35" International Electric Vehicle Symposium and Exhibition (EVS35)
Oslo, Norway, June 11-15, 2022

Concept of a service-oriented vehicle energy management
and evaluation of the data quality of related services

Jonas Maier M. Sc.!, Dorsa Mohammad Zaheri M. Sc.!, Prof. Dr.-Ing. Hans-Christian Reuss!

"University of Stuttgart, Institute of Automotive Engineering Stuttgart, Pfaffenwaldring 12, 70569 Stuttgart, Germany,
Jjonas.maier@ifs.uni-stuttgart.de

Summary

The complexity of vehicle energy management has increased steadily in recent years. This is due to stricter
emission regulations, new drive technologies and the increasing number of electric consumers. The ongoing
change in E/E architecture, rising requirements for flexibility and upgradeability as well as automated driving
functions will further increase this issue. A service-oriented software structure can help to manage this
complexity. Therefore existing concepts for vehicle energy management must be adapted and expanded to

achieve the desired flexibility and reduction in complexity.
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1 Introduction

For a long time, vehicle E/E architectures were function-oriented. This was due to a relatively low level of
complexity. The functions of vehicles were developed separately and coordinated later in the development
process. This was possible because a function was executed by a single electronic control unit (ECU). The
development effort for individual functions is therefore relatively low and they can be developed independently
of each other. However, the integration of the functions into the overall system and their coordination among
themselves is a time-intensive problem with a high degree of complexity. In addition to the number of functions
in vehicles, the quantity of ECUs has also risen sharply. This causes restrictions in terms of weight, installation
space, and package optimization of the overall vehicle. It can be assumed that this trend will continue and that
the number of functions in the car will rise. In addition, the complexity in vehicle development will increase
further. In order to control the complexity, centralization is being pursued. Currently, centralization is taking
place at the domain level, which is characterized by domain-specific powerful ECUs. The ECUs arranged under
it have a domain-specific E/E functional scope. Further centralization will lead to an architecture with a
supercomputer and some domain-independent ECUs. The vehicle components are designed to fulfill a set of
specific functions and are connected by their precisely specified interfaces. Another aspect of this functional
architecture is the dependency on the hardware. Whenever a new function is integrated into the model or the
hardware is changed, the design of the functions and the coordination of the interfaces must be redone. The
required additional effort makes it unreasonable to upgrade or extend vehicles as the product life cycle of vehicles
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is decreasing in the last few years. Furthermore, it is necessary to adapt the existing or design new functions
when a new variant or model of a vehicle is developed. [1], [2]

Present energy management (EM) systems do not offer the optimal structure for service-oriented architecture
(SOA). They mostly use characteristic diagrams or rule-based procedures as well as a static prioritization of the
consumers [3].

1.1 Trend of service-oriented architecture in the automotive industry

SOA is a paradigm for designing software architectures that enables greater flexibility and modularity. This is
accomplished by encapsulation of data with high dependence and loose coupling between the different services.
The interfaces have thus high importance since these must be completely abstracted from the implementation of
the service. Similarly, a uniform specification is required for the entire system. [4]

As an example, imagine the design of a battery system. It offers the request vehicle status and the guarantee
energy storage information. Vehicle information include all information from the vehicle that are necessary to
control the energy storage e.g. whether the vehicle is in standby, charging or driving mode and the safety status.
Whenever we exchange the battery with another energy storage e.g. a supercap or a different battery, the services
on the vehicle and the energy storage system (ESS) can stay the same. The supercap might have other internal
functions to control its behavior and different limits. As an example the battery could have several temperature
and voltage limits and the supercap has only one temperature and current limit. As long as the guarantee contains
the information for /imit reached regardless of which physical limit has been reached (temperature or current),
maximum output power and the pause time there is no need to change the service on the vehicle side. Another
upgrade scenario concerns the driver assistance functions as described in [5]. Figure 1 a) presents the battery
communication of state-of-the-art vehicles. This architecture has a battery management system (BMS) which is
connected via CAN to all other ECUs of the vehicle. In the project UNICARagil, several vehicles were built to
combine innovative and disruptive concepts. To enable a highly safe and reliable electric propulsion system, the
E/E-architecture consists of four zones (front right, front left, rear right, rear left). The main idea is to have
redundant hardware in case the energy storage or other parts of the electric supply systems fail. Furthermore, it
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Figure 1: Transition to a modular architecture for the energy storage system supported by SOA according to [5]
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is possible to isolate a single zone. This function is necessary in case there is a fault caused by one of the
consumers’ e.g. short circuit. After the faulty zone is separated, the remaining powernet can still operate with
reduced performance. Figure 1 b) shows the batteries of the UNICARagil vehicles and their communication with
the vehicle in a schematic diagram. The batteries communicate with a control unit and a gateway via CAN-Bus.
A separate microcontroller transforms the CAN messages into services. With this implementation, the BMS
interacts with the other systems. In the later discussed automotive service-oriented architecture (ASOA) the
consuming services are called requirements and the producing ones guarantees. [7]

