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Abstract
In vehicle electrical power system simulations, reliable
models are required, especially for critical use cases such
as inrush currents, short circuits, and load dump scenarios.
These switching scenarios involve rapid changes in resis-
tance and result in stiff models due to the fast dynamics.
Instabilities are observed immediately after switching,
highlighting significant numerical challenges. In this
study, we investigate the origins of these inaccuracies
and propose robust solutions through improved electrical
models and advanced numerical integration techniques
with optimized error tolerance settings. The suggested
decoupling approach employs physical and signal filtering
techniques to replace the variable resistor used to simulate
the fuse switching process. The nominal value strategy
involves establishing an appropriate baseline value. The
methods discussed yield stable and accurate simulations
when implemented with appropriately adapted model-
specific parameterizations.

Keywords: stiff model simulation, vehicle electrical
system simulation, numerical instabilities, decoupling
method, nominal value

1 Introduction
The importance of the electrical power system for ve-
hicle operation and safety is ever-increasing, due to the
growing complexity and reliance on integrated assistance
and safety functions in modern vehicles. As the auto-
motive industry moves towards increased automated and
autonomous driving functions, new challenges arise in
achieving functional safety (Schwimmbeck, Buchner, and
Herzog 2018).

New electronic fuses play a vital role in ensuring the
safe operation of power distribution units by implement-
ing protection mechanisms like overcurrent, overtempera-
ture, undervoltage, and wire protection algorithms. These
functions guarantee the reliable supply of safety-critical
consumers even in error conditions, through the quick and
selective isolation of faults (Baumann, Abouzari, et al.
2023). To ensure the reliability and availability of these
safety-critical systems, it is crucial to perform highly dy-
namic simulation tests, such as inrush current, short cir-
cuit, and load dump scenarios, visualized in Figure 1.

Short circuit tests are performed adjacent to the load to
evaluate the fuse’s fault isolation capability. Moreover, in-
rush current tests assess the immediate electrical response
upon fuse closure, while load dump scenarios simulate the
transient overvoltage conditions, resulting from the abrupt
load disconnection via the fuse.
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Figure 1. Simplified model of the vehicle electrical power sys-
tem visualizing the different test cases: short circuit scenarios
via small resistors Rsc,A and Rsc,B (marked in orange) connected
to ground, load dump scenario by opening fuse FA (marked
in yellow) and closing fuse FB for the inrush current scenario
(marked in blue).

Evaluating the vehicle electrical power system func-
tionality and simulation results is challenging, as disconti-
nuities and steep gradients can lead to numerical artifacts.
The time constants of the circuit elements can vary by
several orders of magnitude, so the effective time con-
stant changes as the resistance varies during switching.
This change in resistance alters the dynamic behavior of
the system, which is why it is considered stiff. Highly
stiff or hybrid stiff systems – i.e., systems with disconti-
nuities and Boolean functions that alter the mathematical
model description – can be computationally expensive to
solve. Moreover, their results are sensitive to solver set-
tings, which poses a challenge for safety-related investi-
gations (Liu, Felgner, and Frey 2010).

One of the common problems encountered during the
simulation of electronic fuses in vehicle electrical systems
is the appearance of deviations from a physically correct
behavior. These deviations manifest as uneven sawtooth
disturbances in the voltage across the fuse or as a single
exaggerated spike caused by integration instability, rather
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than by physical phenomena. Such voltage behavior can
be critical, as it serves as an input for additional compo-
nents – such as the diodes connected in parallel with the
fuse. Diodes alone may pose numerical challenges, and
an unstable voltage input can introduce further compli-
cations in the numerical simulation. They are employed
as a protective measure to limit the voltage across the
fuse. Furthermore, the fuse trigger limits can be incor-
rectly breached, leading to erroneous simulation model
behavior (e.g. undervoltage). All these aspects can have a
significant negative impact on the numerical stability and
functionality of simulation models. The goal of this work
was to find the sources of numerical instabilities in these
models and to resolve them by means of physical remod-
eling or by using more advanced integrator settings.

Chapter 2 discusses the properties of the vehicle elec-
trical power system. Chapter 3 characterizes the non-
physical numerical artifacts observed in the simulation,
examining their causes and consequences. The practi-
cal remodeling approaches are presented and discussed in
Chapter 4. Integrator settings as well as the error estima-
tion and tolerance, and their effect on the simulation re-
sults are covered in Chapter 5. Lastly, Chapter 6 compares
the presented methods applied in two different models and
sets the ground for future research and improvements.

