
A model-based automotive smart fuse approach 
considering environmental conditions and insulation 
aging for higher current load limits and short-term 

overload operations 

Selcuk Önal, Stephan Frei 
On-board Systems Lab 

TU Dortmund University 
Dortmund, Germany 

selcuk.oenal@tu-dortmund.de 
 
 

Abstract—This contribution presents a new concept for model-
based automotive smart fuses, which takes indirectly into account 
the influence of real environmental conditions such as neighboring 
cables and local ambient temperatures. The proposed concept is 
based on a thermal cable model for the standard cable protection 
and additionally on the measurements at the cable ends and thus 
enables a short-time overload operation, which can be particularly 
important in safety-relevant driving situations. The reduction of 
lifetime of the cable caused by thermal overload is also monitored 
and used as an additional tripping criterion. 

Keywords—smart fuse, thermal modeling, automotive power 
supply system 

 

I.  INTRODUCTION 

Conventional melting fuses have been in use in auto-
mobiles for years to prevent thermal damage of ca-
bles due to their high reliability and low costs. How-
ever, the melting fuses always trip at melting temper-
ature of fuse wire, regardless of the temperature of the 
cable to be protected. This might lead to over-dimen-
sioned cable cross sections due to the significantly 
different thermal behavior of the fuses and cables and 
large safety margins in the standards, e.g. [1], [2]. By 
contrast, smart fuses planned for future power supply 
systems of vehicles should work on the principle that 
they estimate the cable temperature depending on a 
measured load current and break the circuit current 
with the help of a semiconductor or relay when a 
specified critical cable temperature is exceeded. 
Here, as with the melting fuses, the basic approach 
for smart fusing also requires worst-case assumptions 
such as single laying of air cooled cables at maximum 
possible local ambient temperature. Due to a better 

matching to the cable and a continuous current mon-
itoring, the smart fuses generally make a cross-sec-
tion reduction possible. In case they are implemented 
as a part of smart power distributors with powerful 
microcontrollers and communication interface, the 
smart fuses can offer even more potential, especially 
if an accurate estimation of cable temperature is avail-
able. Thus, the cable can be operated for example 
with a higher current if the cooling effect of real en-
vironmental conditions could be taken into account. 
A possible solution here is that the smart fuse moni-
tors not only the current through the cable but also the 
voltage drop along the cable and calculate the cable 
temperature indirectly from the cable resistance. 
Since such an operation mode is only needed for 
higher currents, it is expected to achieve a sufficient 
accuracy in resistance measurement due to increasing 
voltage drop. The issue with a non-uniformly distrib-
uted resistance along the cable can be dealt by using 
a thermal cable model which is axially discretized and 
parameterized for the worst-case. 

 

II. THERMAL MODELING OF AUTOMOTIVE 

CABLES 

A thermal cable model to be implemented as smart 
fuse model running on low-cost microcontrollers re-
quires some simplifying assumptions. Firstly, as a 
standard approach, a free air installation without any 
turbulent air flow around the cable will be assumed, 
so that the heat transfer between cable surface and 
surrounding air takes place only via the thermal radi-
ation and natural convection. In this paper, thermal 



equivalent circuit models for cables will be used 
which are easily parameterizable via physical cable 
properties and easily extendable by connectors, addi-
tional conductors or insulation layers e.g. for high 
voltage shielded cables [3]. 
 

A. Thermal Equivalent Circuit for Radial Heat 
Flow 
Assuming a long cable with length ݈ ≫ ݀ (݀: outer 

diameter of insulation) and connections at both cable 
ends do not affect the temperature in the cable, the 
thermal behavior of the single core unshielded cable 
can be modelled via a simple thermal equivalent cir-
cuit with lumped elements as shown in Fig. 1. The 
model describes only the radial heat flow from the 
conductor up to the cable surface to surrounding air 
environment, which means the cable length has no 
impact on the thermal behavior. In this case per unit 
length (p.u.l.) parameters can be formulated with an 
apostrophe (′) character. 