This approach can be extended by splitting the services, so each energy storage works independently as indicated
by Figure 1 c).

2 Aservice-oriented energy management for electric vehicles

The vehicles, which were designed in the project UNICARagi/, aim for autonomous driving according to SAE
level 4. Figure 2 shows a simplified principal scheme of the automation. The main aspect is that a regular and a
safe-stop trajectory are planned based on the vehicle environment model. The self-monitoring checks the state of
the critical systems in the vehicle and provides this information to the behaviour and trajectory planning. One
crucial aspect is the EM as it provides all necessary information about the energy status of the vehicle. Further
inputs could be the thermal management, the driving modules, or active safety systems. Consider omitting some
of the systems and instead of forwarding all information directly to the self-monitoring. This helps to reduce the
number of systems but is contrary to the approach of the SOA to the encapsulation of data with high dependency.
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Figure 2: Extension of UNICARagil automation by an energy management according to [8]

2.1 Service Definition

The EM comprises the services for distributing power between the functions and providing information for
controlling the vehicle. While it monitors the power distribution, the automation system controls the drive unit.
To ensure that all the required services for the safe stop trajectory are supplied in any scenario, prioritization is
necessary. Furthermore, the maximum energy for the safety stop trajectory must always be observed by the self-
monitoring. Before the remaining energy reaches this critical value, a safe stop must be executed. Thus, the EM
can be understood as an information source for vehicle automation and a control unit for all systems that are not
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necessary for the safe-stop and autonomous driving. This includes mainly the comfort systems. The main tasks
of the EM are hence:

Evaluate the energetic status of the vehicle

Determine limits for non-safety and safety-relevant services
Coordination of power for non-safety relevant services
Provide information about the energetic status of the vehicle

In previous EM systems, it was the task of the energy management to track the remaining distance and adjust the
power demand of the loads. As automation and self-monitoring determine vehicle trajectory and behavior,
powertrain control and remaining range monitoring is handled by the self-monitoring.

Figure 3 presents an overview of the services that are necessary to fulfill these tasks. In [9] the ASOA is
introduced, which defines the interfaces of the consuming services as requirements and the producing ones as
guarantees. Besides the messages listed below, additional information is necessary to help with the conversion
of services and to describe the data quality.
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Figure 3: Requirements and guarantees for a service-oriented energy management service

The EM has three consuming services. The power demand requirement includes the messages for the desired
power, the priority of the service concerning safety, a predicted time horizon of the demand, and the device name.
The device name is necessary because the guarantees of all systems regarding their energy demand are linked to
this requirement. Related to the time horizon e.g. an ECU responsible for instance the powertrain, will need the
requested power immediately. Less important consumers or those that do not enable functions directly
perceivable by the customer can generate a more flexible energy demand [10]. By this, the complexity in the EM
is reduced as it only needs one guarantee for the power demands of all consuming systems.