2 Vehicular Electrical Power System
Simulation Models

The models examined in this chapter represent key ele-
ments of vehicular power systems, consisting of voltage
and current sources, variable resistors, and signal condi-
tioning circuits, used to represent the behavior of switched
electronic fuses and other protective devices. These mod-
els can be used to capture transient effects previously men-
tioned under inrush currents, short-circuit events, and load
dump conditions, covering a broad range of time con-
stants.

Such highly dynamic systems are usually also stiff.
There is no unique definition of stiffness; however, ac-
cording to Lambert (1992) and Cellier and Kofman
(2006), there are several criteria which can be used to rec-
ognize or define a stiff system. The two criteria important
for this work are:

• Statement A: “A linear constant coefficient system is
stiff if all of its eigenvalues have negative real part
and the stiffness ratio is large.”

• Statement B: “A system is said to be stiff in a given
interval of time if in that interval the neighboring so-
lution curves approach the solution curve at a rate
which is very large in comparison with the rate at
which the solution varies in that interval.”

According to Statement A, a linear electrical system is
considered stiff if the real parts of its eigenvalues differ by
several orders of magnitude.

Let us look at an example of an interconnected load
model, consisting of a line, load input impedance, and
closed switch found in Baumann, Weissinger, and Her-
zog (2019), shown in Figure 2. Its eigenvalues are λ =
{−1.43 · 1010,−5.88 · 104 ± j 4.01 · 104,−4.45 · 10−3},
whose ratios of real parts go from 106 up to 1013. This
type of circuit is omnipresent in the vehicle electrical
power system, though in slightly varying input impedance
topologies but with similar order of magnitude of its pa-
rameters. These circuits connect numerous consumers
(small motorized components, heaters, wipers, and venti-
lators) with the supply, converters, and power distributors.
System stiffness arises from the input impedance, cable,
and parasitic effects in complex components which can
create states with vastly different time constants (referring
to Statement B). Additionally, fuse switching causes the
total resistance value to change, amplifying variations in
time constants and eigenvalues over time. Consequently,
this alteration introduces a change in the stiffness of the
system. Another cause of numerical issues and instabil-
ities can be discontinuities, as well as nonlinear compo-
nents and signals.
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Figure 2. Interconnected load model adapted from Baumann,
Weissinger, and Herzog (2019).

The problem of numerical integration for stiff prob-
lems has persisted for decades, and no integration method
is able to solve every stiff problem. Various integrators
can be used for stiff applications, such as Radau, LSO-
DAR, CVODE, and DASSL, as well as a whole range of
ESDIRK methods (Liu, Felgner, and Frey 2010; Cohen,
Hindmarsh, and Dubois 1996; Blom et al. 2016). These
integrators can be classified as either single-step methods,
which rely only on the current integration step, or multi-
step methods, which use several previous steps to com-
pute the next time step. In addition, the methods differ in
the order of integration. Four solvers, including DASSL
and RADAU IIA, were compared in a stiff system sim-
ulation in Liu, Felgner, and Frey (2010), which showed
that DASSL had a higher number of calculated points and
a higher solver efficiency for a stiff continuous and stiff
hybrid model. However, the study showed a lack of ac-
curacy in all compared solvers for the stiff hybrid system.
It is important to note that accuracy and efficiency always
depend on the simulated model and cannot be generalized.
This work will use DASSL for all the models, as it is well-
suited for stiff systems due to its implicit multi-step prop-
erties.

Identification and Elimination of Instabilities During Simulation of Highly Stiff Vehicle … 
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3 Model Analysis
"Stability" is a broad concept used to define the behavior
of a system. Analytical stability, in simplified terms, refers
to the property of the system to achieve a steady state af-
ter a transient or to remain asymptotically bound. On the
other hand, the lack of numerical stability (Cellier and
Kofman 2006), or rather a discretization instability (Ar-
dourel and Jebeile 2021), refers to the lack of ability of the
system to numerically reproduce the exact solution. The
reason for it lies in the small differences between the orig-
inal differential equation and its implemented discretized
version in the applied numerical method. In other words, a
system is numerically unstable if, however small the step
size is, a significant deviation arises between the exact so-
lution and the numerical solution (Ardourel and Jebeile
2021).

