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Abstract: Current batteries of battery electric vehicles (BEVs) require a battery management system
(BMS) in order to enable a safe and long-lasting operation. The main functions of the battery
management systems are a continuous monitoring of the voltage of each cell, a continuous monitoring
of the battery temperature, the control of the charge current and the discharge current as well as
the prevention of both a deep discharge and an overcharging. For the realization of these functions,
different architectures are possible, ranging from an individual intelligent system at each cell up to a
realization of the whole BMS within one central computing unit for the whole vehicle. This paper
investigates and structures different architectural possibilities, discusses analysis possibilities and
presents approaches for the synthesis of sensible architectures such as BMS. A concept synthesis for
the start-up and shut-down of the high-voltage system is presented by comparing three different
integrated pre- and discharging circuits and using a Hardware-in-the-Loop (HiL) program as an
example. Finally, a topology consisting of three switches and two resistors (3S2R2) turns out to be the
best one, due to the number of components, safety and price.

Keywords: battery management system; BMS; vehicle electronics; E/E-architecture

1. Introduction

Since sales of battery electric vehicles (BEVs) and hybrid electric vehicles (HEVs) keep
growing rapidly, and both common car manufacturers such as Mercedes [1], Volkswagen [2],
Ford [3] and new manufactures (Rivian, Rimac, Polestar, Tesla) are going to produce only
EVs in the future, the demand on reliable BMSs is growing fast. Modular electric vehicle
platforms [4,5] establish on the world market, but also different approaches of electrical and
electronic (E/E) -architectures and BMSs are made. While the BMS in a car tries to operate
the battery in a safe and optimal way at the same time, a well working E/E-architecture is
essential as well. Nowadays, in cars powered by combustion engines, many electric control
units (ECUs) are required to process the amount of data. Therefore, top segment cars use
up to 100 different ECUs [6]. Whereas, present E/E-architectures consist out of many ECUs;
manufacturers try to reduce this number in the upcoming future. Besides the reduction of
ECUs, new software-based features such as “over the air” (OTA) updates and therefore
more software embedded functions, require at least a domain-oriented architecture of
the E/E environment. Today’s still common decentralized E/E-architectures suffer from
major disadvantages. Different communication systems and system processes can barely
be overwritten and changed once an ECU is programmed. Beside several other aspects,
the costs of decentralized architectures far exceeds these of the domain oriented and future
centralized due to the number of necessary ECUs and the amount of data transfer.

As for the E/E-architectures, there are several BMS available. Even though they all
serve the same information about the battery states, many architectures are used, each one
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with different benefits. In addition, the BMS is generally calculating the state of charge
(SOC), state of life (SOL), state of available power (SOP) and state of health (SOH) [7,8]. It
guides other components based on the calculated states. A BMS is important to keep the
battery operating safe and reliable. It prevents cells from overheating and also avoids over-
or under-voltage. Thus, the BMS is a very important subsystem of both BEVs and HEVs.
Several architectures, such as the distributed, the centralized and the modular, use different
attempts to succeed in their task.

Consequently, the combination of both structures will also be of great importance.
In the project Drivebattery2015 [9], it has been demonstrated that cell performance and cell
aging depend not only on the operational parameters, such as temperature and current,
while driving [10], but also on the charging cycle and vehicle to charger communication,
as governed for example by the Open Charge Point Protocol, which can help to improve
battery lifetime significantly. All together, this means that the BMS has to be informed
about many parameters in many different circumstances and the intersection between the
various possible configurations of BMS and E/E infrastructure are essential.

Since the number of requirements, the raw data, and the programs of automotive
vehicles are rising constantly, and the E/E architecture keeps getting more and more
complex, the demand on new software-oriented architecture is bigger than ever before. Not
only the E/E-architectures, but also the BMS are likely to change their structures. Otherwise,
some components and functions can be realized on a centralized computing unit. This paper
investigates and structures different architectural possibilities in modern vehicles, discusses
analysis possibilities and presents approaches for the synthesis of sensible architectures
such as BMS. The guiding questions to be clarified are:

• Which features could be achieved by combining the master unit of a BMS and other
EV components such as the power electronic on a centralized ECU, and which benefits
or risks could occur?

• What does a modern development process for a BMS look like?
• To what extent does a modern simulation-based process support the concept synthesis

in early product development to identify benefits and risks in new centralized topologies?

The nature of the scientific questions indicates that this is a research paper. The core is
to demonstrate how a methodical development process using HiL systems can enable the
analysis and synthesis of complex E/E architectures by using the example of a BMS.

2. State-of-the-Art of E/E Architectures in Vehicles, Functional Safety and Battery
Management Systems

This chapter describes the state-of-the-art of E/E architectures in vehicles as well as in
BMSs. Fundamentals are explained on which the following sections are based. An overview
over literature on the state-of-the-art in science and industry is provided. Important terms
are introduced and defined. Possible evolutionary stages of E/E systems are presented.
An insight into the topic of functional safety is given in addition. Finally, further develop-
ments of E/E architectures and upcoming challenges in product development and synthesis
of complex E/E systems are mentioned.

2.1. E/E- Architectures

Nowadays, top segment cars use up to 100 different ECUs [6]. Each ECU obtains data
from different sensors and advises the actors to act based on the given and processed data.
According to the “divide and conquer” approach, several ECUs are connected together,
each of which performs only minor tasks in a car. Subsequently, the totality of these units
then builds a very complex overall system architecture. Often, the several smaller control
units later must communicate to each other to keep the car operating safe and properly.
Due to the various amount of data different ECUs must process, their size and performance
can differ. This is why CAN-BUS, LIN-BUS and FlexRay are used to connect several units
together. Depending on the importance of a controller, its priority in terms of safety and the
demand on communication speed, either CAN-BUS, LIN-BUS or FlexRay are used. While
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CAN-BUS systems can handle up to 1 Mbps [11], LIN-BUS can handle 19.2 Kbps [12] and
FlexRay up to 10 Mbps [13].

Besides the distributed E/E-architecture as it is common today, there are already some
manufacturers which try to establish new architectures. Bosch GmbH [14] tries to establish
a cross-domain computing architecture following a zonal architecture approach. The com-
pany Continental [15] builds high performance computers (HPC) for the Volkswagen ID.3
and ID.4 already. Tesla manufactures its own powerful computing unit named “Hardware
3” [16]. The Domain architecture merges several ECUs together and builds up a general
subsystem such as the powertrain, infotainment or advanced driver assistant systems
(ADAS). While nowadays the single ECUs are connected to one grand ECU (the domain
controller) [17,18] which handles the communication between the sub-ECUs, manufac-
turers try to combine all small ECUs on one central control unit to lower the number of
controllers and simplify the overall system. A possible next step is that the centralized
domain computing units (DCUs) are replaced by zonal gateways and a few centralized
computing units. The gateways collect and preprocess the data from the different zones
in the car [19]. Therefore, the sensors and actors do not need to be connected directly
to one DCU; instead, those can communicate their data to the zonal gateway. The zonal
gateway then communicates the pre-processed data to an HPC, where all the functions are
combined [6,20]. In a further step, the zonal gateways might be removed and all sensors
and actors will be connected directly to one powerful computing unit (HPC). Figure 1
provides an overview of the architectures mentioned. The illustration shows which evolu-
tionary development steps are possible via the domains to zonal and finally to completely
central architectures.

