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Abstract:

only to support the drivers in their general driving

Driver assistance systems are designed not

activities but also to be able to take over in critical
situations, too. Test drives with a prototype vehicle are

the most realistic way to test these systems. The test drive

ks H Y. 2022-10-20

exposes the systems to all kinds of environmental
influences and examines their reliability. Since test drives
with prototypes are very costly and difficult to reproduce
in the exact same way, hardware-in-the-loop (HiL) test
benches are often used in the development and testing
process. HiL test benches providing the relevant hardware
and can also provide simulated environmental influences
for these systems under test (SUT). During test drives
with real vehicles, variations in the electrical system
voltage occur due to the different environmental
influences. These variations are based on changing
electrical loads. Currently these variations in the vehicle
electrical system voltage cannot be simulated on HiL test
benches. In order to identify causes and underlying
phenomena of the variations, recorded data from real test
drives are examined with respect to possible phenomena.
These results are then used to derive a phenomenological
stimulation that can be used to simulate realistic voltage
curves on test benches. The paper analysis vehicle
measurements with the aim of finding possible causes for
the long and short-therm change of the on-board voltage.
This paper presents an approach for realistic stimulation
of voltage variations in the context of virtual test drives on
HiL test benches.
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(HiL);

automotive testing; hardware-in-the-loop

shift test effort to simulation; battery voltage;

test drive

1 Motivation and introduction

In recent years, there has been an increased
focus in automotive development on driver assistance
systems. These systems are designed to support the

driver in his driving tasks. The term “partially
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automated driving” is used when the vehicle steers
itself on partial routes without input from the driver.
The functions of partially automated driving must be
highly reliable, otherwise there will be no acceptance

9 Extensive testing is

of the systems by users
therefore necessary. The most realistic way of testing
is to test drive a prototype in which the systems are
installed. The test drive exposes the systems to all
environmental influences and allows their reliability to
be examined. Test drives are timeconsuming and

[5]

expensive ™. In addition, test drives cannot be

repeated with the same conditions. Too many
influences change: traffic is never the same, weather
fluctuates, and the vehicle ages. To perform cost-
effective and repeatable tests, hardware-in-the-loop
(HiL.) test benches are used. On such, the systems
under test are built in hardware and are exposed to
simulated environmental conditions. An exemplary
setup of the simulation can be a monitor on which
driving sequences are played back. The camera of the
system can use this image as input and evaluate it.
The image on the monitor can now be modified to
simulate scenarios as they occur in reality. On the one
hand, this concerns the objects to be recognized, 1. e.
pedestrians, cyclists, street signs, roads, etc., but
also environmental influences such as fog or rain**"'.

The  supply
environmental influence on electronic  systems
(ECU). In the vehicle, this was provided by the

power supply battery. This environmental influence

voltage 1s an  important

is to be mapped on the test bench. Traditional
approaches to the simulation of on-board power
supply voltages deal with physical models of suppliers
and consumers'”".

This requires comprehensive measurements and
analyses of the vehicle electrical system. These have
to be repeated when parts of the on-board power
network change. Such a comprehensive simulation is
only useful in the context of energy management.
Energy management deals with the power balance
and electrical loads in the vehicle. By selectively
switching consumers on and off, the battery’s state of
charge (SoC) of the battery is kept at a level that can

be used to ensure future startups. The need for this is

reflected in the ADAC breakdown statistics, in which
vehicle batteries cause the majority of failures™. For
this purpose, an attempt is already being made in
advance to create a model for the battery with a focus
on component testing by modelling a battery in detail

+[10]

according to Buccolini e

and Yan
In this paper, a new approach to simulate
This

approach does not require any prior knowledge of the

realistic on-board voltages is developed.
from
The

information on the vehicle

system and was developed entirely

measurements taken from a test vehicle.
measurements include

voltage, vehicle current, vehicle speed, braking

torque and other relevant bus signals. The
stimulation is not required to be highly accurate It
should behave as realistically as possible. The

simulated voltage does not have to correspond exactly
to the measured voltage, but must exhibit the same
behavior. The aim is to be able to replace the actually
constant voltage on the Hil. test bench at Mercedes
Benz with a realistic dynamic voltage. This enables
realistic testing and allows stimulation for stress and

endurance running.