 

 

Fig. 1. The thermal circuit model of single core unshielded cables for radial 
heat flow 

In Fig. 1 the heat source ܲ′ represents the power 
loss p.u.l., ܲ′= ܲ/݈ and is calculated by ܫଶ ∙ ܴ′ሺ ܶሻ via 
the electrical current ܫ and the temperature dependent 
p.u.l. conductor resistance ܴ′ which is given in equa-
tion 1. Here, ܶ  is the conductor temperature, ܴ ′ is the 
electrical conductor resistance per meter at the tem-
perature ܶ (e.g. 20 ° C) and ்ߙ is the linear tempera-
ture coefficient of the conductor material (e.g. 3,93e-
3 [1/K] for copper). 

ܴ′ ൌ ܴ′൫1  ሺ்ߙ ܶ െ ܶሻ൯  

The calculation of the thermal capacitances for the 
conductor (ܥ′) or insulation (ܥ’) takes place for both 
on the basis of specific heat capacity per cross sec-
tional area (ܿ′ and ܿ′), where ݎ and ݎ are the radius 
of the conductor and of the insulation. 

′ܥ ൌ ܿ′ݎߨଶ  

′ܥ ൌ ܿ′ߨሺݎଶ െ ଶሻݎ  

Compared to the insulation the thermal resistance 
of the conductor is extremely small and can therefore 
be neglected. Thus, only the thermal resistance of the 
insulation itself and between the insulation and the 
surrounding air are significant as given in equation 4 
and 5. Here, ܴ ఒ′ considers the heat conduction through 
the insulation layer, where ߣ is the thermal conductiv-
ity of the insulation, and ܴఈ′ takes into account the 
heat dissipation to the environment through the natu-
ral convection and the radiation.  

ఒܴ′ ൌ
ሺ/ሻ

ଶగఒ
  

ܴఈ′ ൌ
ଵ

ሺఈశఈೝሻଶగ
  

In equation 5, the parameter ߙ is the radiative heat 
transfer coefficient and calculated using the emission 
coefficient of the cable surface ߝ (typically 0,95), the 
Stefan-Boltzmann constant ߪ, the absolute ambient 
temperature ܶ and surface temperature ௦ܶ as follows: 

ߙ ൌ
ఌఙ൫ ೞ்

రି்ೌ ర൯

ೞ்ି்ೌ
  

In contrast to the radiation, the calculation of the con-
vective heat transfer coefficient ߙ is more difficult 
because of the complex nature of the convection. 
Here, a common approach is the similarity solution 
for an infinite horizontal cylinder which can be ex-
pressed by equation 7, where ܰݑ is the Nusselt num-
ber and ߣ is thermal conductivity of air. 

ߙ ൌ
ே௨∙ఒೌೝ
గ

  

It must be noted that ܰݑ and ߣ are both depending 
on the surface and also the surrounding air tempera-
ture. For the models in this paper the Nusselt number 
and all needed physical air constants are calculated 
according to [5], [6]. 

B. Thermal Equivalent Circuit for Longitudinal 
Heat Flow 
To take into account the impact of the contacts on 

the temperature maxima in the cable an extended, ax-
ially discretized thermal equivalent circuit, as shown 
in Fig. 2, can be used. This model consists of several 
cable segments where each segment is represented by 
a thermal equivalent circuit as shown in Fig. 1 (a) 
considering corresponding segment length ݈௦. The 
heat flow between adjoining segments takes place via 
thermal resistances between the corresponding heat 
sources. Thus, each segment has a thermal resistance 



on both sides, respectively, which is calculated de-
pending on the corresponding segment length  ݈௦, 
as follows: 

ܴ௫, ൌ
ೞ,/ଶ

ఒగమ
  

As depicted in Fig. 2 the cable is terminated at both 
ends with a temperature source, which considers the 
boundary condition. This approach is valid as long as 
the electric power loss through the contacts does not 
affect the cable temperature significantly. Otherwise, 
the sources must be replaced by appropriate thermal 
contact models. 

Fig. 2. The circuit model of single core unshielded cables for both radial 
and longitudinal heat flow 

Different ambient temperature zones along the ca-
ble can be taken into account via the ambient temper-
ature source of each individual segment, whereby the 
initial temperatures of the thermal capacitances must 
be first calculated for stationary case. 

