
INTRODUCTION
The electrical part of the powertrain, the rising number of

electrical functions, and the conversion of mechanical or
hydraulic systems into mechatronic devices will considerably
increase the electrical power and energy requirements of
future vehicles. In addition, multiple voltage supply levels
will increase the complexity of the electrical distribution
system (EDS), while strict cost, weight and packaging
constraints must be upheld. Furthermore, the functionality of
a significant part of future electrical systems is highly safety-
critical, e.g. standards such as ISO 26262 must be applied.
Thus, the design of an EDS faces serious challenges in terms
of robustness, reliability, and energy efficiency.

Currently, testing and validation are based on test
conditions defined mostly by the specifications of particular
electrical subsystems. A self-contained integral test or
evaluation [1,2,3] of the EDS is normally not applied and
singular tests, e.g. for critical test cases, yield simple go/no-
go results. In this paper, quantitative quality criteria are
defined which allow a systematic and comparative

assessment of the performance and robustness of an EDS.
They address the dynamic and static stability of the supply
voltage, the reliability of the fusing system, and the ability to
provide the required electrical power.

The presented approach uses both precisely-defined test
scenarios and a comprehensive EDS test bench which is
based on a hardware-in-the-loop (HiL) system. Thus, any test
condition can be implemented, repeated and documented,
whereby an extensive measurement set-up and data-
processing system allows analysis using the quality criteria
mentioned above. The results enable thorough investigations
into the effect of the dimensioning of generator, battery, and
EDS components, of the topology of the EDS, of the control
strategy applied, and of the benefits of additional components
such as DC/DC converters or storage devices [4].
Furthermore, they allow the comparison of the performance
of various already-existing EDSs, as well as an appropriate
benchmarking. The robustness is evaluated either by
identifying functional risks or by detecting potentials for
optimization. In addition to the theoretical description, the
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ABSTRACT
Both the electrical portion of the powertrain and the rising number of auxiliary systems will considerably increase the

electrical power requirements in future vehicles. In addition, multiple voltage supply levels will enhance the complexity of
the electrical distribution system (EDS), while strict cost, weight, packaging, and safety constraints must be upheld, posing
serious design challenges in terms of robustness, reliability and energy efficiency.

Currently, a self-contained integral test or evaluation of the EDS is normally not applied. For such a purpose,
quantitative quality criteria are introduced here which allow a comparative assessment of an EDS by addressing the
dynamic and static stability of the supply voltage, the reliability of the fusing system, and the ability to provide the
required electrical power.

The presented approach uses both precisely-defined test scenarios and a comprehensive EDS test bench. It is based on a
hardware-in-the-loop (HiL) system with an extensive measurement set-up allowing the determination of the quality criteria
mentioned above. Thus, thorough investigations into the impact of the dimensioning of EDS components as well as of new
architectures can be conducted. In addition, a quantitative performance benchmarking and the identification of functional
risks or of potentials for optimization are possible. The paper presents the theoretical description and initial experimental
data, followed by a discussion of the next steps, for instance the application of the method to simulation, as well as a look
at future possibilities.
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paper presents initial experimental data, results for a given
EDS, and a comparison of technical optimization measures,
followed by a discussion of the next steps as well as a look at
future potentials, for instance the application of the method to
simulation.

QUALITY CRITERIA
The following criteria and respective visualizations are

proposed to evaluate, summarize and present the vast amount
of measurement or simulation data in an intuitive and
comparable form. Although the formal description might look
complex, the underlying ideas are quite simple and the
implementation within a simulation or data acquisition
environment is straightforward. As already mentioned, results
are valid and comparable only with respect to a given test
scenario.

Voltage Stability
The first group of criteria addresses voltage stability. It

can be applied to the overall supply voltage, e.g. at the battery
positive pole to describe the behavior of the complete EDS,
or to the voltage at component level, e.g. at components
especially sensitive to voltage variations. Three criteria are
defined in order to address the voltage behavior in the time-
and frequency domains (Tables 1, 2 and 3).

The distribution form describes the accumulated time at
which the voltage is within a given voltage interval (Table 1).
As the various operating voltage ranges are unequally critical
to the proper functioning of the loads (Fig.1), the introduction
of a weighting function g(u) allows the calculation of a
quality factor GV (Eq.1). The exponent k is required to
enhance the impact of small but essential values of nµ. A high
GV value is critical. Finally, the box plot voltages uQ (Eq.2)
characterize the distribution form whereas uQ+ and uQ- give
the critical boundary voltages.

Figure 1. Supply voltage ranges and weighting function
g(u), (a) inverse polarity, not allowed, (b(g)) no or limited

function, (c) allowed voltage range during motor start,
(d)(e) operating voltage range at engine off and on, and

(f) allowed operating range for limited time period

Table 1. Voltage stability criterion: time domain (1)

In most cases, the required information is the maximum
uninterrupted time period at which the voltage was under or
above a given level. This issue is addressed by the second
criterion with quality factors and visualization given in Table
2.
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Table 2. Voltage stability criterion: time domain (2)

The third stability criterion describes the spectrum
distribution of a sliding interval [t, t+τ] using FFT. Although
the frequency range here is considerably below the level
required for EMC/EMI investigations, it is still very useful
for the diagnosis of the EDS and the identification of a
distortion source, as well as to assess the quality of the supply
voltage. The proposed quality factor is the distortion factor
because it is a well-known quantity and interpretation is
simple.

Fusing Concept
The fusing concept has a very important impact on the

layout of the EDS, the dimensioning of the wiring, and the
safety of operation. The functions are that (a) a faulty circuit
is switched off before further damage occurs and (b) that
there is no interruption during proper operation. The
opposing boundary condition is to keep the nominal fuse
values as small as possible in order to avoid
overdimensioning. Thus, an ideal EDS must ensure the
functionality mentioned above by using the smallest fuse
values possible. Hence, for every fuse a quality factor Gf is
calculated which is above 1 if the fuse value is too small and
is 0 if it is too high. Finally, the quality factor Gf0 of the
entire EDS is defined simply as the percentage of suitable
fuses (Table 4).

Table 3. Voltage stability criterion: frequency domain

The proposed evaluation uses a straightforward fuse
model that is based on an energy balance as follows:

(5)
with Tf and Tamb the fuse- and ambient temperatures, RE the
electrical resistance, β its temperature coefficient and GT the
thermal conductance. Under the simplified assumption that
above a specific current I0 the temperature difference Δf is
constant due to the melting of the fuse, and that an energy
Emelt is necessary for the interruption, one gets

(6)
with tripping time tf. Fig. 2 shows that specified and
calculated tf/I values, e.g. for ATO fuses, are in good
accordance. In addition, one finds (Fig.3) that the specific
value Emelt/(1+βΔf) can be described as a function of I0:

(7)
where IN is the nominal fuse current. Thus equations (6) and
(7) describe a semi-empirical model which can be used for
the quality factor Gf as defined in Eq. 8. As an example, Fig.
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