2 Requirements for state of charge
model to stimulate voltage on HiL
test bench

As described in Section 1, the vehicle electrical
supply voltage is not constant while driving. At the
start of the journey, the battery supplies the vehicle,
causing the voltage to drop to the discharge voltage of
the battery. This depends on the discharge current, i.
e. the active electrical loads. While driving, the
battery is charged, raising the whole on-board
voltage. At the end of charging, the vehicle electrical
system voltage is regulated to a voltage at which the
charge is maintained. The power requirement in the
vehicle electrical system changes constantly as
electrical consumers are switched on and off. If the
power consumption of the consumer is high and the
switching is fast, the controller of the generator does
not manage to compensate for the load change. This

results in short-term overvoltages and undervoltages.
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The
management strategy of the vehicle, the topology,

form of these depends on the energy
the state of charge of the battery and the engine
speed ',

The aim of this work is to develop a model that
reproduces these changes in the vehicle electrical
system voltage. The simulation is to be performed in
real time on a Hil. test bench™”. The model is based
on measurements from a test vehicle. It is important
that  the

realistically in the end. This means that the on-board

simulated on-board voltage behaves

voltage in the vehicle is subject to physical limits,
which must be observed in the simulation (see
Fig. 1).

Brake pedal position|
Ignition state '—
- |
Steering moment '—
ASS Engine stop '—

Fig.1 Problem definition

Battery voltage

Since the task of the Hill test bench is to test

driver assistance systems while driving, the
simulation should be designed for this purpose. Thus,
it 1s not intended to test specific scenarios, such as
EM compatibility tests according to ISO 7637-2, but
to simulate the voltage curve that actually occurs
during a test drive”. This excludes, for example, a
negative voltage caused by reverse polarity jump-
starting. Accordingly, the selected solution approach
should

improvements. A modular approach is selected.

offer possibilities for extensions and

The following requirements for the stimulation
model can be derived based on the environmental
conditions ;

Req. 1 Adaptivity for new measurements: It
must be possible to quickly integrate new
measurements into the model.

Req. 2 Realistic behavior: The on-board voltage
has physical limits that must be taken into account by
the model.

Req. 3 Modularity: Individual parts of the model

should be interchangeable to allow improvements.

3 Concept and solution strategy

Based on the environmental requirements, a
stimulation model is developed for a Hil. test bench.
3.1 Analysis of vehicle measurements

Real vehicle measurements represent the basis of
the stimulation model. The measurements contain
recorded voltage and current characteristics including
further bus messages on the various vehicle buses.
Based on these signals, which can also be accessed on
the Hil. test bench, the voltage stimulation model
must be created. The signals of the measurement are
divided into the following categories:

Power data: current and voltage signals.

Operating states: signals reflecting a certain
status of a system (like vehicle speed).

External factors: environmental influences
detected by the vehicle (like object in blindspot of
vehicle ).

Driving influences: Influences caused by steering
and controlling the vehicle (like brake pedal
position).

Over 50 hours of vehicle measurements were
studied as part of this paper.

3.2 On-board power supply—topologies

The structure of a single-battery electrical
system is shown in Fig. 2. The left side of Fig. 2
shows the generator and the battery. On the right side
the combined consumers are shown. The generator
charges the battery and supplies power to the
electronic systems while the vehicle is in motion. The
battery provides support during peak loads while
driving and takes over the supply during engine
standstill and, depending on the design of the
vehicle, also during low engine speeds, such as
idling.

Initially, the alternators were still DC generators
with the same nominal voltage as the battery. With
the introduction of the three-phase alternator in the
motor vehicle, the operating voltage also became
variable. Instead of 12 'V, a higher operating voltage,
14 V, could be used. On the one hand, the 14 V
accelerates the charging of the accumulator, and on

the other hand it reduces wiring losses. With a higher
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on-board voltage, a lower current is required for the
same power. According to P, = R,I’ , a lower
current also leads to less wire losses P, due to the
wire resistance R,. This was also a motivation when

trying to introduce 42 V on-board networks.

o +AAAA'
;L RL *

G B R

Fig.2 Single-battery on-board power supply

3.3 Electrical consumers in the vehicle

The most important long-term consumers are
listed in Tab. 1. Their consumption is based on
conditions that do not change during the drive. The
use of car radios and navigation systems only changes
Together with the
the long-term consumers
The

consumption of these systems cannot be reduced

over a long period of time.
continuous — consumers,
base load while

represent  the driving.

without limiting either road safety or the user

41 Since the base load remains stable over

experience
the driving time, it has little effect on the on-board
voltage. The generator and battery are designed on
the basis of the expected base load.