The second requirement of the EM is the energy storage status requirement. As mentioned earlier, energy storage
may change in the life cycle of a vehicle. This may concern the size, but a change in technology is also possible.
To meet this, the requirement can be connected to all energy storage guarantees in the vehicle. The energy storage
in an electrical vehicle is not necessarily a battery, so the messages must fulfill the demands of systems like
flywheels, supercaps, or fuel cells too. As this EM is designed for autonomous electric vehicles, we assume, that
all of these energy storages have an electrical output. The necessary messages, therefore, include the information

35™" International Electric Vehicle Symposium and Exhibition 4



about the electrical outputs (current, power, voltage), their status regarding safety (State of Function, temperature),
and energy prediction (State of Charge (SOC), State of Health (SOH)).

The third requirement includes information about the vehicle’s status, it is called vehicle status. This includes the
messages with information about the type of operation (autonomous, manual, safety) and the availability of
crucial functions. Details about the comfort systems are not necessary as the EM does not consider them when
they send no energy demand message or the message is implausible.

On the one hand, there should be a maximum in flexibility and reusability but a safe operation is more important
than ever, since the vehicle operates autonomously. To fulfill this demand, there is a separate guarantee designed
for safety-related services and non-safety-related ones. Components and thus also services are exchanged and
modified in the lifetime of the vehicle. This leads to an increasing amount of combinations and possible error
sources. By separating the energy allocation into safety and a non-safety related service, it is possible to use
different strategies for changes and updates e.g. the energy allocation for safety-related components is updated
under a restricted environment as in a repair shop. Whereas the rearrangement during runtime is allowed when
the vehicle is not driving. For the non-safety-related tasks, it is possible to do this while runtime and by over-the-
air-update. Both energy allocation services include the messages of the allocated electrical power (voltage,
current), the related time horizon, and the information to which device the information is related. The energy
allocation for the non-safety-related services should operate with different priority levels to fulfill the passengers’
needs most efficiently. Depending on the number of comfort systems, different variations of the energy allocation
for non-safety-related systems are possible. One option is to use only one service, which makes it the easiest as
all non-safety-related services have the same interface to the EM. The disadvantage of this variant is the big
amount of unused messages. Another alternative is to split it up into several priority groups, which will reduce
this problem but will increase the number of services.

For the overall vehicle management, remote operation, trajectory planning, and other systems to operate, the
functional status of the EM as well as a general electrical status of the vehicle is provided via the services EM
functional status and Vehicle energy status. The vehicle energy status includes messages about the power balance,
remaining energy, remaining operation time in this status concerning safety and performance aspects such as
battery temperature, SOC, and SOH. The EM functional status sends the results of the self-diagnosis of the EM
as messages, e.g. if errors are currently present or have occurred in the past.

2.2 Metric for evaluating the quality of an architecture

When designing a service there are many degrees of freedom and dependencies on the overall system. This makes
it hard to determine their quality and suitability. The most common way to do this is by defining formal
comparison and evaluation options, known as metrics. In [11] there are metrics introduced to evaluate SOAs with
different abstraction levels. Based on the Quality Attributes, which consists of four of the six quality
characteristics of ISO 9126, seven design properties are derived. Five are suitable to evaluate the EM services.

The following five attributes are defined by [12] in this manner:

e Coupling: The degree of dependence between services

e Cohesion: The degree to which the tasks performed by a single software module are related to one
another

e Complexity: The degree to which a system's design or code is difficult to understand because of
numerous components

e Design Size: The size of a system

e Service Granularity: The depth or level of detail at which data is represented in a service

The remaining two, parameter granularity and consumability are not used. Both are connected close to the
implementation and should be taken into consideration when implementing the concept.

The metrics in
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Table / for these five attributes are taken from [11] with minor changes to adapt it to the EM system introduced
in this paper. Therein nsc is the number of connected services, ns the total number of services, ny,y the number
of used messages, nr the number of functions and ny the number of messages.