An additional problem of numerical integration is inac-
curacy due to round-off, truncation, and accumulation er-
ror. Reducing the step size improves the accuracy but also
increases the computational cost. A good balance between
error and cost can be achieved by the use of variable-step
integration algorithms which utilize specific step-size con-
trol algorithms. (Cellier and Kofman 2006)

If a variable-step solver is used, the estimated local er-
ror at a given simulation step is controlled to satisfy the
following condition (Dymola Full User Manual 2022):

|local error|< tolrel · |xi|+ tolabs (1)

By default in Dymola, the relative and absolute toler-
ances of the simulation are equal, reshaping the Equation 1
into Equation 2, where "tol" denotes the available toler-
ance input in the setup.

|local error|< tol · (|xi|+1) (2)

Dymola Full User Manual (2022) roughly defines the
relative tolerance as the approximate definition of the
"number of expected true digits in the solution". Mean-
ing, if the value of the state x at a time step i is close to
zero, the value of absolute tolerance will determine the
limits of the local error. The role of the +1 operation in
the brackets in Equation 2 and the settings that change its
value, affecting the error calculation, will be discussed in
Chapter 5.

Consider the example from Figure 3, which is used to
examine the instability in the fuse voltage when induc-
tance is present. The resistor Rload represents a simple re-
sistive load with no input circuit. The fuse is connected to
the source and load via wiring harness models. The fuse
is modeled as a simplified component that switches off
by acting as a variable resistor, with its resistance chang-
ing according to the adapted sigmoid function defined in
Equation 3. A key element of these simulations is the de-
tailed representation of the resistance change dynamics of
the fuse, closely approximating the behavior observed in

V in

R1 L1 R2 L2

Rload

rF(t)

Figure 3. A simple circuit used to investigate the fuse voltage
instability in the presence of inductance. The circuit comprises
a source, a fuse with upstream and downstream wiring harness
models, and a simplified load.

the physical fuse. Such modeling provides a more accu-
rate insight into the fuse’s effect on the vehicle electrical
system.

rF(t) =− RF,off

1+ ek·(t−Tsw)
+RF,off +RF,on (3)

The switching time Tsw is the defined time instant where
the switch between the "on" and "off" states is at a halfway
point; k is the rate of change of the exponential element.
The "on" and "off" state resistances are RF,on = 1mΩ and
RF,off = 10MΩ. The off state is chosen to approximate
"open-circuit" conditions. The simulation is run with the
DASSL solver, using different tolerance values ranging
from 10−5 to 10−8. The artifact visible in fuse voltage, as
illustrated in Figure 4, indicates a numerical error rather
than an actual system response.
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Figure 4. Instability in fuse voltage across different relative er-
ror tolerance values.

Such a sharp, triangular deviation is not characteris-
tic of the passive electrical elements under a continuous
switching function. It is shown to be a consequence of nu-
merical inaccuracy, as reducing the relative error tolerance
by one order of magnitude to 10−8 eliminates any visible
disturbance in the signal. In order to see what causes such
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a spike after the voltage transition seemingly ends, an ad-
ditional plot was generated that marks every simulation
step, as depicted in Figure 5.
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Figure 5. Current and resistance of the variable resistor across
different relative tolerance values are plotted. Additionally, the
solver steps for tol = 10−5 are marked.

As the fuse resistance keeps rising and reaching 5MΩ,
the voltage approaches the value of the source voltage
Vin = 16V. The "off" current is already in the order of
microamperes, which means that the relative error toler-
ance is insufficient to maintain calculation accuracy. Fur-
ther calculations in the integration algorithm for the ODE
problem involve both very small (µA) and very large quan-
tities (MΩ). However, the disparity in the orders of mag-
nitude between these quantities induces a significant error
amplification, ultimately resulting in voltage deviations in
the order of several volts. This deviation can be seen in
the fuse current plot, where iF is a result of simulation us-
ing relative tolerances of tol = 10−5 and tol = 10−8. At
time t = 0.100256s, the current value at tol = 10−5 is de-
viating from the "expected" current at tol = 10−8, lead-
ing to an error magnification to the voltage level. Using a
smaller value for the relative tolerance helps keep the step
size small enough to avoid any error escalation. Only at
tol = 10−8 is the inaccuracy not present.

Equations 4 to 11 present the causal system of equa-
tions for the model generated by Dymola. The integration
inaccuracy is evident in the voltage signals of both induc-
tors (vL1 , vL2) as well as in the voltage across the fuse (vrF)
in the circuit shown in Figure 3.