Tab.l Electric long term consumer based on Ref [8]

Name Py Domain
Boundary lights 4-5W Body &. Cabin
License plate light 10 W Body &. Cabin
Parking light 3-5W Body & Cabin
Headlight 55 W Body &. Cabin
Taillights 5W Body &. Cabin
Electric radiator fan 200 - 800 W Body &. Cabin
Wiper 80-150 W Body & Cabin
Instrument lights Z2W Infotainment
Car radio 15-30 W Infotainment
Navigation system 15 W Infotainment

The electric short-term consumers are only
required depending on specific driving situations.
They are active for short periods. Due to the high
energy requirements of individual consumers, electric
short-term consumers need special attention in order
to keep their influence on the vehicle electrical system

]

voltage low™. This can be done by selectively

switching off short-term consumers with low priority

If higher

power is required by the electric consumers than

or installing doublelayer capacitors"™.
available to the power system, the battery is
discharged while driving and the on-board voltage
drops to the discharge voltage of the battery'”.
3.4 Identification of operating states

Fig. 3 shows the battery voltage and the battery
current versus time during a test drive. The auxiliary
lines for the voltage curve are at 13 V and can be used
to detect the state of charge, as shown by the
associated current curve. At the beginning of the
drive, the battery is charged and a voltage determined
by the charging algorithm is generated by the
generator. During this process, the voltage increases
linearly while the current decreases linearly. Half an
hour after the start of the trip, the battery current is
negative, the battery is discharged, and the voltage
drops below 13 V. In the following two hours, the
voltage takes an average value of 13 V. During this
period, the battery current is only slightly positive,
the battery charge is held.

S Vol
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Fig.3 Voltage and current during a test drive

Based on the electrical consumers and the
topology of the board network the real voltage curves
can be analyzed and interpreted. The states of charge
listed in Tab.

measurements.

3 can be reproduced based on the
These long-term power states are
short-term

overlaid by overvoltages  and

undervoltages, which can occur due to the switching
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Tab.2 Electric short term consumers based on Refs.  models from the point of view of energy
(3,8-9] management '""*). The aim of energy management
_ Name Lits] Domain is to prevent voltage drops while driving. In addition,
Indicator/brake lights 21W Body &. Cabin )
Interior light 5-10W Body &. Cabin good energy management ensures that the battery is
Electric window opener 150 W Body & Cabin kept in a state of charge that guarantees future starts.
Electric sliding roof 150 - 200 W Body &. Cabin . . .
Rear window heating 120 W Body &. Cabin To this end, consumers can be actively switched off
Rear window wiper 30-65W  Body & Cabin or the idle speed can be raised while driving. In these
Fog light 35-55W Body &. Cabin .
Reversing light ol W Body &. Cabin models, the generator and battery are mapped using a
Windows and headlight 50-100W  Body & Cabin physical  model.  For this purpose,  their
cleaning ) yot . . . .
Electric seat adjustment 100~ 150 W Body &. Cabin characteristics are determined with the aid of
Electric mirror adjustment 20W Body & Cabin measurements. load scenarios are then specified in
Heated seats (per seat) 100 - 200 W Body &- Cabin he simulati d th I . ! d
Steering wheel heater 0w Body &. Cabin the simulation and the voltage curve is evaluate
Electric auxiliary heating 300~ 1000 W Body &. Cabin under various aspects. The aim of such tests is to

Motor antenna 60 W Infotainment
Cigarette lighter 100 W Infotainment
ESP 600 W Vehicle motion &.
Safety
Electric power steering 1000 W Vehicle motion &
Safety
Force feedback steering wheel 600 W Yehmle motion &
Safety
. . Vehicle motion &.
Active damping 3000 W Safety
Active roll stabilization 2500 W Vehicle motion &
Safety
Electromagnetic valve control 3400 W Vehicle motion &
Safety
Electromechanical brake 2000 W \‘/ehlcle motion &
Safety
Brake by wire 2000w Y ehiclemotion &
Safety
Starter 800 - 3000 W Powertrain

on and off of loads or, for example, due to braking
actions. The defined state of charge must be

predicted by the developed method.