Figure 1. Overview on E/E-architectures and evolution possibilities.

In modern planes and flight systems, centralized systems are already in use. Different
systems often share one physical multiprocessing unit. This saves space and weight,
as both are limited in avionics. A multiprocessing unit provides multiple cores, which
enables the parallel and separated working on different tasks on one physical unit [21,22].
The separation in different cores is important to avoid an influence between the different
systems. On the other hand, this could be used to define clear borders and combine several
systems which need to work together. This means that several layers either work on their
own, or can be connected in some parts, if needed. This approach using virtual machines
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and multicore ECUs can lower the number of physical ECUs in avionics as well as in
vehicles [6].

Due to the constant growth in data size of in vehicle networks (IVN), the common
communication systems CAN-BUS, LIN-BUS, and FlexRay probably will not be able to
provide sufficient data transfer rates. Therefore, communication technologies such as
Ethernet gain importance drastically [6]. Ethernet networks can handle data more than
10 Mbps [23], which makes it ideal for centralized E/E-architectures and zonal gateways,
as well as data intensive domains such as ADAS. A so-called Ethernet backbone handles
the communication between the different gateways and domains [23].

2.2. Functional Safety

The BMS of a HEV and especially of BEVs is an important subsystem of the powertrain.
Due to its main purpose to keep the battery operating in the safe operating area (SOA),
a right and reliable functionality of the BMS is indispensable. Various parts need to comply
with automotive safety integrity level (ASIL) standards [24]. Further, a BMS must deliver
various information to other systems, and for this reason, need to work constantly. Beside
measurement sensors, a BMS communicates with important actors too, which is why some
parts need to fulfill safety standards and may be planed redundant. In terms of safety,
components such as the HV-contactors and pyro-fuses need to be implemented in a battery
system, to make sure the battery can be connected and disconnected when needed. Even
though it is not needed technically, most current EVs use two of these HV-contactors
for security reasons. In terms of a malfunction of one contactor, the system can still be
disconnected and brought into a safe state.

Further, safety relevant systems such as the BMS need to be protected against electro-
magnetic interferences (EMI), especially if they use, for example, wireless transmission.
A BMS, as an important component in EVs, is ranked as an ASIL C component by the
automotive industry. This means it has a high level of responsibility to work properly
according to the ISO 26262. To be able to obtain exact approximations, all of the mod-
ules of a BMS have to measure the different magnitudes constantly. Losing the ability to
communicate the data of one or more modules at the same time due to a damage or a
malfunction (e.g., software bug) would lead to an incorrect state estimation and therefore
may cause the vehicle to warn the driver or even stop the vehicle in order to prevent fatal
damage. To provide a safe driving ability in such situations, at least as long as possible,
a BMS should be able to work with the loss of a few measurement modules [25]. Therefore,
the different measurement modules often can measure the cell voltages in different ways.
If the accurate one is not working as it is supposed to, many systems still generate binary
information about the actual voltage [26]. Even though this is not as accurate as in the
normal state, it can be used for the most important situations and therefor help to keep the
battery operate in its SOA in error conditions.

EVs need to be safe against critical currents between high voltage components and
the ground. That is why the United Nations defined several isolation resistances in their
20th Global Technical Regulation [27]. Moreover, charging intervals are described to
prevent the car to enable the active driving mode while it is physically plugged in into a
charging station.

Together with the upcoming electrification and growing functional safety requirements
of various systems such as steer-by-wire, assisted braking systems and lastly the BMS,
future E/E architectures need to proceed with different failure possibilities. AUTOSAR
tries to set standards in the automotive E/E-architecture sector. HPCs and centralized
architectures in general can achieve a high level of ASIL if those are redundantly structured.
Not only for safety reasons, but also to achieve the highest possible efficiency, a redundantly
structured computing unit can deliver advantages. The redundant unit can be used for
monitoring functions and handle degraded safety regarding functionalities in case of an
error [28]. Hence, a redundant, centralized E/E-architecture might lead to a safer system



Appl. Sci. 2022, 12, 10756 5 of 25

overall, since every DCU or HPC could be mirrored or at least in some parts replaced
if needed.

2.3. Battery Management Systems

A BMS aims to measure different parameters of a battery, such as cell- and module
voltages or currents, as well as temperatures. In addition, the BMS calculates different
quantities such as SOC, SOL, SOP and SOH [7]. Furthermore, it measures the charging and
discharging current of a battery, using shunts, Hall or/and fluxgate sensors. The purpose of
a BMS is to keep the battery operating in a safe, reliable and efficient way in every operating
state [8]. For this, the BMS consists of different modules, actors and sensors. In general,
there are three different BMS architectures in BEVs and HEVs. One of them is the centralized
architecture, which collects and processes the measurements on a single module over one
channel connection to each battery module. There is also a decentralized architecture,
which can be separated into a modular and a distributed sub-architecture. The modular
architecture consists of several slave modules and a master module, which communicates
via CAN or a wireless connection. While the slave modules measure voltages, currents and
temperatures at each battery module, the master module collects the overall measurements
of each measurement module and processes the different states out of them. Finally,
the distributed architectures are also built out of a main computing unit (master) and
several measurement units (slaves). Different from the modular architecture, it has one
slave for each battery cell. This is why this topology often becomes more expensive than the
others [29–32]. Figure 2 shows all possible BMS architectures (centralized; decentralized)
in general and for overview.

Figure 2. BMS topologies: centralized, decentralized (modular) and decentralized (distributed).

Even though commercial BMS use master and slave solutions in a decentralized
modular way, there are several architectures and ways to implement them. Besides the
most common way to use one slave per battery module and connect it via daisy or ring
chain to one master unit, some companies work with wireless transmitters from the slaves
to the master [33] and others use one master for each battery module section (string).
The master as a computing unit communicates with several systems and actors. It advises
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other components how to proceed with calculated and measured data. Therefore, the BMS
nowadays acts as an ECU [34].