When the error occurs in the integration of the differen-
tial equation of the current in Equation 9, it is propagated
through the calculations of all the voltages, including the
negative potential on R1 in Equation 7. These voltage val-
ues are subsequently fed back into the derivative of the
current in Equation 9, which can further exacerbate the
error.

vR2 = L2 · i (4)
vrF = rF · i (5)
vR1 = L1 · i (6)
v-

R1
=Vin − vR1 (7)

vRload = Rload · i (8)
di
dt

=− 1
L1 +L2

(vR2 + vrF − v-
R1
+Rload) (9)

vL1 = L1 ·
di
dt

(10)

vL2 = L2 ·
di
dt

(11)

It shall be noted that, although this is a simple example,
the same effect can be observed in more complex circuits,
e.g. in the model below and generally in the vehicular
power system simulations as well. The model developed
by Baumann, Abouzari, et al. (2023) is a slightly expanded
version of the previously shown model in Figure 3. In
this model, additional consumers are added to the single
supply line (with one fuse), each equipped with individual
input circuits and resistive load elements, as illustrated in
Figure 6.

Vin

RL,1 LL,1

fuse
RL,2 LL,2

IC1 Rload1 IC4 Rload4

...

...
RL,3 LL,3

4x

Figure 6. Simple multi-load model with a source and one re-
sistive fuse element, interconnected with cables. Each resistive
load has an input circuit (IC) block.

This time the fuse variable resistor is controlled with a
more advanced dynamic switching function, developed by
Baumann, Abouzari, et al. (2023). The fuse is switching
the load "off" from the supply at t = 0.1ms. As shown
in Figure 7, the numerical accuracy is present even af-
ter the significant change in fuse voltage. A very small
current and a very large changing resistance are unfavor-
able for the integration algorithm. When the relative and,
consequently, the absolute tolerance of the simulation are
reduced, the errors observed in the previous case are re-
solved.

However, such a low relative tolerance value is too low
for the highly stiff large-scale systems required in the de-
sign of vehicular electrical systems. It can cause a com-
plete simulation failure during switching or even at the
very start of the simulation. Hence, an alternative solu-
tion was explored that does not involve a direct limitation
of the global relative tolerance.
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Figure 7. Voltage response for vF across the fuse at tolrel = 10−5

(default) and tolrel = 10−8.

4 Simulation Approaches for
Switched Electronic Fuses

In the following, a signal and a physical filtering approach
is proposed to mitigate instability. The variable resistor
is remodeled and the circuit is split, yielding an equiv-
alent model referred to as decoupling. This serves as a
necessary preparatory step for the implementation of the
filtering approaches.

4.1 Decoupling
The main idea behind the decoupling is to use controllable
current and voltage sources. This allows for the imple-
mentation of a custom control function rather than using
a variable resistor. Its resistance directly affects the sys-
tem matrix and variations in its value modify the system
eigenvalues. Therefore, an indirect way of securing the
same voltage behavior was required to construct an equiv-
alent system with the use of the closely available physical
quantities. Among the decoupled attempts with different
source combinations, the best implementation was found
in the combination of the controlled current source on the
primary (supply) side and a controlled voltage source on
the secondary (output or load) side. This configuration is
presented in Figure 8.

Equations (12) and (13) were implemented to control
the respective sources using the mathematical expression
for the desired resistance change of the fuse, the measured
secondary current îy and the measured primary voltage v̂x.
The measured current from the secondary circuit is fed to
the current source on the primary side, ensuring identical
conditions as in the original model, whereas the secondary
voltage was controlled indirectly via the shown expres-
sions. Voltage was measured between the positive nodes
of the two decoupled sides vxy to obtain the equivalent of

V

vxy

V

A

+
–

rF(t) ×

vy

ix

vx vy

ix iy

v̂x

îy

Primary side Secondary side

Figure 8. Decoupling implemented with a combination of a
controlled current and voltage source (CV).

the fuse voltage. The notation CV will be used to denote
this implementation in the subsequent text.

vy(t) = v̂x(t)− îy(t) · rF(t) (12)

ix(t) = îy(t) (13)

An option that was explored as well included two con-
trolled voltage sources (further denoted as VV), whose in-
puts are shown in Equations (14) to (16).

vy(t) = v̂x(t)− îx(t) · rF(t) (14)

vx(t) = v̂y(t)+ îy(t) · rF(t) (15)
ix(t) = iy(t) (16)

This approach has certain disadvantages due to its struc-
ture. The most significant problem is the occurrence of
a division by zero in one of the differential equations of
the simulation model. Therefore, to avoid the division by
zero a correction factor is defined to only slightly differ
from the original factor in the addition block. However,
this very small value in the denominator had a negative
impact on the stability of the model. Apart from these VV
drawbacks, no other significant differences between the
two approaches that could affect the stability of the model
were observed.

