with the power connector P2 on the driver PCB. The digital SELV
interface and supply of the demonstrator are connected with a Micro-USB cable on P3.

A status LED on each MCU board blinks when the MCU is ready and functional. In addition, the driver board has
two warning LEDs: one indicating any error (e.g., OCD, OTS, off-state) and another to indicate when any high
voltage is present on the fuse (in the off-state). These status LEDs and the eFuse PoC without the power stage
connected are shown in Figure 45.
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Figure 44 eFuse PoC with TSC power stage connected

In: 4.5-9 VDC / 1.1-056 A
Out: 24 VDC / 125 mA
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Figure 45 eFuse PoC without power stage
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3.3.1 Connector description

All connectors and the appropriate matching connector names are listed in Table 15.

Table 15 Connectors description

Designator Description Manufacturer Mating part number

P1(I/F board) External supply and Phoenix Contact FK-MC 0,5/ 5-ST-2,5
control/feedback connector

P3 (I/F board) USB connector - USB A/B connector

P8 (I/F board) External general-purpose output Phoenix Contact FK-MC 0,5/ 4-ST-2,5

P5 (I/F board) External relay control outputs Phoenix Contact FK-MC 0,5/ 4-ST-2,5

P2 (I/F board) SPI and supply connection to Phoenix Contact FP 1,27/ 12-MH
mainboard

P1(mainboard) | SPland supply connectionto I/F Phoenix Contact FP 1,27/ 12-FH
board

P2 (mainboard) | Power connectors for eFuse Phoenix Contact LPC 6/ 3-ST-7,62
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3.3.2 eFuse BSC measurement results

The eFuse BSC layer stack is implemented as discussed in Chapter 2.1.4, including the galvanicisolation in the
PCB with a standard extruded heatsink without any active cooling. The implementation shown in Figure 46,
uses a conductive TIM between the PCB and the heatsink and is screwed together with the power stage. Areas
of the PCB which are not on SELV level are milled out of the heatsink. For high-current measurements, the
current is directly fed into connectors of the power stage, not using connector P2 on the mainboard.

Heatsink
2.75 KIW

TIM (conductive)
0.3 K/W

PCB
2.867 KIW

QDPAK BSC
0.18 KIW

Figure 46 eFuse BSC power stage implementation

The thermal measurements are done considering the load profile discussed in Chapter 1.4 and are captured
using the eFuse PoC. The layout and the location of the board NTCs are shown in Figure 47. The PCB uses filled
and capped pvias directly underneath the exposed pad, which are then stacked with buried vias to connect to
the third layer. To ensure safe isolation of the heatsink, two layers of PrePreg are used to isolate the interface
layer from the heatsink.

(infineon (\ @ i
S

Figure 47 eFuse BSC power stage layout
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Figure 48 eFuse PoC BSC power stage - 42 A DC measurement result
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Figure 49 eFuse PoC BSC power stage - 46 A - 900 s measurement result
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Figure 50 eFuse PoC BSC power stage - 63 A - 10 s measurement result

In the measurement results shown in Figure 48, Figure 49 and Figure 50 it can be seen that the NTCs are still
following the embedded temperature sensors because of the low heating slew rate. If the current and the
heating slew rate increase, the external sensors cannot detect them anymore, which is shown in Figure 51. In
this case the discrete sensors show already a difference of ~10°C and this error will increase for higher currents.
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Figure 51 eFuse PoC BSC power stage - 89 A measurement result
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3.3.3 eFuse TSC measurement results

To achieve the best cooling performance, the TSC version of the QDPAK package is used in the eFuse PoC as
discussed in Chapter 2.1.1. This implementation uses heatspreaders that are directly soldered onto the
devices to increase the thermal capacitance and contact area to the heatsink as shown in Figure 52. An
additional isolation layer is needed towards the heatsink and this is achieved with a Kapton tape. The layout
and position of the external NTCs and junction temperature sensors is shown in Figure 53.