Data such as temperature and voltage are measured relatively constant to be able
to calculate the different states (e.g., SOC) as well as possible; a BMS can measure these
values in a time interval around 200–300 µs [35]. The amount of data which is produced
and collected by the BMS does not exceed the bandwidth of the CAN communication
yet. Due to that, CAN, UART, and RS232 are common communication channels inside the
BMS modules as well as between the BMS and other subsystems. To avoid over-charge
and over-discharge currents, the BMS communicates to the junction box and therefore
switches the high voltage contactors as well as the contractor of the pre-charging circuit.
The pre-charging contractor is in line with a resistor to avoid high currents at the startup of
the system. Once the capacitor of the DC intermediate circuit is preloaded, the junction box
closes the contractor and opens the precharging contractor. Furthermore, the BMS handles
the balancing of each battery module, which is why the cell measurement units on top of
the single battery cells or battery modules also may have balancing modules integrated or
attached. Since manufacturers need to isolate the high voltage battery pack from the chassis
and want to avoid short circuits between them, the isolation resistance must be measured
and analyzed too. To do so, an iso-meter is implemented between the high-voltage lines
and the ground (chassis). Figures 3 and 4 illustrate exemplary current and signal diagrams
of a BMS.

Figure 3. Exemplary BMS-architecture with distributed master and slave units and a daisy-
chain communication.
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Figure 4. Exemplary BMS-architecture with a powertrain-domain integrated master unit and a
daisy-chain communication.

2.4. Further Development of E/E Architectures and Challenges in Product Development

The change from combustion engine driven vehicles to EVs lays the chance open to
reduce the number of ECUs in vehicles. Not only OTA updates, but also the growing connec-
tivity between different subsystems can only be realized by centralized E/E-architectures
efficiently. Space, weight, energy consumption and costs are important parameters in the
design process of vehicles. In particular, for electric vehicles, a reduction in physical ECUs
makes sense, especially because software has an even greater share in these vehicles than
in HEVs or vehicles powered by internal combustion engines. Together with the growing
relevance of ADAS, many systems need to share information among each other. This
will promote the centralization of the E/E-architecture and the combination of several
subsystems into one system.

As mentioned in Section 1, avionic E/E-architectures nowadays work with multi-core
processing units. According to [20,36,37] multi-core operating systems are also promising
future technologies for EV E/E-architectures. It enables the efficient use of a computing
unit. High-performance applications such as x-by-wire and the BMS can be implemented
more easily this way. Multi-core units are able to process several tasks parallel on separate
cores. This results in an efficient use of physical hardware power and reduces the loss of
energy at the same time. Nevertheless, the other architectures shown in Section 1 are also
promising for EVs. Many manufacturers need to transform their current decentralized
systems into more centralized ones, which can be enabled by an evolutionary product
development process (compare Section 5).

Coming from a decentralized architecture, a domain oriented architecture already
opens up advantages such as OTA updates and the combination of related sub-ECUs into
one domain. In terms of a domain-oriented E/E-architecture, there are several domains
found: The powertrain or vehicle control domain, which handles functions considering
the movement and energy flow in EVs, the ADAS domain for autonomous driving func-
tions, a body and comfort domain for the interior functions, a connectivity domain that
handles communication between the car and further several devices and sometimes also an
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infotainment domain [6,38]. A powertrain or vehicle control domain unit is indispensable
in EVs due to the required connectivity between the single electric components needed
for driving.

3. Design of a Distributed BMS and Common BMS Functions

This chapter describes and analyses how a BMS is designed today. Figure 3 shows
a signal and circuit diagram of an exemplary BMS with distributed master and slave
units including further relevant components. In addition, common functions of a BMS are
described in the following as well.

In general, a BMS collects information about the present state of the battery in a car.
Whether in distributed, centralized or modular architectures, its task is to let the battery
operate in a safe and efficient way. To do so, it measures voltages, temperatures by its cell
measurement or slave modules. Moreover, the current flowing into or out of the battery
is measured. On the master unit, more precisely on its micro control unit (MCU), all the
information is stored and the SOH, SOP, SOC and the SOL are calculated.

3.1. Balancing

Since not all cells are equal in their capacity, maximum voltage and charging habits
(e.g., internal resistor), the energy of the modules and cells must be balanced during the
charging and discharging process (known as active or passive balancing). The single battery
cells should maintain the same voltage level in operation. Overcharge and large voltage
differences between the single cells should be avoided. Therefore, balancing techniques are
established in present systems. Either the cells can be discharged via a resistor during the
charging process individually in the passive balancing strategy, or the amount of stored
energy is changed between different cells in an active cell balancing strategy. The cell with
the lowest charge obtains the charge from a cell or several cells with higher charge. Active
balancing is more complicated to implement and also more safety-critical than passive
balancing due to the need for different switches. Today’s battery cells normally do not
have large differences in their parameters after production because they are sorted by
measurements according to quality tranches.

3.2. HV-Contactors and Electrical Safety

Furthermore, to protect the battery system against an overcharge and over discharge
current, the BMS needs to switch the high voltage (HV) contactors and therefore to com-
municate to the junction box of an EV. Most EVs do have two of these HV contactors,
one at the HV+ and one on the HV- side of the battery pack. In addition to protect the
HV-system immediately after a crash, a pyro-fuse disconnects the circuit triggered by a
crash sensor. At the ignition of the system, the HV-capacitor gets charged over a in-line
pre-charge resistor to avoid high inrush currents. Another circuit is there to discharge the
HV-capacitor when the HV-system is shut-down. Normally, the HV-capacitor is actively
discharged over a small value resistor and a transistor (IGBT). In case this system is subject
to an error, there is an additional large resistor in parallel to the HV-capacitor to make sure
it can be discharged in every scenario in a passive way. This is an example of an existing
redundancy in the electrical circuit of a HV-system to increase its safety. If the HV-capacitor
is not discharged, electrical accidents can occur when working on the HV-system due to
voltages above 60 V.

4. Analysis of Centralized BMS Architectures
4.1. Design of a Centralized BMS

Through the application of a centralized processing unit in a BMS as presented in
Figure 4, different aspects must be determined. There are several possible architectures
to integrate the BMS, as shown in Figure 1. In the following domain vehicle control units
(VCU) and powertrain domains (PD) are focused on, since those are more likely to exist
in various vehicles soon. Nevertheless, all aspects of the following work can be applied
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for all centralized architectures. The PD includes the BMS master functionalities in a layer,
without that there is a need for a distributed BMS unit. The communication between PD
and the slave units is a daisy-chain. This section describes the opportunities and risks of a
centralized BMS and therefore performs a virtual synthesis of such a system.

The functions and tasks of a BMS can be processed by a central PD or a VCU in a
centralized architecture. A centralized computing unit such as the VCU, which is used to
define the state values of the battery, could use information of other control units more
easily for new features in case of the BMS. In return, the BMS could share its raw data
with the other subsystems with high resolution. Therefore, the BMS might obtain access to
rotation speeds of the wheels and the electric machine, GPS speed and acceleration data.
Moreover, there is now access to the in-body resistance and temperature of the electric
machine. This data helps to precisely predict the vehicle range. The data can be used to
adopt the inverter control strategy to the inner resistor of the electric machine to avoid
power differences of vehicle tranches. Furthermore, the measurement modules could
participate as sensor units only and the architecture can be simplified due to this.