Tab.3 Long-term state of charge during the test drive

Power balance on-  State of charge

Onboard network voltage/V

board network battery
Py = Py Discharge Discharge voltage << 13
Py <Py, Charge Charge voltage > 14
Py Py Hold Hold voltage = 13

3.5 Possible solution for state of charge prediction
In the previous sections, the problem definition
and the information given for the solution were pre-
sented. Fig. 1 summarizes the problem graphically.
A model is needed that can output an on-board power
supply voltage based on the given signals.
(1) Model based simulation: Simulations of the

on-board power supply in the literature deal with

evaluate and improve  energy  management
strategies™ .

The guarantee of realistic behavior is one
advantage of this approach. Furthermore, it is
possible to perform a simulation according to this
approach in real time. Since the suppliers and
consumers are simulated individually, the approach is
modular. The integration of new measurements is
costly. The implementation of this model is extensive
and time consuming. In addition, information about
the individual components is needed. Since the
generator and battery must be parameterized and the
speed of the engine must be known for the simulation

of the generator, this approach could not be

chosen""*’.

(2) Simulation through end—to—end Al: The
next approach considered is an end to end learned
neural network. In such an artificial intelligence
(AI) , the entire black box from Fig. 1 is replaced
with a deep neural network. The output voltage is
learned directly from the signals in the measurement.

The method could be

measurements, because the network only needs to be

adapted to new
relearned. In addition, model building can take place
without prior knowledge completely. Real-time
execution can be assumed, since such networks are
used in the image processing for driver assistance
systems. The implementation is very extensive
without libraries, since the complete network would
have to be coded. In addition, the approach is not

modular. In conclusion, completely learned systems
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can exhibit anomalous behavior, through which
realistic behavior cannot be guaranteed. The range of
values for the output voltages is not limited. As a
result, high voltages could be applied and the control
units in the test bench could be destroyed.

(3)  Mixed Both

presented  so advantages and

simulation: approaches

far have clear
disadvantages. Simulation by a model of consumers
and utilities requires a lot of information that is not
given, but can guarantee realistic behavior. On the
other hand, an end-to-end learned network provides a
simulate  completely  without

way to system

knowledge, but may behave unrealistically. To
combine the advantages from both approaches, a
mixed approach was chosen. For this, the state of
charge is to be detected by machine learning, but the
voltage itself is to be generated by a model from the
power data. The model guarantees a realistic
behavior, while the machine learning enables a
simulation with little prior knowledge. This approach
could be used completely modular. The detection of
the state of charge can be changed or extended
This also

allows new measurements to be quickly adapted for

independently of the model behind it.

simulation. The above mentioned solutions are real-
time executable, this can be assumed for the
combined approach, too.

(4) Selection of the solution approach: As can
be seen from the previous sections, the mixed
approach was chosen. This was confirmed with the
help of a utility analysis. The different solutions were
evaluated using the requirements in Section 2.

In general, the concept consists of two parts. In
the first part, the signals from the measurement have
to be read in and the corresponding relevant features
and signals have to be selected and extracted. The
stimulation model must be trained on the basis of the
existing measurements. Afterwards, this trained
model can be transferred to the Hil. test automation
tool in the second part. In principle, the goal of the
model is to determine the state of charge (see Fig. 4).

To perform the classification, relevant signals
(features) must be selected. The selection of the

features influences the accuracies of the classifications

in the blocks “Recognition charge/discharge” and
With
charging and discharging, the state of charge of the

“Recognition over/under voltage” directly.

on-board power supply is detected. The state of
charge changes only in the long-term perspective.
With the help of the battery model, in which the
discharging behavior and the charging algorithm are
introduced, the average on-board power system
voltage i1s generated. The battery model is based on
Ref. [19], with separated charging and discharging
behaviours. As explained in the signal analysis in
Section 3.4, there are short-term changes in the
average on-board voltage, too. These are called
overvoltages and undervoltages. A model is created
for these in order to be able to simulate them
realistically. Finally, the outputs of the models are

combined.