Since the secondary current is measured and fed to the
primary, the sensitive state can be accessed directly. Due
to the previous comparison of the two approaches, the de-
coupled CV was subsequently used for further investiga-
tion.

4.2 Signal Filtering
Decoupling the system offers a significant advantage of
transforming a purely electrical model into a signal-based
switching system. This approach enables modifying the
signals for both the controlled signal current on the pri-
mary side and the controlled signal voltage on the sec-
ondary side. Since it is known that instabilities arise from
even minimal inaccuracies in the current, which are ampli-
fied by large resistance values, the idea was to smoothen
the entry to the controlled signal voltage. This can be
achieved by employing a filter, as shown in Figure 9.
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Figure 9. Decoupled model with an integrated low-pass filter.

Such an implementation can achieve a smoother tran-
sition during switching operations. When it comes to the
primary side, filtering the current directly is neither nec-
essary nor effective, as the current response itself has no
evident sawtooth disturbances. Additionally, primary and
secondary currents must remain equal, in order to retain
the equivalence to the original circuit (Equation 13).

Various strategies can be employed to smoothen the sig-
nal input for the secondary voltage source, with a first-
order element serving as the simplest form of signal-based
filtering (Equation 17).

τ · yfilter(t)
dt

+ yfilter(t) = K ·ufilter(t) (17)

It is crucial to have a precise understanding of the ex-
pected voltage behavior in the circuit before implement-
ing any filters to avoid suppressing significant electrical
effects. Additionally, it must be noted that such compo-
nents influence the system dynamics by introducing a de-
lay and altering the signal’s response based on the chosen
time constant. It is advantageous to select a very small
time constant (e.g., τ < 10−7 s) to minimize switching de-
lays and preserve the original electrical characteristics of
the signal. The effects of different time constants are dis-
cussed in more detail in Chapter 6. The preset gain factor
should be set to K = 1.

4.3 Physical Filtering
In addition to the previously introduced signal filter, a
physical filter approach is presented. The most promising
variant included the RC branch parallel to the controlled
sources and an additional inductor on the secondary side.
This configuration is illustrated in Figure 10.

Table 1. Parameter values used in the decoupled CV with inac-
curacy compensation.

Primary side Secondary side

RCV1 CCV1 RCV2 CCV2 LCV

104 Ω 10−9 F 104 Ω 10−9 F 10−9 H

V

vxy

V

LCV

A

+
–

rF(t) ×

vin

iin

vx vy

ix iy

RCV2

CCV2

RCV1

CCV1

Figure 10. Decoupled model with an implemented physical fil-
ter approach. The components needed for the filter are high-
lighted in orange.

This circuit has shown the ability to compensate the
numerical error and provide accurate results for the ex-
ample in Figure 11. The parameters of the additional
circuit elements are set to very high resistance values
and very low inductance and capacitance values, so as to
avoid introducing undesired dynamics into the system. A
parametrization example is shown in Table 1.

Vin

RL,1 LL,1 RL,2 LL,2

IC1 Rload1 IC4 Rload4

...

...
RL,3 LL,3

CV
decoupled

Figure 11. Power system model with decoupled block.

When this implementation is applied to the simplified
system with multiple loads with their input circuits, the
behavior was stable and accurate. However, if the cir-
cuit tends to be predominantly inductive, the shown so-
lution still exhibits inaccuracies. One such example is the
small model from Figure 3. Its inductive characteristic
causes numerical instability with every possible RC and
RLC combination, except in the case with the RC branch
only on the secondary side, without an inductor, where
the instability is only reduced but not eliminated. Since
the RLC components of the physical approach may also
represent parasitic effects of the wiring harness, it is pos-
sible to investigate whether a more detailed modeling of
the wiring harness could lead to a more accurate simula-
tion and reduce instabilities. This could be addressed in
future research.

5 Elimination of Instabilities by Fo-
cusing on the Absolute Tolerance

A nominal value indicates the magnitude of a specific state
and influences the absolute tolerance. This nominal value
is specified in the textual description of the component
(Modelica - Language Specification 2023).
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Listing 1 shows an example in which the current i of an
inductor is assigned a nominal value of 10−4.