The single slave modules calculate the measured voltages and temperatures. Be-
cause the measurement physics need resistors to determine the values, the slave modules
need to have a small control unit. In today’s conventional EV batteries with smaller cells,
e.g., 21,700, and a modular design an overall sum of around 7000 cells, makes a complex
slave module arrangement necessary. The upcoming cell-to-pack design with 30–40 cells
enables a more centralized slave module design, see Figure 5. It is then conceivable to
connect all cells of a battery with only one slave module. A direct connection to the PD
is not expedient due to the then numerous cable connections through the temperature
(often 4-wire measurement) and voltage measurement. With prismatic cells in a cell-to-pack
design, a high level of the integration of cells, slave module and junction box is possible.
For this reason, the design saves installation space or enables high ranges through better
utilization of space and thus a high energy density of the battery. The junction box contains
components that are sensibly located in the immediate vicinity of the HV-lines of the battery
in order to avoid electrical hazards. The positioning of the slave module is more flexible.
The BMS’s computing unit can be put on one controlling unit (e.g., PD), where the different
measurements of the slave modules are post processed.

Figure 5. Scale representation of a 400 V battery with prismatic cells and a capacity of about 60 kWh
in conventional design (left) and cell-to-pack design (right) .
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4.2. Wireless Communication

A few manufacturers manage the communication traffic between the master and the
slave units wirelessly, which benefits in less cables between each unit and an easier mal-
function detection of the single modules. However, this design requires further transmitter
modules and needs to be safe against the electromagnetic interference of third players in
the EV environment as well as against access from the outside by persons or malware.
None the less, through a certain point, wireless communication inside an BMS could lead
to many benefits. A wireless communication enables the ability to share parameters to
systems beyond the vehicle, such as mobile devices, charging stations, solar roofs and
smart home systems. In addition, the BMS and the home storage systems demand energy
and work either as an rechargeable energy storage system (RESS) or as a buffer in times
where less electrical energy is used than produced. Communication between the battery
and the charging station can enable new efficient or battery life-saving charging strategies.
Moreover, third party systems, such as security systems, can take advantage of a wireless
transmission of BMS data.

4.3. Common and Additional BMS Functions

Accordingly, the Master unit of the BMS calculates states such as the SOC. This exercise
can be fulfilled by using various approaches. In Lithium-Ion battery cell systems, the SOC
can be estimated by the cell voltage measurements, due to the drop of the cell voltage over
the discharging process. Many modern BMS’s need to be more precise to obtain exact
state calculations and therefore use methods such as the coulomb counting. Using this
technique, the in-rushing as well as the out-rushing current becomes integrated over time to
receive the actual capacity of the battery. The coulomb counting requires at least one precise
current sensor in the HV-line. As shown in [8], there are multiple other estimation methods
for the SOC with different accuracies and difficulty levels of implementation. Depending
on the method, intensive calculation processes are needed. Being able to calculate the
states on a high-performance computing unit or a powerful domain is helpful at this
point. Similarly, the states of the BMS can be combined with additional information to
achieve exact vehicle range prediction and health analyses of the battery cells. Velocities,
accelerations, geographical topology data, environmental temperatures and other data can
be collected on the PD and used for calculations.

In addition, not only the BMS functions might benefit from a central computing unit.
Since effective techniques of firefighting burning EVs is still limited, an early prediction
about critical thermal states is essential. In order to prevent a fire in the battery and
therefore in public or private places, a communication to third parties such as central fire
detection systems and the BMS is helpful. Such systems can alarm responsible persons
by giving them important information about critical states and the precise position of the
vehicle. The implementation of such features might refer to a sub-unit, where the BMS
could process and send information in an offline mode without the need to start-up the
whole centralized computing unit (e.g., PD). Danger is usually large while charging a BEV.
The central computer or parts of it must be online while charging because the BMS and
charger need to communicate. Sending data is possible without any problems so that
temperatures, voltages, currents and other important states such as the SOC can be sent via
a wireless communication system.

The battery junction box is often integrated into the battery box and also connected to
the BMS directly. Another approach by centralizing different systems such as the BMS on
one specific unit could be made by putting the junction box and the BMS together into the
power electronics box. The whole PD hardware and functionality could be located in that
box, which is located close to the battery cells. The main function of the power electronics
today is to turn the DC current, which is coming from the battery into AC current to supply
the electric motor with power. For recuperation, the process can be inverted and the battery
is then supplied with power. It also changes the frequency of AC currents and needs to
convert DC voltages up and down. Overall, the power electronic controls the energy flows
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and is therefore instrumental in the safe operation of the vehicle. Therefore, it makes sense
that the power electronics also have access to the main parts of the battery when needed.
Beside charging, AC/DC-conversion, and DC/DC-conversion, also parts of the junction
box and the master unit of the BMS, could be implemented in the PD box. HV-contactors
and fuses in the power electronics prevent the battery from further electrical faults directly.
Thermal problems can arise along the HV-lines if those components are located wrong.
These components need to remain in proximity to the battery cells.

Since the merging of components into a central E/E architecture offers many op-
portunities on the one hand, but is also very complex and fraught with risk on the other,
a methodical proceeding is explained, which makes chances visible in an early development
stage and at the same time minimizes development risks. A powerful example illustrating
the potential that can be raised by a more centralized system concludes the scientific section
of this paper.

5. Methodical Approach to the Synthesis of BMS Architectures

An E/E-architecture of an automotive BMS should be appropriate for current and
future battery technologies, as many engineers and scientists expect technological changes
within the next years. Possible battery technologies that are currently on the market are
Lithium-ion batteries and on Nickel-metal-hydride batteries [39]. In the next few years,
solid-state batteries will most probably follow [40]. Battery design will also move more and
more toward highly integrated weight- and volume-optimized approaches, as described in
Figure 5, using the cell-to-pack as an example. It is therefore sensible to base the synthesis
of the architecture of future automotive BMSs on certain assumptions and functional
requirements, which will most probably not change within the next two decades.

Taking the considerations listed above, the following assumptions concerning the
synthesis of the prospective BMS can be formulated:

• The vehicle battery consists of individual cells, which are connected in series or
parallel in order to provide the desired capacity and voltage level as well as charge
and discharge current.

• The vehicle battery may consist of sub-modules, which also consists of individual
cells, which are connected in series or parallel in order to provide the desired capacity,
voltage level and discharge current. The cause for these sub-modules can be geometri-
cal (divided spaces in the vehicle for battery sub-modules), functional (e.g. redundant
sub-modules) or caused by assembly considerations (e.g., sub-modules with lower
voltage, which are less dangerous).

• The BMS must provide protection devices for disconnecting the mains (e.g., contactors,
pyro-fuse) and protection against high currents (e.g., fuses, pre-charge resistor).