C. Bundle Installation 
Due to a typical bundle installation, the thermal 

behavior of a cable can change significantly. The con-
vection and radiation will take place at the bundle sur-
face and the cable can be can be cooled or heated by 
neighboring cables or other adjoining surfaces. How-
ever, in most cases a reduction of the cable tempera-
ture can be expected due to strict rules in develop-
ment of vehicle power nets. In this paper, the bundle 
installation will be considered by extending the pre-
sented thermal models, as shown in Fig. 3. Here it is 
assumed that none of the neighboring cables is 
loaded, thus the heat conduction between the cable to 
be modeled and the bundle surface takes place via 
only an additional RC thermal network. Furthermore, 

a uniform bundle cross-section along the entire cable 
is assumed and the radiation and convection are con-
sidered by increasing the cable diameter. The param-
eters for the RC-network can be found with the help 
of a FEM-simulation. 

Fig. 3. Simplyflied modeling approach of bundle installation for a cable 

 

In order to consider a sample bundle installation 
with a diameter of ca. 10 cm the following values will 
be used, which are given per unit cable length, respec-
tively.  

 ܴଵ′: 2,2, ܴଶ′: 0.05, ܴଷ′: 0,94	ሾܭ/ܹ ∙ ݉ሿ 

 ܥଵ′: 0.31, :′ଶܥ 629, :′ଷܥ 1259	ሾܭ/ܬ/݉ሿ 

This configuration shall only be needed to consider a 
typical temperature profile of a bundle installation in 
the simulation and is not included in smart fuse 
model. 

 

III. INDIRECT TEMPERATURE MEASUREMENT 

Using the temperature dependency of the cable re-
sistance (see equation 1) it is possible to find the cable 
temperature with only voltage drop and current meas-
urements. However, as the resistance distribution 
along the cable can typically have a non-uniform dis-
tribution due to non-uniform heating, the measured 
resistance must be corrected in order to find the tem-
perature maxima along the cable, which is primarily 
dependent on the local ambient and contact tempera-
tures. 

A. Correction Factor for Resistance Measurement 
The correction factor needed for resistance meas-

urement is described in Fig. 4 (a) by the comparison 
of the distributed resistance with the measurable re-
sistance for a 1 m, 10 mm2 cable (PVC, copper) in 
case of an ambient and contact temperature of 25 °C 
and a constant load current of 100 A. As can be seen 
here, the measured resistance (red) must be multi-
plied with a correction factor ݇ in order to find the 
maximum resistance and temperature in the middle of 
cable. 



(a) (b) 

Fig. 4. Correction factor for the cable resistance measured between cable 
contacts (a) and its time dependency (b) 

 

Fig. 4 (b) shows the change of ݇ over time, where 
a maximum value of 1,05 (5 %) results for stationary 
case. Fig. 5 shows the influence of the different am-
bient temperature zones (a) on the resistance (b) for 
the same cable with the same load current for the sta-
tionary case. In Fig. 5 (b) the correction factors ݇ are 
also given in the figure legends. First, it is assumed 
that the cable has a local temperature zone with 85°C 
in a section of about 1/3 of cable length and otherwise 
25 °C. In this case, the temperature distribution no. 4 
(red line) leads to the worst-case for the correction 
factor, 1,125. Only shifting the temperature zone and 
using a contact temperature of 85 ° C (blue line) leads 
to a maximum deviation of ݇ by about 2 % compared 
to this worst-case, which would cause only 5 – 7 K 
deviation in the indirect measured temperature using 
the equation 1 with an ்ߙ for copper. 

(a) (b) 

Fig. 5. Distribution of electrical resistance (b) (stationary case) for 
different ambient temperature zones (b) 

By assuming that different ambient temperature 
zones may impact the distribution of the cable re-
sistance, in a bundle in the same way as a single cable, 
the correction factor can be calculated using the ther-
mal model parameterized by worst-case ambient and 
contact temperatures (see section II.B). 