Listing 1. Nominal value definition for a component

L2(i(nominal=1e-4), L=0.75e-6)

Equation 18 demonstrates how error tolerance is effec-
tively distributed using this setting. If the value of the state
itself is higher than the defined nominal value, the relative
tolerance will dominate the error calculation. Conversely,
a higher nominal value shifts the dominance toward the
absolute tolerance. But what does it mean in practice?

|local error|< tol · (|xi|+nominal(xi)) (18)

"A simple way of understanding tolerance is that the
relative tolerance sets the number of significant digits to
be calculated using:

significant digits =− log10(tol),

(when |xi| is larger than the nominal value). And the ab-
solute tolerance sets the number of decimal places:

decimal places =− log10(tol ·nominal(xi)),

(when |xi| is less than the nominal value)" (Fish 2019).
Therefore, it is desirable to use a nominal value of the

same order of magnitude as the lower value of the state
in which the inaccuracy occurs. Decimal places are used
for large values and significant figures for very small ones.
It ensures that the step size remains sufficiently small for
precise calculations when the state falls below the nomi-
nal. This is a crucial point in these switching models be-
cause exactly when the current becomes too small for the
integrator to keep the accuracy, the large resistance comes
into play. This way, the strict accuracy mode is “turned
on” only when the state is below the nominal value. Other-
wise, the system follows the relative tolerance constraints.

An investigation of the small model in Figure 3 with
preset relative tolerance of 10−5 reveals that defining an
appropriate nominal value for the state leads to immense
improvements in the voltage characteristics. This change
is illustrated at the bottom of Figure 12.

The simulation analysis performed in Dymola provided
access to information on integrator order, step size, and
various error indicators and markers. In the upper plot of
Figure 12, this small example shows that using the nom-
inal setting (dashed red) results in an extended period of
reduced step size compared to the default (dashed blue),
thereby enabling more accurate calculations at the end of
the switching period. This change is reflected in the in-
tegration order remaining at higher values over that ex-
tended duration. The step size is reduced as a consequence
of more frequent step rejections compared to the simula-
tion with the default settings, as shown by the dots in Fig-
ure 12.
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Figure 12. Numerical analysis of the small model without (de-
fault, nominal= 1) and with a nominal value of 10−4. The upper
plot shows the integration order in full line and step size com-
parison in dashed. The plot below depicts the change in fuse
voltage as well as the solver rejected steps as full dots.

6 Results and Discussion
To evaluate the performance of these approaches, two sim-
ulations are presented. Firstly, the results from the small-
scale power system model are shown, followed by those
from a large-scale simulation. Finally, the similarities and
differences between the results of these approaches are
compared.

6.1 Small-Scale Power System Simulation
Model

This vehicle electrical system model was previously in-
troduced in Figure 6. The model consists of four loads
with integrated input circuits, one fuse, and a correspond-
ing wiring harness. The fuse is switched off at t = 0.1ms
changing its resistance from 1 mΩ to 1 MΩ. The function
describing the change in resistance during switching off
was developed by Baumann, Abouzari, et al. (2023). As
a consequence of switching the fuse, the voltage over the
resistor changes from 28 mV to 16 V. Preset tolerance of
the simulation is tolrel = 10−5.
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Figure 13 displays the voltage across the fuse resistor
for the default simulation (shown in blue). Additionally,
the previously introduced methods for physical filtering
(yellow) and signal filtering (violet), as well as the nom-
inal value (orange), are visible. The parameters for the
physical filtering are the same as in Table 1. For signal
filtering, a time constant of τ = 10−8 s is used. The trace
of the default simulation shows instabilities occurring be-
tween 0.4ms and 0.8ms. These sawtooth disturbances ex-
hibit a maximum voltage deviation from the equilibrium
state of 10.71%. As visualized in the zoomed-in area (A)
of Figure 13, the simulation results indicate that both fil-
tering approaches and the nominal setting produce identi-
cally smooth voltage outputs.
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Figure 13. Differences in voltage response vF across the fuse of
the models from Figure 6 and Figure 11 at tolrel = 10−5 (default).

Further tests have shown that a sufficiently small time
constant is τ < 10−6 s. Since the fuse switches within a
time interval of up to 10−5 s, the first-order filter can effec-
tively resolve numerical inaccuracies without introducing
significant delays in the voltage value. In addition, no neg-
ative side effects of the approach can be identified. For the
physical approach, adding the RLC and RC branches be-
fore and after the variable resistor is also a viable option,
yielding results similar to those of the decoupled system
with a signal filter. The filter CV models typically do not
exhibit a reduced step size compared to the original model,
as the filtering elements do not dominate the solver’s error
estimation. Defining the nominal state value (highlighted
in orange) further improves stability at minimal imple-
mentation cost, without requiring detailed knowledge of
the circuit parameters. The only information necessary
to properly set the nominal value is the state that causes
numerical disturbances and the precision required to mit-
igate them. The nominal attribute employs a stricter error
tolerance for very small currents. In this example, the ap-

proach results in more rejected steps and a smaller step
size, as demonstrated in the previously shown example,
illustrated in Figure 12.