• The measurement of voltage, current and temperature is important, because the cells
need to be operated in the safe operating area.

• The BMS may also be responsible for an active regulation of the temperature of the
vehicle battery; usually both a regulation of heating and cooling entities is necessary.

The synthesis of E/E-architectures needs to be integrated in the overall product
development processes. In the automotive industry, currently the model-based systems en-
gineering (MBSE) [41] is employed for achieving efficient digital processes with connected
product and process models [42]. The processes constitute the development life-cycle of the
technical system and are usually represented in the form of a V-model—such models are,
for instance, described in the guideline VDI/VDE 2206 [43]. The V-model is a graphical
representation of the logical sequence of process steps [44]. Several essential elements in
this sequence concern the functional domain (compare [45,46], i.e., models of the technical
system, which describe the intended functionality. The functional domain is located on the
upper left side of the V (Figure 6—based on the guideline VDI/VDE 2206 [43]).
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Figure 6. V-model including synthesis process steps.

One of the cornerstones of successful product development is a transparent representa-
tion and a conscious occupation with the functional domain, which requires an integrated
consideration [45]. Very important are also verification and validation processes. It is
important to note that both verification, i.e., evaluating whether the BMS meets the given
requirements, and validation, i.e., evaluating whether the requirements correctly and en-
tirely captures the customer’s expectations, are essential. An important role in verification
processes plays so-called HiL testing, i.e., a combination of real and virtual components in
a simulation. Such verification processes should be conducted continuously—this leads
together with complete system tests to an evolutionary development process (compare
Section 2.4).

As stated above, the clarification and conscious development of the functional domain
may be crucial. From the considerations in the earlier sections, a consolidated list of the
main functions of the BMS can be generated:

• Safely start-up and shut down the system (in normal operation or in case of a major
error e.g., a crash),

• Measure the voltage of each individual cell,
• measure the discharge and charge current of the individual cells, of sub-modules

and/or of the whole vehicle battery,
• measure the temperature at certain points of the battery,
• estimate the state of charge (SoC) of the individual cells, of sub-modules and/or of

the whole vehicle battery,
• estimate the state of health (SoH) of the individual cells, of sub-modules and/or of the

whole vehicle battery,
• balance the charging voltage resp. current of the individual cells and of sub-modules,
• balance the discharging voltage resp. current of the individual cells and of sub-modules,
• protect the cells from overheating,
• prepare the cells for high-speed charging or discharging and
• communicate with the drive train and the human machine interface (HMI).

Additional functions would be the estimations of the state of life (SoF) and the state
of available power (SoP) as well as a protection of over- and under voltage and the early
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prediction of thermal runaways. Figure 7 presents the main functions, which were analyzed
concerning their mutual interaction in the form of a function interaction matrix.

Figure 7. Function interaction matrix.

This matrix displays the interactions, allows to identify functions with a high level of
interaction and thus increases the transparency of functional interaction. The core synthesis
of E/E-architectures can be carried out by means of topology optimization algorithms; this
topology optimization requires an abstract model of these architectures and appropriate
optimization criteria. One possibility is described by Shan and Chen [47], who employ an
optimization function, which is based on the design structure matrix and axiomatic design
theory. Similar approaches employ product function matrices [48] as well as a combination
of the Multi-Domain Matrix (MDM) and functional models [49]. It is also possible to create
these possibilities manually, keeping in mind the requirements, the BMS functions and the
functional relationships. An evaluation of these possibilities can be based on a diagram, as
shown in Figure 8.

Figure 8. Evaluation of E/E-architectures.

Visible in Figure 8 are the two ends of the solution continuum. One is a completely
centralized solution, with only one central processing unit and all sensors directly connected
to the central processing unit. The other end is a completely decentralised solution, within
which all sensors are connected to slave units in the direct surroundings and all processing
is conducted by a large network of slaves; a central processing unit does not even exist.
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The synthesized solutions will be a compromise between these extremes, and the best of
them will probably achieve characteristics that are on the line of the probable optimum, as
visible in Figure 8. It can be concluded that a centralised solution is desirable for, amongst
others, economic reasons. A centralised E/E-architecture of the BMS can only be sensibly
achieved if both hardware and software functions are realised in central entities. This
kind of software integration will pose additional challenges on the product development
process and will require a methodological procedure style according to the V-model and
continuous simulation and HiL-tests (see also Figure 6).

Obviously, a holistic evaluation has to consider a large number of further criteria,
which mainly result from the requirements collected in the early phases of the architecture
development process (compare Figure 6) and managed throughout the process [50]. Impor-
tant evaluation criteria range from communication and update possibilities, over diagnosis
possibilities to the capability to accommodate faults [51]. Many standards, e.g., ISO/IEC
12207, ISO/IEC 15504, ISO/IEC 25010 and ISO 26262 strongly influence the product de-
velopment of mechatronic system in the automotive industry; they both are a source
for additional requirements and offer methods to assure the fulfillment of these require-
ments [52]. The considerations will go beyond the functional domain and will also concern
the abstract and concrete physics [53]. In most cases, this will be an iterative synthesis
process leading to a solution, which is the best compromise concerning all these criteria.
The inherent logic of this process can be understood as several runs through the V-model
(Figure 6), i.e., the engineers will review the requirements, the functional architecture and
the system architecture again and again in order to achieve an optimised system.

6. Exemplary Synthesis of a Powertrain Domain Focusing Start-Up and Shut-Down of
the HV-System

A central PD architecture allows software function as well as physical components to
be integrated at a higher level. Accordingly, for a cost-efficient system synthesis, the func-
tions as well as the hardware components of the system must be analyzed in detail, as
shown in Section 5. Simulations followed by step-by-step detailing by incorporating
hardware components has proven to be a highly cost and resource efficient development
method [54]. The underlying evolutionary development process is shown in Figure 9.

Figure 9. Evolutionary development process for BMS architecture.

This chapter exemplifies parts of the synthesis process. It focuses on a PD architecture
and the safe start-up or shut-down of the HV-system. The synthesis presented focuses
on the pre-evaluation and feasibility of novel central architectures. Possible ways for
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hardware integration in HiL systems are presented in the outlook of this paper for a
complete overview.

First, a functional analysis needs to be carried out to make the advantages of a central-
ized architecture visible. In a next step, the feasibility of the newly developed system is
verified via automated simulations.

6.1. Detailed Function and Interaction Analysis

In today’s batteries there are three main contactors in the BMS that are needed to
operate the battery safely and to connect or disconnect the HV-system, as shown in Figure 4.
Another contactor is located in the power electronics to actively discharge the HV-capacitor
when shutting down the HV-system.