Heatsink
2.75 KIW

Isolation — PI foil

Kapton 65 pm
0.5 K/W

TIM (conductive)
0.3 K/W

- Heatspreader
=9 0.1 KIW

= Heat slug solder
s - 0.023 KIW

QDPAK TSC
0.18 K/W

Figure 52 eFuse TSC power stage implementation

Figure 53 eFuse TSC power stage layout
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Figure 54 eFuse PoC TSC power stage - 42 A DC measurement result
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Figure 55 eFuse PoC TSC power stage - 46 A - 900 s measurement result
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Figure 56 eFuse PoC TSC power stage - 63 A - 10 s measurement result

3.34 eFuse TSC vs. BSC results comparison

For comparison reasons the junction and NTC temperature measurements are averaged for the TSC and BSC.
Figure 57, Figure 58 and Figure 59 shows the difference between the TSC and BSC solution for different load
patterns. The TSC variant gives an advantage of ~12°C in the nominal eFuse current in the steady state. As the
BSC version also includes cooling for the PCB, the NTC temperatures show a lower temperature than the
junction temperatures. For the TSC implementation the effect is different and the discrete PCB sensors show
higher junction temperatures, especially for higher current pulses.

42A comparison

0 500 1000 1500 2000 2500 3000

time/s

42A TSC NTC 42A TSC Junction 42A BSC NTC 42A BSC Junction

Figure 57 eFuse PoC - 42 A DC measurement comparison-TSC vs. BSC
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Figure 58 eFuse PoC -46 A - 900 s measurement comparison - TSC vs. BSC
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Figure 59 eFuse PoC - 63 A - 10 s measurement comparison - TSC vs. BSC
User Manual 54 V1.0

2022-12-22



o~ _.
Automotive high voltage electronic fuse demonstrator |n f| neon
User Guide
eFuse - PoC hardware implementation

3.4 eFuse PoC GUI

The easiest method to control the eFuse PoC is by using the Windows GUI software and the USB interface. After
connecting the demonstrator for the first time, the Infineon WinUSB driver must be installed. After successful
installation of the driver, the eFuse PoC is ready for operation.

After starting the software, the main window is shown, as in Figure 60. If the device is connected and working
properly (both status LEDs blinking) the GUI shows “1 - Infineon WinUSB Device” in the USB Connect window.

Note: The Infineon WinUSB driver must be installed via the device manager in advance. Otherwise, the
“Infineon WinUSB Device” will not be shown in the Connect window.

When the Infineon WinUSB Device is selected in the drop-down menu, the PoC can be connected by clicking
“Connect”. A successful connection will be indicated in the “Status message window”. When connected the
periodic readout can be started with the button “Start Readout”. All analog parameters and status flags are
now read out periodically and displayed in the GUI.

e poc - © x|~ Errorindicators

General | Corfig | Dagnosis //
(T e B S || Open reaftime
chart window

USB Connect

Connectto PoC— o
é o Con @
o ONtmems] 50 |5 \ Enable periodic

Start/Stop periodic B oFFtoe el [0 B
: switching

status readout

nnnnnnn

278)°C 27.92°C [ #of Puises |1

2688V -¢_ -¢_ T
mmi‘““d S 25“.3 __— Short single pulse

0,007V Short single pulse
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function (e
High resolution _____—
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Gate_Toff.  Qus
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T~ Enable system tests

(short circuit, load pattern)

~
w (25) m
0 = ~

{ <o )

R
23;\ e (&) &) T~ Temperature
monitoring

Figure 60 eFuse PoC software main window

Functions that can be activated in the main window are shown in Table 16 and the status indicators are
described in Table 17.