Table 1: Design metrics for a SOA and their characteristics in the energy management service according to [11]

Design Property Derived Metrics  Characteristic
in the EM
Coupling Ns,c 0
ng
Cohesion US !
Ny,
Complexity ns !
ng
Design Size ng !
Service Granularity ny !
Ng

Without the service architecture of the entire vehicle, it is not useful to evaluate the EM separately, but a first
estimation is possible. It is responsible to supply all electrical consumers so every system that manages functions,
needs to request power. It is therefore connected to the consumers by the power demand and allocation services.
The remaining services may not have many connections, mainly systems for managing the autonomous driving
on the guarantee side and the ESS on the requirement side, accordingly, the coupling is high. Therefore the
cohesion is low as the number of unused messages is increased. This is due to the allocation guarantee, which
sends all of the information to all registered consumers. The complexity of each system is mainly derived by the
number of its services, to make it comparable with other concepts, it is standardized to the number of functions.
In this concept, many services have been put together to reduce their overall amount and most consumers are
connected by one requirement and one guarantee, less is not possible when there is a system with controlled
consumers. This supports a low complexity compared to other systems. The design size is directly linked to the
number of services and therefore is low too. Service granularity is defined as the relationship between the number
of messages and services. The introduced EM concept uses only a few services besides the necessary power
demand and allocation. The remaining services could be summarized to one, but this would decrease the cohesion
which results in lower effectiveness and reusability. Other concepts might have a higher service granularity or
better results in single aspects, but the system optimum is always related to the prioritization of the criteria by
the designer and customer.

For the validation of the modularity, the model can be checked with the help of the connected system. If technical
solutions of them cannot operate with or do not fit in the services of the designed system, it must be redesigned
or the system boundaries adjusted.

3 An approach to determining the data quality for a service-oriented energy
management

The five levels of automation defined by SAE J3016 assume the necessity of a driver for the levels one to three.
For level 4 and 5 the vehicles consequently has to fulfill all previous tasks of the driver. Additionally, to level
three this includes a fallback operation in case there is an error. Furthermore, the steering of the vehicle must be
adapted to the environment and vehicle situation. [13]

For both of these, the vehicle needs a self-perception that monitors at least all safety-related functions, compares
it to the driving situation, and adapts its behavior. A requirement for these tasks is that services provide the quality
of their data, so the automation and self-perception can identify limited validity. Therefore they can react by
adapting their behavior or changing the data source. The ASOA introduced in [9] considers this quality aspect in
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its structure, but how the quality for each service should be determined remains unclear. This is caused by the
aspect, that the assessment of the data quality is highly function-dependent, which makes it difficult to define a
uniform approach. In Figure 4, an overview of the data quality calculation for the internal use of the EM service
and its guarantees is given. The data quality has to be assessed to determine if the data is reliable and which data
can be used. This can be done by monitoring the system inaccuracies and evaluating their impact. Further aspects
are the influence of the dynamics caused by the driving profile and the time criticality. Furthermore, it should be
considered how the data was determined e.g. calculated by a model or measured by a sensor. Every service should
do the data quality calculation by itself otherwise coupling between them will cause lower modularity and
flexibility.

Energy Management
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: . ( ) djustment
Dynamic of Functional =) ?111£ 1,[50 3:13
driving architecture —J quality
profile incl. data
. quality -
Time . Service Y
criticality calculation { ) > adjustment
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Figure 4: Data quality calculation for internal and guarantee specific use

Many publications deal with the topic of determining the data quality e.g. [14], [15], [16] and [17]. The criteria
for evaluating the data quality are highly dependent on the application, for the ASOA the aspects validity,
reliability, and ageing are, most suitable. All of them evaluate the various interpretations of different
characteristics, summarize them and highlight the most significant. It is not helpful to put all aspects into one
variable as data quality and accuracy have a completely different impact, but both are helpful for automation. To
find out which data source should be preferred in case there is more than one, the system uses the data quality.
The impact of the data is evaluated by its accuracy.

The data quality epq is determined with eq. (1)

With P as the output of the plausibility check and R as the reliability index. The plausibility check compares the
values of different data sources e.g. various sensors and calculations, and checks their compatibility. In case the
combination of the values is plausible, the output is one, else it is zero. The reliability index considers the
influence of the dynamic load profile on the measurement. A highly dynamic load will affect the different physical
dimensions of the vehicle battery e.g. the battery voltage will drop or raise immediately when there is a charge
or discharge current. The battery temperature on the other hand will change much slower in the same scenario.
Furthermore, the temperature sensor position in the battery pack influences the measurement as well. An
increasing distance will cause a higher time delay and measurement offset. Physical dimensions that are in
relationship with the battery load are less reliable when the profile is more dynamic. Therefore a reliability
characteristic curve dependent on the elapsed time and the load for each dimension is required. One approach for
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defining the reliability function is to carry out experiments and simulations with the measured and calculated
values. The reliability index R is determined with eq. (2). Where S is the trustworthiness of the data source with
a range of zero to one. If the value corresponds to zero, the source is unreliable. For a value of one, the maximum
reliability can be assumed. T is the time constant that the measured signal has at a specific position and variable
and Tvin 18 the minimum time constant for a specific variable.