The basic function of all contactors is to safely connect and disconnect electrical circuits.
The HV-contactors are electromechanical switches located in the BMS’s junction box in
a distributed system. They need to switch under high voltages or currents safely and
with a high number of duty cycles. Due to arcs, which do occur while the contactors are
connecting or disconnecting the circuit, the component lifetime is limited. To minimize the
risk of damage by arcs, the contactors often become vacuumed and overmolded. The main
switches of the HV-system can be loaded with high currents for a long time because these
are connected under normal operation (vehicle is driving). Full galvanic isolation at least
in two points (redundancy) is an important safety criterion in HV-systems today.

The third contactor in the BMS is the switch of the precharging resistor. This switch
is only briefly loaded with higher currents when the system is starting up until the
DC-capacitor in the power electronics has reached a sufficient SOC. When the system
is shut-down, the DC-capacitor must be discharged in a short time (seconds) to avoid
electrical accidents.

A low-value resistor is connected via another contactor in the power electronics. Here,
higher currents are transmitted for a short time. The high-value passive resistor in parallel
to the DC-capacitor is permanently connected and serves as a redundancy. It can discharge
the capacitor over a longer period (up to minutes) in the event of a fault in the low-value
resistors circuit.

In a sum, this is why contactors and resistors are relevant parts in the design process
of a centralized PD in terms of their function, price, size and also weight.

A detailed function and interaction analysis demonstrates that by integrating compo-
nents and functions into a central architecture, potential savings can be made in starting up
as well as in shutting down the HV-system. However, a component that is suitable for both
operations must be designed as a compromise. In order to check the feasibility, simulations
are set up, which can also be used for the HiL test process later. For this reason, simulations
should be performed on real-time capable systems.

In this example, the pre-charge resistor is integrated into the power electronics DC-link
to achieve a reduction in costs and overall building size of a centralized powertrain system.
The in-rushing current into the HV-system while starting up the battery system is limited
by the pre-charge resistor. Whereas the electromechanical contactors are physically discon-
nected once they are open, semiconductors either need a further small physical switch or a
physical gap, in order to ensure a safe disjuncture. To do so, the current in the pre-charge
circuit needs to be limited to a value, where it is safe to operate for the semiconductor.
The current systems that are available on the market today mostly use electromechanical
contactors and passive pre-charge resistors with values between 1–1000 Ω [55,56]. De-
pending on the powertrain’s voltage level, these values may be higher in some pre-charge
circuits. Furthermore, current systems provide two different discharge resistors, which are
connected in parallel to the DC-capacitor. To make sure the capacitor becomes quick and
fully discharged after a system shut-down, two different discharge resistors are connected
in parallel to the capacitor.

One possible simplification is to use one small valued resistor as a pre-charge and as
an active discharge resistor. It needs to be switched in series or in parallel in the DC-circuit,
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depending on the operation mode. In general, there are various schematics to realize
such an electrical circuit, as shown in Figures 10–12. In the following, those three systems
are presented in detail. All schematics allow one to pre-charge and active discharge the
HV-capacitor with a single resistor (resistor 1). Further, the voltage drop at the two main
contactors (HV+ contactor and HV- contactor) is measured at the positions K1, K2, K3
and K4. With this setup, the states of the HV+ contactor and the HV- contactor can be
observed and determined. Therefore, a cross-measurement (CM) module is included in the
upcoming Figures.

Figure 10 shows four switches and two resistors (4S2R) setup. Resistor 1 is the pre- and
discharge resistor. Resistor 2 is a high value discharge resistor and switch 1 shifts resistor 1
from a series to a parallel connection. In state 1, the resistor is disconnected. Switch 2 is
bridging resistor 1 under operation.

Figure 10. Four switches/contactors and two resistors (4S2R) setup.

The second schematic in Figure 11 is the first of two schematics, which only consists
of three switches and two resistors (3S2R1). The resistor function is the same as in the
presented 4S2R system. Moreover, switch 1 has the same function as in the 4S2R system.
The HV+ contactor is now also bridging resistor 1 under operation.

Figure 11. Three switches/contactors and two resistors (3S2R1) setup.
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The third schematic is slightly different compared to the second (3S2R1) and is pre-
sented in Figure 12. In comparison to the 3S2R1-system, this 3S2R2-system is able to
actively discharge the capacitor without the need to close the HV+ contactor.

Figure 12. Three switches/contactors and two resistors (3S2R2) setup.

The switch S1 must face the same requirements regarding safety and service life as the
main contactors (HV+ and HV−) of the HV-system. It is discussed to use semiconductor
switches such as IGBTs, super-junction or silicon carbide (SiC) MOSFETs for those contac-
tors already [57,58]. Using semiconductors, the problem of arousing arcs no longer exists,
since semiconductors do not switch in a mechanical way. This leads to a reduction of size
and more service life. However, no galvanic isolation can be provided, on the other hand.

The next Section 6.2 presents possible failure modes based on simulation results. Those
real-time simulations are carried out with a Typhoon HiL system. To verify the simulation
models, a first calculation helps, which is presented in the following. The presented
equations are also used for the design of the relevant components.

This example assumes a 400 V battery system. A DC-capacitor charging time of 1.5 s
should be achieved. The DC-capacitor has a capacity of 400 µF. The charge and discharge
time is calculated with the help of the time constant τ, the resistance R and the capacity C.

τ = R · C (1)

It is assumed that the capacitor is almost charged after a time of 5 · τ. This results in
Equation (2) and a resistance of R1 = 750 Ω for resistor 1.

R1 =
1.5 s

5 · 400 µF
= 750 Ω (2)

The maximum current in this example is also dependent from the battery voltage U0.

Imax =
U0

R1
= 0.53 A (3)

In addition, the present current while starting-up the system can be calculated as a
function of time t.
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i(t) =
U0

R1
∗ e

− t
R1∗C1 (4)

The influence of the second high-value resistor connected in parallel is neglected in
these calculations. This is taken into account in the simulation, which is why the values
differ slightly from the first design. Figure 13 shows the schematic of the simulation of the
3S2R2 system. In the schematic, R2 represents the high-value resistor and R1 represents
resistor 1. Since Typhoon HiL does not provide multiple-state-switches yet, two switches
(S1 and S2) are used to simulate S1 from Figure 12.

Figure 13. Schematic of the 3S2R2 system in the Typhoon HiL schematic editor.

Figure 14 shows the current and the voltage for capacitor C1 of 3S2R2 as a function
of time (scale of x-axis: 1 s

div. ). The circuit in this example is equivalent to the circuit
presented in Figure 14. Because all three systems use the same parameters, the current and
voltage plots for the 4S2R and 3S2R1 systems are identical. After 1 second S1 is switched
into position 1 in the simulation. Presently, the capacitor gets charged through resistor 1.
After 1.5 divisions (1.5 s) the capacitor is almost fully charged (99%). In the left graph, the
low current of maximal 0.5–0.6 A can be observed. At a simulation time of around 4 s, S1
is opened and S2 is closed (see Figure 13). Therefore, C1 gets discharged through R1 and
the voltage drops from 432.5 V to 0 V in 1.5 seconds with a minimum current of almost
−0.3 A (due to the parallel connection of R1 and R2). The voltage of 432.5 V results from
the battery model and is the maximal voltage with a SOC of 100 %. The nominal voltage
parameter is set to 400 V.