Table 16 Functions overview of the main window
Function/Button Description
Connect/Disconnect Connect and disconnect the eFuse PoC to the GUI
On/Off Turn eFuse switch on or off — continuously
Reset errors Resets any error flags if possible
Start/Stop readout Starts or stops the periodic status and analog readout
Test OCD/DESAT Initiates an OCD or DESAT test (test of complete signal path)
Recorder window Opens the high-resolution recorder window
Gate turn-on/turn-off times Readback of the gate turn-on and turn-off times when switching the
eFuse
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Function/Button Description

Status message window Indicates any problem with the eFuse communication or functions

Errorindicators Representation of the status flags (see Table 17)

Show graph Shows the real-time graph of all analog measurements

Enable periodic switching Activates or deactivates the periodic switch for unlimited or a number of
pulses with a defined On and Off time

Short single pulse Activates the eFuse for a single pre-defined short pulse-length (ms range)

Very short single pulse Activates the eFuse for a very short single pulse (us range)

External short circuit switch Used to activate an external short circuit switch on OUT1 and OUT2

trigger

Temperature monitoring Shows the current die and board temperatures as well as the current

voltage and current of the eFuse (see Figure 61 and Table 17)

Table 17 Functions of the error/status indicators
Error indicator Function
Switch state Current eFuse state - green...closed; red...open
GDU in MCU output/gate driver input level
0oCD Shunt-based OCD
Fault Any fault condition
OCD latch Latched overcurrent status (shunt or Vps-based)
DESAT Vps-based OCD status
Overload Analog current measurement overload
OoTW Overtemperature warning (any temp sensor)
OTS Overtemperature shutdown (any temp sensor)
Vdrv OV Gate driver supply overvoltage
Vdrv UV Gate driver supply undervoltage
VON OV Vfuse overvoltage error (Vfuse has to be more than 10V for turn-on)
GDU - DES 01w ore l Ve ‘
T~ V.. OVervoltage error for turn-ON
Driver undervoltage warning
Fuse state \ \ Driver overvoltage warning
Overtemperature shutdown
g:::nolxj:):ed MCU output /// Overtemperature warning
OCD Error _ OCD or DESAT DESA‘I('J \E::;f e
ault  Jjatched error

Figure 61 GUI error indicators
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Figure 63 eFuse software configuration window

Figure 63 shows the configuration and diagnosis window.

Attention: When changing the OCD or DESAT thresholds, it is necessary to stay in the SOA of the connected
power stage to avoid damage (Vpsmax) < Visripss). See Chapter 2.3 for more information.

Table 18 eFuse software configuration window parameters
Function/Button Description
Shunt/Gain configuration Configuration for analog current measurement
Enable GDU HV mode Enable the HV gate driver supply for CoolSiC™ output stage
DESAT threshold Configuration for the Vps OCD
OCD threshold Configuration for the shunt base OCD
SOH Vth voltage Sub-Vth test voltage for state-of-health diagnostics
Gate charge/leakage test Start the gate charge and gate leakage measurement. VBat should not be
supplied during test routine in PoC
SOH test Start the state-of-health diagnosis; additional BMS switch is required
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Function/Button Description

Analog measurement Display of all analog measurements in a tabular form

Enable temperature Enables or disables the temperature compensation for DESAT OCD
compensation

34.1 eFuse GUI - real-time graph window

When periodic readout is enabled in the main window, all analog measurements can be displayed in the real-
time graph with an update rate of ~200 Hz. All data are saved, regardless of whether the channel is activated or
not, and can only be cleared by pressing the “Clear Chart” button. Figure 64 shows the real-time chart window.
In addition to the analog signals, all status flags can be displayed as well. By default, all previous data are
shown, but there is an option to enable roll mode which only displays data from the last 10 s.

When exporting data to a *.csv file, only the selected channels will be exported.
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Figure 64 GUI - real-time chart window

3.4.2 eFuse GUI - high-resolution data recorder

The real-time readout of the analog measurements only supports a limited frame rate. If a higher sample rate is
needed, the high-resolution data recorder comes into play. With this data recorder, two selected channels will
be recorded with a sample rate of ~5 kS and can be triggered by a selected event. The number of recorder
samples will be a constant 512 samples, which results in a minimum recording length of 102.4 ms. If longer
recording times are needed, the sample rate can be reduced with a pre-scaler. If a hardware trigger is not
required, the recording can be started with a manual software trigger in the GUI. The recorder will record 200
samples prior to the trigger event.
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Sequence to start a recording:

1. Select recording channel and trigger source

2. With “Recorder Trigger Start” the recorder will be ready and will wait until a trigger event occurs. The status
message will be “Waiting...”