6.2 Large-Scale Power System Simulation
Model

In the following, the stability of the approaches is evalu-
ated using an electrical power system simulation model
developed at BMW. This full model includes all com-
ponents of the vehicle’s electrical consumers, a battery
model, the entire wiring harness, and the above-mentioned
fuses. In addition, each component contains complex con-
trol and monitoring logic. The simulation model is com-
prised of approximately 1,800 states and about 230,000
equations. In this simulation at t = 2s, a short circuit is
initiated, causing the fuse to switch off in accordance with
the characteristics described in Chapter 6.1. Despite the
preset tolerance (tolrel = 10−7) being relatively strict, in-
stabilities are still observed. The fact that we observe such
disturbances, even with the tight tolerance, indicates that
they occur in almost every power system simulation after
switching the fuse. Vice-versa, this contradicts the find-
ings in Figure 5 that instabilities are no longer visible at a
preset tolerance of tolrel = 10−7 or stricter. Investigations
show that the potential of the deviations is reduced with a
tighter tolerance, but it is not guaranteed.

Figure 14 shows the voltage across the fuse resistor,
where the same signal filtering technique is applied us-
ing two different time constants. Furthermore, the physi-
cal approach is presented using the same parameter set as
in the initial model described in Table 1, while the nomi-
nal approach again employs a value of 10−4. During the
switching of the fuse, the voltage across it leads to a volt-
age peak due to the up- and downstream inductors at time
2.06626s. After the voltage peak, the instabilities occur at
2.06632s and 2.0668s. The maximum deviation is about
15.89 % at 2.06662s. As visualized in the zoomed-in ar-
eas (A) and (B) in Figure 14a, the characteristic sawtooth
disturbances are consistent with those observed in Figure
4.

The signal filter curve (τ = 10−8 s) demonstrates sig-
nificant improvements in stability at the time when the in-
accuracies in the default simulation model arise. These
enhancements occur without any observable change in
the electrical system dynamics. Figure 14b presents the
zoomed voltage traces and illustrates both the instabil-
ity characteristics and the results of the implemented ap-
proaches. Overall, these simulation results indicate that
all introduced and applied methods have effectively elim-
inated the observed instabilities. Compared to the small
model filtering result (τ = 10−6 s), the large model result
(τ = 10−8 s) also does not exhibit any observable differ-
ences after the voltage peak. The effects of different signal
filter time constants throughout the complete simulation
duration are explored next.

Figure 15 illustrates the same simulation with default
settings alongside the signal filtering applied with two dif-

Identification and Elimination of Instabilities During Simulation of Highly Stiff Vehicle … 

 

968 Proceedings of the 16th International Modelica&FMI Conference DOI 
 September 8-10, 2025, Lucerne, Switzerland 10.3384/ecp218961 



2.066 2.0664 2.0668

12

16

20

24
A B

t (s)

v F
(V

)

default signal filter τ = 10−8 s

2.066 2.0664 2.0668

12

16

20

24
A B

t (s)

v F
(V

)
default signal filter τ = 10−8 s

2.066 2.0664 2.0668

12

16

20

24
A B

t (s)

v F
(V

)
default signal filter τ = 10−8 s

(a) Voltage across the fuse resistor in the large-scale simulation
model, comparing the original result with that obtained after ap-
plying the filtering approach.
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(b) Enlarged illustration of the voltage instability across the fuse
resistor in a large-scale simulation model and the results for all
the approaches presented to eliminate it.

Figure 14. Voltage vF across the fuse resistor in a large-scale
simulation model and the results of the previous introduced ap-
proaches.

ferent time constants at t = 2s, where a maneuver is ini-
tiated. This occurs before the fuse is switched off. In
this context, maneuvers refer to vehicle-specific events
that change the load on consumers, such as electric power
steering. The large-scale simulation shows that a large
time constant (definition of "large" relative to the simu-
lation model) leads to oscillations starting at t = 2s with
a maximum amplitude of 0.21 V. These oscillations can
reduce the step size and affect simulation stability. There-
fore, the time constant for the filtering approach must be
carefully selected.