Figure 15 shows a shut-down operation using resistor 2. In this case, the simulation
was created so that switch S2 cannot be operated. In the real system, a defective resistor
R1 could also cause such an error. This creates an error in the active discharge path, so
that it cant be used. The diagrams show the time course with 1 s

div. . For the simulations,
the capacity of the HV-capacitor is 400 µF, resistor 1 has 750 Ω and resistor 2 is at 10,000 Ω.
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Figure 14. Current (left) and voltage (right) at the capacitor C1, with start up and active discharge of
the HV-system of the 3S2R2 topology as a function of time.

Figure 15. Current (left) and voltage (right) at the capacitor C1, with start up while start-up and
passive discharge of the HV-system of the 3S2R2 topology as a function of time.

Presently, the shut-down process takes longer than using resistor 1 in the active
discharge path.

τshut-down = 10,000 Ω · 400 µF (5)

τshut-down = 4 s (6)

The capacitor is discharged (99%) after t = 5 · τ = 20 s, as shown in Figure 15. Due to
the high value of resistor 2, the system current is low and decreases relatively fast (second
6 to second 26).

The fault case demonstrated is a “standard fault case” in today’s HV-systems. Usually
all HV-systems have a passive and an active discharge path included in the power elec-
tronics. In the following chapter, particular attention will be paid to the new structures.
Especially with regard to possible fault cases, disadvantages and advantages. Simulation
models were used throughout for the evaluation.

6.2. Failure Modes and Comparison of the Presented Topologies

In order to consider all faults systematically, the number of switching states must
first be known. All three topologies (Figures 10–12) can have 2n different switching-states
in theory, where n is the number of switches. S1 has three switching states but only one
state can be active. This is why 24 different switching-states remain for the 4S2R topology
instead of 64.

The 24 different states of the 4S2R topology are listed in Table 1. The table describes
the different switching states and the corresponding voltage and current measurements.
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HV+ and HV– stands for the voltage drop over the HV+ or HV− contactor. K1/K4 and
K2/K3 describes the potential difference between measurement point K1 and K4 or K2
and K3. This measurement-method is described as cross measurement CM in this paper.
The abbreviation “n.d.” stands for a not defined state, which can be neglected. Since the
simulations of the different states were taken separately, and the SoC of the battery was
refreshed for each simulation, the voltage-measurement-values are equal in every cycle.

Table 1. Twenty-four states of the system 4S2R.

S1
State HV+ [V] HV- [V] K1/K4 [V] K2/K3 [V] HV+ HV– S2

3 2 1
|I| (Resistor 1) [A]

off/standby 0 0 432.5 432.5 0 0 0 0 0 1 0
n.d. 0 432.5 0 432.5 0 0 0 0 1 0 0
n.d. 0 432.5 0 432.5 0 0 0 1 0 0 0
n.d. 0 432.5 0 432.5 0 0 1 0 0 1 0
active discharge 0 432.5 0 432.5 0 0 1 0 1 0 0
n.d. 0 432.5 0 432.5 0 0 1 1 0 0 0
n.d. 0 0 432.5 432.5 0 1 0 0 0 1 0
n.d. 432.5 0 432.5 0 0 1 0 0 1 0 0
n.d. 432.5 0 432.5 0 0 1 0 1 0 0 0
n.d. 432.5 0 432.5 0 0 1 1 0 0 1 0
n.d. 432.5 0 432.5 0 0 1 1 0 1 0 0.3 (maximal)
n.d. 432.5 0 432.5 0 0 1 1 1 0 0 0
n.d. 0 0 432.5 432.5 1 0 0 0 0 1 0
n.d. 0 432.5 0 432.5 1 0 0 0 1 0 0
n.d. 0 432.5 0 432.5 1 0 0 1 0 0 0
n.d. 0 432.5 0 432.5 1 0 1 0 0 1 0
active discharge 0 432.5 0 432.5 1 0 1 0 1 0 0.22 (maximal)
n.d. 0 432.5 0 432.5 1 0 1 1 0 0 0
n.d. 0 0 432.5 432.5 1 1 0 0 0 1 0
critical discharge 0 0 432.5 (decreasing) 432.5 (decreasing) 1 1 0 0 1 0 0.6 (constant)
pre-charge 0 0 431.67 430.67 1 1 0 1 0 0 0.3 (maximal)
normal operating state 0 0 431.64 431.64 1 1 1 0 0 1 0
critical discharge 0 0 432.5 (decreasing) 432.5 (decreasing) 1 1 1 0 1 0 0.6 (constant)
n.d. 0 0 431.23 432.23 1 1 1 1 0 0 0

The 4S2R topology shows two critical (red lined) states. These failure modes occur
if resistor 1 is switched in parallel (position 2) to the HV-battery, while the HV+ and the
HV- contactor is closed. In this case, the HV-battery is discharged through the low-value
resistor 1. The current is relatively low with 0.6 A, but constant. Resistor 1 can stand such
currents over a short time period. The typical constant power limit of around 50 W is
exceeded in this state by a factor of more than five. This state may cause a destruction of
resistor 1 after a certain time period. To prevent the system from such a critical state, one
of the HV-contactors must disconnect the circuit. This includes that the switching states
must be known by the system. With the state-of-the-art CM alone, the critical state cannot
be detected.

Table 2 shows the different switching states according to the 3S2R1 topology from
Figure 11. The 3S2R1 system shows the same critical states as the 4S2R system when both
HV-contactors are closed and the S1 is in switching position 2. If S1 is in state 2 and the HV-
contactor is closed, the failure still occurs in this system, although the HV+ contactor is
open. For this reason, it must be avoided that HV- gets closed whenever S1 is in switching
state 2. If the HV- contactor cannot be opened, the error cannot be fixed.

Table 3 shows the different switching states of the 3S2R2 topology from Figure 12.
The 3S2R2 circuit shows only one switching state that is critical if both HV-contactors are
closed and S1 is in state 2. A constant current of 0.6 A floods resistor 1.
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Table 2. Twelve states of the system 3S2R1.

State HV+ [V] HV- [V] K1/K4 [V] K2/K3 [V] HV+ HV– 3 2 1 |I|(R1) [A]
off/ standby 0 432.5 0 432.5 0 0 0 0 1 0
n.d. 0 432.5 0 432.5 0 0 0 1 0 0
n.d. 0 432.5 0 432.5 0 0 1 0 0 0
n.d. 432.5 0 432.5 0 0 1 0 0 1 0
critical discharge state 432.5 (decreasing) 0 432.5 (decreasing) 0 0 1 0 1 0 0.6 (constant)
pre-charge 432.5 (decreasing) 0 432.5 0 0 1 1 0 0 0.5 (maximal)
n.d. 0 432.5 0 432.5 1 0 0 0 1 0
active discharge 0 432.5 0 432.5 1 0 0 1 0 0.4 (maximal)
n.d. 0 432.41 0 432.5 1 0 1 0 0 0
normal operating state 0 0 432.5 0 1 1 0 0 1 0
critical discharge state 0 0 432.5 (decreacing) 0 1 1 0 1 0 0.6 (constant)
n.d. 0 0 432.5 0 1 1 1 0 0 0

Table 3. Twelve states of the system 3S2R2.