3. When the trigger initiates the recording, the status message will change to “Recording...”
4. When the recording finishes, the data will be transferred and displayed in the chart.

_— Data recorder trigger

RecorderWindow

- a X
(= I _éitlﬁ:lﬁféfw‘sﬁs\ = | Manual SW trigger
Worual SW Trgger || ————""_ |
Select measurement
CH1 Select: [AMEAS_Viemp1 v

CH2 Select: “-'«MEAS,\/,GATE,HB ~ Channels

PreScaler: |1

25

—— Increase recording time

Recording Time: 1024 ms
DIGTRIG_FUSE ON l
iTRIG_FUSE ON [

DIGTRIG_FUSE_OFF
DIGTRIG_FAULT
DIGTRIG_OCD
DIGTRIG_DESAT
DIGTRIG_OCD_LATCH

Trigger Select:

20

" Select trigger source

—Recorded Data

\ 200 4 /

Figure 65 eFuse GUI high resolution recorder window

Table 19 High resolution recorder trigger sources
Trigger source Description
DIGTRIG_FUSE_ON Recording starts when the eFuse turns on
DIGTRIG_FUSE_OFF Recording starts when the eFuse turns on
DIGTRIG_FAULT Recording starts when a fault condition is detected
DIGTRIG_OCD Recording starts when the shunt-based OCD is initiated
DIGTRIG_DESAT Recording starts when the Vps-based OCD is initiated
DIGTRIG_OCD_LATCH Recording starts when either an OCD or Vps OCD event is initiated
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3.5 eFuse PoC quick startup

The basic setup to startup the eFuse PoC in a low-side configuration is shown in Figure 66. For power supply
and communication of the eFuse PoC a single USB connection is needed. The power supply and the load will be
connected to the power connector on the PoC. The steps to get the demonstrator running are as follows:

Connect USB connector to the eFuse PoC - both MCU status LEDs should be blinking.
Install “Infineon WinUSB” driver in the device panel (only needed for the first time).
Startup eFuse PoC GUI software.

Select “Infineon WinUSB Device” in the connect drop-down menu.

Click “Connect”.

Connection successful message should be displayed in the status message panel.
efuse is ready and can be turned on.

Enable load supply.

© NSO A W~

Load

optional
freewheeling path

Communication
and supply

Figure 66 eFuse PoC basic startup setup

Attention: The eFuse PoC is designed as fuse application without any pre-charge circuitry. Turning on the
eFuse if Vps > 10 V is prohibited and is indicated by a fault flag!

Turn on the eFuse when the power supply voltage is below 10 V, or use external circuitry to pre-
charge the load.
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3.6 Communication Interface

The eFuse interface board acts as a gateway between the PC and the mainboard. The communication between
the two boards is done via a galvanically isolated SPI and the mainboard is in slave configuration. The
specifications for the SPI interface are shown in Table 20 and Figure 67.

Table 20 SPI configuration of mainboard

Setting Value

Word length 8 bits

Frame length 64 bits

Bus speed 2 MHz

Clock setting MSB first
Transmit on rising edge
Receive on falling edge

CsB

~Y

SCK

W

e )
o )

Word length

~Y

MOSI

~Y

~V

A
\

Figure 67 SPI frame structure for communication
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3.6.1 SPI command list

Return data for each command will be returned with the following SPI command. Each SPI frame width is 8
bytes.