S . .
R — TMLn (2)
T
The accuracy of the data Aacc is calculated with eq. (3)
Bpce= By + Dy 3)

It has the dimension of the measured signal. Ay as measurement variance and A as ageing variance. While Ay
is mainly caused by the sensor inaccuracies, Aa is a prediction of the maximum change over time. The worst-
case estimation for temperature, voltage, and SOC due to the time-dependent change is obtained from eq. (4),
(5), and (6)

_ Qmax - At

A, = 2max 7 “4)
AT m-c
AW,
Agy = Ui=o + Lnax " Rpat + ﬁ (%)
1
AA,SOC= S0Ci— + a *Lnax * t " Npat- (6)

With maximum heat flow Qmax, time difference At, mass m, specific heat capacity c, battery voltage U, battery
current I, battery internal resistance R, electrical work W, state of Charge SOC, nominal capacity Cy, and
coulomb efficiency ga. . It is assumed, that for current, SOH, SOF there is no relevant aging effect or estimation
is not meaningful.

The calculation of the data quality is shown in Table 2 with two temperature sensors. One is located on top of the
battery cell surface (T1), and the other one is in the cooling outlet of the entire battery cooling system (T2). For
the reliability, a minimum time constant of 1 second is assumed as this is accomplished by T1, while T2 has a
time constant of 20 seconds. The trustworthiness of T1 is 1 as it is the most reliable sensor for the battery
temperature. T2 has a trustworthiness of 0.8 because it is a real measured signal but has a time delay and provides
no information about a single battery, only about the overall temperature. Calculated signals might have a lower
trustworthiness. Following this example the energy management would choose cell surface sensor T1, because
of the higher data quality epq. The accuracy of the data Aacc is a worst case estimation in case there is no new
signal in a period of 30 seconds.

Table 2: Data quality of two temperature sensors

Data Quality Cell surface sensor T1 Cooling outlet sensor T2
P ) 1 1

R () 1 0,04

epg () 1 0.04

AM  (K) 0.3 0.5

An (K) 0-8,79 (0-30 s) [18], [19]

Ancc (K) 0,3-9,1 0,5-9,3
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Conclusion

The current endeavor towards autonomous driving and digitalization in the automobile industry requires crucial
changes in the E/E-architecture of vehicles. The architecture needs to become more flexible to be able to adapt
to its environment. At the micro-level, this affects the vehicle itself, which must adapt to changing driving
situations. At a macro level, vehicle architectures need to be flexible to be adapted and updated during their
product life cycle. One essential part of a modular structure is the communication between different systems or
their services.

Based on the ASOA, a service-oriented architecture for the UNICARagi/ vehicles, the concept of a service-
oriented EM is designed. A decisive change to previous systems, besides the SOA, is the cooperation with the
automation and the self-monitoring of the vehicle. The control of the safety-related functions and the decision
about the trajectory is done by the automation. The EM supports these decisions by providing information about
the available power and remaining energy. The non-safety-related tasks are controlled by the EM depending on
the remaining power and the users’ demands. The service structure is evaluated on metrics from [11], which are
adapted and applied to the concept. It shows high modularity and flexibility as intended by the SOA, but related
some disadvantages when it comes to necessary bandwidth for the data transmission as in some services a lot of
unused messages may be received by the consuming software components. The problem can be fixed by applying
the concept to a real system and identifying an optimum between service granularity and available bandwidth.
Furthermore, we have presented a concept for the data quality evaluation of a service-oriented EM by comparing
two differently placed temperature sensors and the influence of the location on the data quality.
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