6.3 Discussion of the Approaches
The implementation of the previously introduced ap-
proaches in the two simulation models, which differ sig-
nificantly in numerical complexity, revealed notable vari-
ations in the simulation results. The following discusses
these similarities and differences in detail.
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Figure 15. Effects of the signal filter with different time con-
stants on the voltage across the fuse resistor at the start of the
maneuver in the power system simulation.

6.3.1 Nominal Approach
The nominal approach is attractive due to its straightfor-
ward implementation. The simulation results indicate that
the instability issues were minimized. Residual ripples
may persist, but they typically do not affect simulation sta-
bility. The models presented above generally exhibit dif-
ferent behavior with regard to step size. While in the first
small-scale simulation the step size is reduced – thereby
increasing the simulation time – the large-scale model
demonstrates a reduction in simulation time. This effect
in the large-scale model is due to the constantly low step
size, caused by the remaining states, as well as state and
time events of the overall simulation model. As a result,
the step size is controlled in a different manner compared
to the small-scale model, which can positively affect the
simulation time. However, this relationship cannot be de-
termined in advance, as it depends on the individual model
and its dynamics. As already mentioned in Chapter 5, the
nominal value should be chosen to be of the same order of
magnitude as the low state value at which the inaccuracy
occurs.

6.3.2 Signal Filtering Approach
By decoupling the system, continuous controllability of
the voltage was achieved throughout the simulation. In
both models, the implementation of a first-order filter in
the voltage path resulted in significant improvements by
smoothening the voltage. Importantly, overall simulation
performance remained unchanged compared to the origi-
nal simulation, regardless of the time constant employed.
However, large time constants that depend on the simula-
tion model lead to oscillations in both voltage and current.
In particular, the current as a state variable further com-
promises simulation performance and stability. These ob-
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servations underscore the critical importance of carefully
selecting the time constant in the filtering approach. For
the demonstrated simulation scenarios, it is recommended
to select time constants τ between 10−7 s and 10−9 s. Pre-
vious investigations have shown that these values do not
cause any noticeable negative effects.

6.3.3 Physical Filtering Approach
Physical filtering is another approach in which different
states are integrated before and after the switching ele-
ment. By using a high resistance and a low capacitance
and inductance, instabilities can be eliminated without sig-
nificantly changing the dominant error or the step size.
Both simulation models presented earlier, despite their
differences in complexity, have demonstrated that this ap-
proach reliably eliminates instabilities. However, the nat-
ural delay in the RC circuit in an electrical system can
lead to oscillations if the parameters of the components
are chosen improperly. When using this approach, it is
recommended to employ the previously used parameter
values for inductance, resistance, and capacitance. If nec-
essary, these parameters may be reduced by an order of
magnitude without compromising stability.

7 Conclusion
A decoupling approach with filters has been introduced as
a substitute for the challenging variable resistor element
under highly dynamic switching in stiff electrical power
system models. On the other hand, an alternative error
tolerance setting – nominal – has been explored and com-
pared to the default settings. Decoupling is essential for
the signal filtering approach, as it enables the removal of
numerical disturbances in a manner analogous to physical
filtering. This strategy provides direct access to the per-
turbed voltage value, which can then be stabilized. Both
filter variants successfully achieve their intended purpose
without reducing the global relative tolerance. However,
the first-order block in the signal variant is considerably
simpler to implement. With a sufficiently small time con-
stant, it is also more robust against unwanted voltage insta-
bilities. The application of the physical filtering solution
is the more complex method, which involves tuning of the
RLC and RC branches to achieve the desired output.

It can be concluded that the fastest and most reliable
solution to the problem is the use of the nominal setting
in the problematic state, in the magnitude of its low value.
However, this method still exhibits a minor error, although
in the order of less than a percent of the expected value.
The authors advise a thorough understanding of the circuit
characteristics, as it is essential to identify the problematic
state and subsequently implement a suitable approach.

For future studies, it is recommended to investigate how
the various approaches with different parameter sets affect
the runtime of the models. Furthermore, it is important
to understand the performance implications for different
fuses in the power system simulation, given its complexity
and size.

An alternative approach to achieve the desired voltage-
switching characteristic is to use a series-connected con-
trollable voltage source instead of a variable resistor. This
configuration replicates the voltage-switching behavior of
the electronic fuse rather than relying solely on resistance.
Moreover, this approach avoids dependency on the current
and high resistance by applying a direct voltage require-
ment. This solution requires further research and testing
to determine potential disadvantages.
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