Table 21 SPI write data

Command Byte number Data Description
EFUSE_ON 0 0x23y, Turn eFuse switch on
1 0x24y,
EFUSE_ON 0 0x23y Turn eFuse switch off
1 0x25p,
EFUSE_RESET_ERROR 0 0x23y, Reset all errors
1 0x264,
EFUSE_TEST_OCD 0 0x23p, Test OCD functionality
1 0x2Dy,
EFUSE_TEST_DESAT 0 0x23y, Test DESAT functionality
1 0x2Ch
EFUSE_SET_DESAT_THR 0 0x23h Set DESAT threshold
1 Ox2E},
2 <var> Threshold output PWM duty cycle high byte
3 <var> Threshold output PWM duty cycle low byte
EFUSE_SET_OCD_THR 0 0x23p, Set OCD threshold
1 0x33h
2 <var> Threshold output PWM duty cycle high byte
3 <var> Threshold output PWM duty cycle low byte
EFUSE_SET_SOH_THR 0 0x23y, Set SOH diagnostic threshold
1 0x344,
2 <var> Threshold output PWM duty cycle high byte
3 <var> Threshold output PWM duty cycle low byte
EFUSE_SHORT _PULSE 0 0x23h Turn eFuse on for a configurable short time
1 029, (ks range)
2 <var> Pulse duration high byte
3 <var> Pulse duration low byte
EFUSE_OFF_CLEAR 0 0x23y, Turn eFuse off and clear errors
1 0x364
EFUSE_GATE_LEAKAGE_TEST |0 0x23 Start gate leakage test sequence
1 0x38:
EFUSE_SWITCH_SOH_TEST 0 0x23p, Start SOH test sequence
1 0x39
EFUSE_CONFIG_OVERTEMP 0 0x23y, Configure overtemperature warning and
1 0x3E; shutdown (in ADC value format)
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Command Byte number Data Description
2 <var> OTW high byte
3 <var> OTW low byte
4 <var> OTS high byte
5 <var> OTS low byte
EFUSE_CONFIG_GDU_SUPPLY |0 0x23p, Configure gate driver supply voltage
1 Ox3Fh
2 <var> 1...high voltage; 0...low voltage
EFUSE_SINGLE_PULSE 0 0x23y, Turn on eFuse for single pulse (width in ms)
1 0x40p
2 <var> Pulse length high byte
3 <var> Pulse length low byte
EFUSE_CONFIG_DESAT_COMP | 0 0x23p Configure DESAT temperature
1 0x42; compensation
2 <var> 1...enable; 0...disable
EFUSE_READ_ADC_VAL 0 0x31 Readback analog values
1 <var> ADC val address (see Table 24)
Table 22 SPI return data
Command Byte Number Data Description
EFUSE_STATUS 0 0x23h EFUSE_GATEWAY
(Standard feedback) 1 0x35;, EFUSE_STATUS
2 <var> Status flags byte 0 (see Table 23)
3 <var> Status flags byte 1 (see Table 23)
EFUSE_READ_ADC_VAL 0 0x31p EFUSE_READ_ADC_VAL
1 <var> Status flags byte 0 (see Table 23)
2 <var> Status flags byte 1 (see Table 23)
3 <var> 16bit analog value 1 lower byte
4 <var> 16bit analog value 1 higher byte
5 <var> 16bit analog value 2 lower byte
6 <var> 16bit analog value 2 higher byte
EFUSE_GATE_LEAKAGE_TEST |0 0x23y EFUSE_GATEWAY
1 0x38;, EFUSE_GATE_LEAKAGE_TEST
2 <var> Status flags byte 0 (see Table 23)
3 <var> Status flags byte 1 (see Table 23)
4 <var> GateTest_Vdrop lower byte
5 <var> GateTest_Vdrop higher byte
6 <var> GateTest_Vdiff lower byte
7 <var> GateTest_Vdiff higher byte
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Table 23 Status flags description
Bit number Name Description
0 SwitchState MCU output / gate driver input level
1 OCDState Shunt-based OCD
2 OCDLatchState Any fault condition
3 DESATState Latched overcurrent status (shunt or Vps-based)
4 Fault Vps-based OCD status
5 [_OVC Analog current measurement overload
6 OoTW Overtemperature warning (any temperature sensor)
7 OTS Overtemperature shutdown (any temperature sensor)
8 VDRV_OV Gate driver supply overvoltage
9 VDRV_UV Gate driver supply undervoltage
10 VON_OV Vfuse overvoltage error (Vfuse has to be <10 V for turn-on)
Table 24 Analog readback values address
Selected Name Bytes Description
address
0 AMEAS_V_CAP 0:1 Gate driver Vpp capacitor voltage
AMEAS_V _DESAT thr_read 2:3 DESAT threshold voltage
1 AMEAS_V_DRV 0:1 Gate driver supply voltage
AMEAS_V_FUSE 2:3 Voltage measurement of fuse
2 AMEAS_V_GATE_RB 0:1 Gate voltage readback
AMEAS_V_ISENSE 2:3 Shunt voltage measurement for current sense
3 AMEAS_V_NTC1 0:1 Discrete NTC1 voltage
AMEAS_V_NTC2 2:3 Discrete NTC2 voltage
4 AMEAS_V_OCD_thr_read 0:1 OCD voltage threshold
AMEAS_V_VDS_SENSE 2:3 Vs voltage of fuse (in on state)
5 AMEAS_Vtempl 0:1 On-die temperature sense diode stack voltage 1
AMEAS_Vtemp2 2:3 On-die temperature sense diode stack voltage 2
6 AMEAS_Vtemp3 0:1 On-die temperature sense diode stack voltage 3
<no data> 2:3 Empty
7 Time_SwitchON 0:1 Turn-on time of MOSFET
Time_SwitchOFF 2:3 Turn-off time of MOSFET