B. Required Measurement Accuracy 
Since in overload situations the load current is 

large, it is possible to measure the resulting voltage 
drop with higher accuracy as with normal operating 
currents. Fig. 6 (a) gives the temperature resolutions 

versus the load currents with a voltage resolution of 1 
mV, 5 mV and 10 mV for a 1 m, 10 mm2 copper ca-
ble. Here, an accuracy of ± 10 % of current measure-
ment is also highlighted by colored areas for each 
voltage resolution. Due to the linear relationship be-
tween the change of conductor resistance (∆ܴ) and 
conductor temperature (∆ܶ), a simple scaling of the 
temperature resolution for other cross sections or ca-
ble lengths is possible. For example, the measurement 
resolution will be doubled by the doubling of the ca-
ble length, the load current or by the halving the cross 
section. In Fig. 6 (b), the damage characteristic for 
this cable is shown in the case of PVC insulation for 
an ambient temperature of 25 °C (yellow) or 85 °C 
(red), where the minimum long-term damage current 
is 100 A for an ambient temperature 25 °C and 130 A 
for 85 °C. At these higher currents, a temperature res-
olution of less than 2 K under a voltage resolution of 
1 mV is achievable. At 5 mV, an acceptable temper-
ature resolution of ca. 7 K is still possible, which 
would halve for a cable length of 2 m or for a cross 
section of 4 mm2. 

(a) (b) 

Fig. 6.  Temperature resolution vs. load current at different voltage 
measurement accuracies (a) and damage characteristic (b) for a single 10 
mm2 PVC air cooled cable 

IV. SMART FUSE MODEL 

Fig. 7 shows schematically a possible structure of 
a smart fuse controller which can be derived from the 
analyses already made in the previous sections. It ba-
ses on temperature calculations made with a thermal 
cable model (a) and with the help of the indirect re-
sistance measurement (b). It is assumed that a suffi-
ciently accurate measurement of the voltage drop 
(Δܷ) and current (ܫ) through the cable is available.  
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Fig. 7. Schematic structure of proposed smart fuse model (* optional) 

In default operating mode the smart fuse produces 
a tripping signal based only on the thermal model (a) 
considering predefined worst-case conditions in order 
to protect the cable from critical temperatures accord-
ing to standards. In a second operating mode, the 
available load reserve of the cable can be better ex-
ploited through the estimation of the cable tempera-
ture via the measured cable resistance (b), where the 
correction factor ݇ is provided by the thermal worst-
case model (a). A continuous transition between the 
two operating modes can be achieved by a low-pass 
filtering (e) on the control signal, where the switching 
time is set via the parameter ݐ௦. This is also needed if 
the load current decreases intermittently during over-
loading, which could temporarily lead to switch to the 
default operation mode (a) due to inaccurate measure-
ment. The aging of the cable insulation can also be 
used as an additional tripping criterion by continuous 
monitoring of the cable life time (d) (see the next sec-
tion). This function is especially necessary in emer-
gency situations that may require temporary over-
loading of the cable. Switching to this operation mode 
may be initiated by a higher-level power network di-
agnosis. 

A. Tripping Conditions 
In contrast to the melting fuses, the tripping con-

dition for smart fuses can be defined nearly arbitrar-
ily. Since in the standards the permissible tempera-
tures of typical insulation materials are already spec-
ified for given lifetime periods, these can be used as 
tripping criterion for smart fuses. For example, ac-
cording to various standards, a PVC cable has a life-
time of 3000 hours in case it is continuously operated 
at 105 °C ( ଷܶ, long-term aging), whereas its life-
time will only last for 6 hours at 155 °C ( ܶ, thermal 
overload). In most tripping cases, it is expected that 
the current is very high, such as in a short-circuit sit-

uation, and thus the tripping time should follow in-
stantaneously. Therefore, it is reasonable to use the 
thermal overload temperature ܶ  as the main tripping 
criterion of smart fuses. However, in contrast to the 
melting fuses, which are typically fast-acting, espe-
cially at higher currents, compared with cables to be 
protected, smart fuses will track the cable temperature 
and trip with a similar time constant as the cable. 
Therefore, the smart fuse must consider the cable ag-
ing as an additional tripping condition. For the spent 
lifetime of a cable a modified Arrhenius-Equation can 
be used, as shown in equation 9, where ܣ and ܾ are 
insulation material-dependent constants, ݇ is the ag-
ing speed e.g. in [1/݄] and ܶ is the temperature in 
Kelvin [7]. 

