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Introduction to Automotive Smart Fuses
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Introduction to Automotive Smart Fuses
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Benefits of Smart Fuses

* Intelligent power management

* Virtual sensor integration Source: CARIAD
e Savings in cable harness and increased EV range

* Improving reuse factor of HW components

* More flexible regarding mounting location within the car

* Dynamic rerouting within the automotive E/E architecture

* Dynamic FW updates possible

Challenge: Increased V&V effort for SW and HW
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Benefits of Virtual Testing m C

* Development and test of target SW long before HW availability
e Detect and debug issues from dynamic interactions early

* Reducing risk of physical damage

e Avoiding expensive test setups and complex logistics

* Simplifying variant handling

e Easy to distribute, deploy and scale

* Accessibility, debugging and tracing

Challenge: Model development and simulation infrastructure
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Introduction to Automotive Smart Fuses

Source: CARIAD
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The Electrothermal Coupling Problem
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Model Order Reduction for Linear Systems

Inhouse-Tool at @ ........................
Fraunhofer 1

lIS/EAS Model Order Reduction (MOR) iy i’ﬁfg&;sgﬁos-ooo e

Electrical Networks
Spice, Analog Insydes, etc.

* FEM model can be
huge, which is difficult
to integrate with
other tools

Preservation of Stability
and Passivity! ./ S I PP PR PRI IR E LY IR S LI

n=10... 500
internal states

e Solution: Model order
reduction and
Integration as
state-space model masT (]

Generation of Behavior Models

SystemC . : a MATLAB/
AMS@ HDLAMS@ AI@ Modellca@ Verilog-AMS SIMULINK
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Cable Model Creation Flow

d = 5 mm
dyy =3 mm
l=1m
R=25m0
Tax = 125°C

Heat transfer coefficient (thermal w
boundary conditi h= 5m2K

e Starting with FE model of cable
* Krylov-based MOR
* Exported aS (Iinea r) State_space FEM tool FOM = — SystemC AMS wrapper Virtual Platform

&

LU

system for SystemC AMS |
<double>
. i_arithm_tdf1 i_z_delay_tdf1 i_temp_depend_resistor1
e TEMP_DEPEND_RESISTOR = r_therm_o
jmath_func = arithmetic_tdf<(T)>::ADDelay_samples = 1 0=pr0
sampling_time = sc_core::SC_ZERO_TIME 10 = p.ambient_temp
i_constant_tdf1 alpha = p aipha
i_ss_cable i_vexpand2_tgdf1 g2
<double> outp o "
ambient_temp = 300.0
GENERIC_STATE_SPACE | v vect out SRR o P alpha = 0.0039
X' =AX()+BU(Y - Yy 10 = 0.1487
Y() = CX(t) + DU ; amat_file = "../cable/a_mat_abcd.txt"
i_dump_tdf2 bmat_file = "../cable/b_mat_abcd.txt"
<double > cmat_file = "../cable/c_mat_altern.tdt"
#include "../cable/ss_file2mtrx h" gs_out_cond_atern uis DUMP_TDF
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Thermal Modelling in SystemC AMS

* SF requires modelling of electrothermal interactions
e Overview of different modelling approaches and their comparison

Method of model creation Type of model
Full-order model FOM FEM software LTI system (large) High

Reduced-order model ROM Model order reduction LTI system (small) Medium

Equivalent circuit model ECM Lumped system synthesis RC netlist (small) Low

Melting integral model 12tM Known from literature Analytical expression Coarse upper bound

e Effective integration into system-level simulation required
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Thermal Modelling in SystemC AMS

* Full order model (FOM) vs. 12t model
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Smart Fuse Model in SystemC AMS

* Main component is smart HS switch

SMART SWITCH TOPLEVEL

<double> |_moc_tdf2sc3 i_sca_tdf_vsink2 .

sc_outo i outp
@ MOC_TDF2sC M .
LE:{S:SS <doule> i moc_tdfsct ey i_sca_tdf_isink1 |
5 w Fow i
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rate_outp=1 ond | i_zdiode_ctrl1
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Smart Fuse Model in SystemC AMS

 TB contains SF connected to load model and harness cable

i_algo_sc1

ALGO_SC

cfg_filename = p.cfg_file
pwm_duty_cycle = p.pwm_duty_cycle
pwm_period = p.pwm_period

i_clock_gen_sc1

outp

CLOCK_GEN_SC

clk_period = sc_core::sc_time(10.0,sc_core::SC_US)

i_smart_power_switch1

Harness (electro thermal cable)

SMART FUSE TESTBENCH

i_temp_depend_cable1

TEMP_DEPEND_CABLE Af

s

SMART_POWER_SWITCH

f

T~

i_fuse_load1

comparator_hysteresis = 1.0e-3

switch_ron = 1.0e-3

switch_roff = 1.0e6

latch_fsm_t_delay = sc_core::SC_ZERO_TIM
latch_fsm_t_den = sc_core::SC_ZERO_TIME
vds_clamp = 37.0

eln_sampling_period = sc_core::sc_time(1.0, §c_core::SC_US)

FUSE_LOAD

Generic Load madel

1 Toad

Smart po’wer switch

i_battery1
- BATTERY J
gnd generator_typ = mathe_funktionen::konstant

v_offset=17.0
v_amplitude = 10.0
frequency = 1.0/10.0

Fused load channel
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Smart Fuse Model in SystemC AMS

* Controlling/estimation algorithm implemented as SW
 Comparison of different estimation algorithms

Algorithm | Descripion | Output
ALG-1 Numerical integration of 12t value Temperature

Binned digital counter Tripping time
Novel physics-based algorithm Temperature
R N
 Example implementation for ALG-1: ar,) = C_‘” z 12 (tx — te_q)
th
k=N-n
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Smart Fuse Model in SystemC AMS

* Comparison of tripping time of the three ALGs for AT,,,.;; = 40K
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Virtual Testing of a Zone Controller ECU

* Zonal architecture in the car SoC
improves wire length and weight

e Connects to a high number of
aCtuatOrS and Sensors ECU Abstraction Layer ng/?clzx

Drivers

MCAL

* Responsible for efficient power
and data distribution within the
E/E architecture

Japuedx3 Q|

Source: CARIAD




Virtual testing methodology

Topelevel of variable number of smart fuse channels controlled via VSI
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Safety Critical Aspects of E/E Architctures

* Rerouting for safety relevant harness loads in case of faults

PDU_48V

48V
DC
Gen. PDU DC PDU_12}/ 1 { PDU_12V_2
— — PDU PDU
Batt. Batt.
R R
ESP Airbag

* Using models to verify safety PDU PDU

mechanisms (1S026262) Stearmg




Summary and Outlook

* Smart Fuses (SF) have many advantages but are highly complex to
verify due to their heterogeneous nature

 We demonstrated virtual SF testing of overtemperature protection,
including mixed-signal electronics, SW and physical modeling,
bridging the gap between COMSOL, COSIDE and Synopsys Virtualizer

* Outlook:
* Improving model performance when using many channels
* Improving ROM by parametric MOR Bundesministeriam
* CI/CD integration * und Forschung
» Server-based fault-injection via CCl during runtime

V:This work has received funding from the German Federal Ministry of Education and Research (BMBF) within the project VE-VIDES (16 ME0245). 2023
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