All analog values are direct ADC values. Conversion factors for measurements are described in 0.
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Table 25 Analog values conversion factors
ADC value Conversion
General 5
Vapc = ADCval - ——
i YT 4096
AMEAS_V_DRYV, Vape = ADCval - 0,009359

AMEAS_V_GATE_RB
AMEAS_V_FUSE

5
VADC = ADCUal e 101

4096
AMEAS_V_NTC1, Use NTC lookup table for calculations;
AMEAS_V_NTC2
AMEAS_Vtempl, Tempgijex = —146,82 + ADCval - 411,16

AMEAS_Vtemp2,
AMEAS_Vtemp3
Time_SwitchON, t = ADCval - 0,01041666
Time_SwitchOFF
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ADC Analog-to-digital converter

BIST Built in self-test

BMS Battery main switch

BSC Back side cooling

Cin Thermal capacitance

DESAT Desaturation

ECU Electronic control unit

ESL Equivalent series inductance

ESR Equivalent series resistance

EV Electric vehicle

FEM Finite element method

GDU Gate driver unit

GUI Graphical user interface

HVAC Heating, ventilation and air conditioning
IGBT Insulated gate bipolar transistor

LSL lower specification limit

MCU Microcontroller

MOSFET Metal oxide semiconductor field-effect transistor
MOV Metal oxide varistor

NTC Negative temperature coefficient

OoCD Overcurrent detection

OoTS Overtemperature shutdown

oTW Overtemperature warning

PCB Printed circuit board

PI Polyimide

PoC Proof of concept

PrePreg Preimpregnated fibres

PTC heater  Positive temperature coefficient heating element
Ros(on) Resistance at the actual junction temperature, given at the datasheet current lps
Rin Thermal resistance

SC Short circuit

SELV Safety extra low voltage

SMD Surface mounted device

SOH State of health

SPI Serial peripheral interface

SPICE Simulation program with integrated circuit emphasis
T, Ambient temperature

TIM Thermal interface material

T Junction temperature

TSC Top-side cooling

TVS Transient voltage suppressor

UsB Universal serial bus

uUsL Upper specification limit

Vbs Drain-source voltage

ucC Microcontroller

MVia Microvia
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