4 Implementation and evaluation

This concept was implemented as an example on
a driving assistance Hil. test bench. For this
purpose, a digital test drive was set up according to
Wohlfahrt'*'.

highway environment.

A vehicle was simulated in a real
In this setup, the voltage
stimulation model has access to all required and
relevant bus messages (e. g. vehicle speed or braking
torque) and runs in parallel to the digital test drive in
a real-time thread”. The main challenge in the
implementation was to make the machine learning
network real-time capable. In the case of this work,
ProvetechTA was used as the test automation tool.
As already mentioned in Section 3.4, the SoC
model was trained before the model could be executed
on the test bench. For this purpose, the recorded real
vehicle measurements were read in and further
processed with the help of the mixed approach
presented in Section 3.5 (4). In principle, a
distinction was made between the short-term and
long-term voltage curve. By resimulation of the
voltage curve, the results shown in Fig. 5 were
obtained for the simulated voltage. A well correlated
voltage curve, with the same power states and similar

short term changes, can be seen. For evaluation, the
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trained classifier was compared to an original
measurement.

Fig. 5 shows the measured voltage in the vehicle
compared to the simulated voltage determined by the
trained classifier. In the next step, the classifier was
translated into real-time code and executed on the
Hil. test bench as part of a digital test drive.

Fig. 6 shows the results of the vehicle electrical
system simulation during a virtual test drive on the
test bench at Mercedes Benz. The X-axis shows the
elapsed time in seconds after the start of
measurement. The results were designed using the
battery stimulation model constructed according to
Fig. 4. Both long-term and short-term voltage curves
were simulated. The measurement on top of Fig. 6
shows the output voltage of the power supply. The
system is charging the battery at the beginning. The
voltage increases over time towards 14.5 V. Once
95% charge is reached for the battery, the voltage
drops to 13.05 V and the charge is held. During the
holding, several peaks are detected. Between 1 800
and 2 000 seconds, two drops in voltage are seen.
Beside the voltage signal, three other signals are
shown: The current vehicle speed in km/h, the
status of the brake pedal and the current braking
torque of the service brake (from top to bottom).

The simulated voltage peaks correlate with the

Simulated Battery Voltage [V]

14.54

400 500 800

braking torque. The simulated voltage thus behaves
like the voltage from the measurements. Short-term
drops correspond to the simulation of high-power
consumers, through which the consumer power

briefly exceeds the generator power.

Preprocessing Power state detection Output

Recognition )
charging] discharging Battery model

R )
) ead =7 Feature extraction
signals Short term

changes

Battery voltage

Recgtfon L3 oo peak mode|4/[

voltage drop/ peak

Fig.4 Detailed solution approach
15
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Fig.5 Simulation of the vehicle electrical system

voltage based on a vehicle measurement
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Fig.6 Output of the simulated on-board voltage on the test bench



% S1 1

Julian FUCHS , % : BE{F-7E PRI 13 3 A0 4 490 FiL vl Py vl P 20410 199

5 Summary

Within the scope of this paper, a prototype for
the simulation of the vehicle electrical system voltage
was developed for a HiLL test bench (Req. 4). It was
not possible to use traditional approaches to simulate
the on-board power system voltage, since no direct
data on the consumers and suppliers from the on-
board power system are available, due to data
privacy. Instead, a new approach was developed that
depends entirely on measurements from a test vehicle
(Req. 1). State of charge detection by a learned
classifier is used to generate an average voltage using
a battery model. By learned
this
knowledge of the system (Req. 3). Short term

introducing  a
classification, can be done without prior
changes are detected and generated from the state of
charge separately. By adding the mean voltage and
the short-term changes, a realistic curve of the on-
board voltage is generated. The voltage generated
from the measurements using this approach does not
match the voltage measured by the test vehicle
exactly, but it has sufficiently similar characteristics
for the test bench (Req. 2). A better battery model
could be used, to increase the accuracy and added to
the dynamic changes. The real-time execution of the
approach was demonstrated with the implementation
on the test bench (Req. 5). Thanks to the modular
design, individual parts can be improved in the future

to achieve even more realistic behaviours (Req. 6).
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