݇ ൌ ሺି݁ܣ
್

ሻ  

If assumed that the aging process of the cable in-
sulation under a given constant temperature is linear, 
the spent lifetime can be calculated for any tempera-
ture profile by integration over the aging speed ac-
cording to equation 10. 

ܮ ௦ܶ௧ ൌ ݁ܣ
ሺି

್
ሺሻ

ሻ
ݐ݀ 

As already shown in Fig. 7 (d) the smart fuse mon-
itors the used life time permanently and can also out-
put the remaining life time as “State of Health” (ܵܪ) 
of the cable in percent via 100 ∙	(1 െ ܮ ௨ܶ௦ௗሻ. 

B. Application Example 
The proposed smart fuse approach shall be pre-

sented in the following with the help of a simulation 
example. The chosen setup consists of a safety-rele-
vant electric device with a constant load current of 40 
A, a melting fuse (MAXI50) and a 1 m PVC copper 
cable with 6 mm² cross-section, complying the di-
mensioning rules in the automotive standard VW-
60306. The consumer shall be located in the engine 
compartment so that a local ambient temperature up 
to 85 °C and a contact temperature up to 40 °C for 
both cable ends are possible. It is assumed that the 
consumer has been operated first with a constant cur-
rent of 40 A and suddenly a malfunction requires a 
short-time overload current of 70 A. The current pro-
file (a) and the resulting temperature response of the 
melting fuse (b) for the simulation is shown in Fig. 8. 
As can be seen here, the melting fuse will trip ca. 90 
s after the current is increased from 40 A to 70 A 
(model for melting fuse according to [8]).   

(a) 

(b) 

(c) (d) 

(f) 

(e) 



 
(a) (b) 

Fig. 8. Current profile (left) and the resulting temperature profile (right) for a 
MAXI50 fuse (tripping at 1090 s)  

Now it is assumed that the cable’s environmental 
conditions are much better than the worst-case as-
sumptions for cross-section dimensioning. This is 
considered in the simulation with the help of the ex-
tended thermal model as given in section II.C. The 
real ambient temperature shall be 60 °C and the real 
contact temperature for both end is 40 °C, which are 
unknown to the smart fuse. Thus, the smart fuse must 
consider in normal operation mode an ambient tem-
perature of 85 °C. The real temperature curve from 
simulation for the given configuration is shown with 
a black curve in Fig. 9.  

  
Fig. 9. Comparison of the real temperature profile (black) with temperature 
profiles calculated by the smart fuse (blue: worst-case thermal model, green: 
worst-case thermal model combined with resistance measurement)  

The resulting temperature profile for the smart 
fuse in the standard worst-case operation mode is 
given with the blue curve in Fig. 9. Here, the conven-
tional smart fuse is able to last ca. 200 s longer as the 
melting fuse does, although the cable has still load re-
serves in reality (black). In Fig. 9, the green curve 
represents the temperature profile in case of a smart 
fuse with resistance measurement, which has been ac-
tivated ca. 30 s after the overload has started. Here, 

the smart fuse uses an ambient temperature of 85 °C 
as worst-case and a contact temperature of 25 °C for 
both contacts to calculate a worst-case correction fac-
tor (see section III.A). In this case, the smart fuse of-
fers ca. 20 minutes more operation time while over-
loading. The critical cable temperature 155 °C is not 
reached and the tripping takes place due to using up a 
lifetime of ca. 10 %. 

V. SUMMARY 

In this work, a new concept for smart fuses has 
been presented. The proposed smart fuse model is 
based on a thermal cable model, which, in normal op-
eration mode, can estimate the cable temperature un-
der worst-case parameterization. The smart fuse 
model offers an additional operation mode for over-
loading currents, if an accurate measurement of the 
cable voltage drop is available. In this case the smart 
fuse evaluates the measured resistance with the help 
of the used thermal cable model. Thus, the real ambi-
ent temperature and the cooling effect of real lying 
situation (e.g. bundle installation) can be considered 
indirectly. Since the cable to be protected can be 
loaded up to the temperature limits by this approach, 
the model takes into account as a second trigger cri-
terion the aging of the cable insulation, which is ap-
proximately calculated over time on the basis of Ar-
rhenius equation. 
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