State HV+ [V] HV- [V] K1/K4 [V] K2/K3 [V] HV+ HV– 3 2 1 |I| (R1) [A]
n.d. 0 432.5 0 432.5 0 0 0 0 1 0
active discharge 0 432.5 0 432.5 0 0 0 1 0 0.4 (maximal)
off/ standby 0 432.5 0 432.5 0 0 1 0 0 0
pre-charging 432.5 (decreasing) 0 432.5 432.5 0 1 0 0 1 0.3 (maximal)
active discharge 432.5 0 432.5 0 0 1 0 1 0 0.4 (maximal)
n.d. 432.5 0 432.5 0 0 1 1 0 0 0
n.d. 0 432.5 0 432.5 1 0 0 0 1 0
active discharge 0 432.5 0 432.5 1 0 0 1 0 0.4 (maximal)
n.d. 0 432.5 0 432.5 1 0 1 0 0 0
n.d. 0 0 432.5 432.5 1 1 0 0 1 0
critical discharge 0 0 432.5 (decreasing) 432.5 (decreasing) 1 1 0 1 0 0.6 (constant)
normal operating state 0 0 432.5 432.5 1 1 1 0 0 0

In terms of the critical discharge states, the 3S2R2 schematic is the best of all three,
since it only has one critical switching state. This state can be observed and prevented
by opening one of the HV-contactors. Further, only three instead of four switches are
used in that system. This reduces the complexity of the system and lowers the number of
possible failing components. Less switches need to be provided, observed and controlled.
In addtion, the same resistor could be used for pre- and discharging the HV capacitor. In the
example calculation and simulation above, the 750 Ω resistor would lead to a maximal
current of 0.6 A. Nevertheless, the 4S3R-schematic comes with the ability to disconnect
the system even in the case when the HV+ contactor can not be opened. This results in
maximal safety. The detection of the switching states of the two inline contactors HV+ and
S1 is challenging in that system. Table 4 shows the advantages and disadvantages of the
three topologies mentioned above in the form of a small comparison.

Table 4. Overview about the advantages of the three topologies.

4S2R 3S2R 3S2R2

Number of switches 4 3 3
Number of resistors 2 2 2
Number of fault cases 2 2 1
Possibility of fault detection via CM − + +
Evaluation of functional safety + + +

7. Conclusions, Summary and Outlook

This paper presents possible centralized E/E-architectures for BEVs and the imple-
mentation of the BMS into those topologies. The upcoming benefits as well as possible
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drawbacks are discussed. With a high integration level, new functions can be implemented
and components such as the discharge resistor can be replaced by other existing compo-
nents. Nevertheless, some functions such as the SOC estimation need to work even if
the vehicle is parked and needs to be planed redundant at some point on a separate ECU
or an independent computing unit. Centralization of the BMS must be aligned with the
E/E-architecture of the vehicle. Besides the possible reduction in hardware components
and wiring, the BMS becomes less complex, easily scalable and the most power consuming
functions are located on high-performance computing units. This results in a more energy
efficient E/E-architecture. Overall, a centralized BMS master unit, combined with a cen-
tralized E/E-architecture, could lead to various advantages and options in terms of safety,
reliability, and quality of the output functions.

The transformation to a more and more software-driven vehicle through this cen-
tralization requires the consistent use of a systematic product development. A possible
approach is presented on the basis of an extended V-model. A key element, especially in
the area of the BMS, is the consistent use of simulation tools. Thus, critical conditions can be
identified and eliminated at an early stage of product development. Later, these simulation
models can be used to test the software in embedded systems or on high-performance
computers. For this reason, it is essential to ensure that the simulation models are based on
real-time capable systems. This accelerates development times and prevents errors.

As an example, the analysis of three new electric topologies integrating parts of
the BMS into today’s power electronics is presented. These considerations are necessary
to enable the centralization of the E/E architecture in a PD. The developed topologies
have been simulated in a real-time capable system and then analyzed for advantages,
disadvantages and possible errors. Therefore, the 3S2R2 topology is identified to be
attractive in a highly integrated PD. The topology results in more safety by using less
components at the same time and safes money and space in modern BMS production for
EVs. In a next step, concepts, such as those, need to be tested in HiL setups with the
simulation models already created, according to the presented V-model. Figure 16 shows a
possible controller hardware-in-the-loop (cHiL) architecture of a BMS, in which relevant
software could be tested. A battery emulator is necessary for this purpose in order to be able
to test the most critical conditions, while there are errors in the battery. With such a setup,
not only the short-circuit of the battery via the low-value discharge resistor could be tested.
The software can also be tested for short-circuits in cells, overvoltage or undervoltage as
well as borderline temperatures. Moreover, multiple error states can be tested.

Figure 16. Possible cHiL architecture of a BMS.

This paper focuses on the analysis of possibilities and approaches for the synthesis of
appropriate architectures for automotive BMSs. Aspects such as functions, interactions and
failure modes are analyzed. Further research should focus on HiL architectures and include



Appl. Sci. 2022, 12, 10756 23 of 25

further aspects, such as the economic and logistics aspects, vehicle platforms and future
battery technologies. Additionally, research should address measurements of different
balancing circuits; this could lead to a comparison and evaluation of the efforts and benefits
of active cell balancing. It would also be interesting to research the possibilities of including
fuel cell data in BMS systems for fuel cell electric vehicles (FCEVs) in order to allow a
further centralization of powertrain monitoring systems. In this context, the topic of HiL-
simulations may also be interesting. Finally, fruitful research may also concern software
integration possibilities in centralized BMS systems.
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Abbreviations
The following abbreviations are used in this manuscript:

ABS Anti-lock braking system
ADAS Advanced Driver Assistant Systems
ASIL Automotiv Safety Integrity Level
BEV Battery Electric Vehicle
BMS Battery Management System
CHIL Controller Hardware-in-the-Loop
CM Cross-measurement
DCU Domain computing unit
E/E Electrical and electronic
ECU Electric control unit
EMI Electro magnetic Interferences
FCEV Fuel Cell Electric Vehicle
HEV Hybrid Electric Vehicle
HIL Hardware-in-the-Loop
HPC High performance computer
HV High voltage
HV+ Positive high voltage
HV− Negative high voltage
IVN In vehicle networks
MCU Micro control unit
OTA Over the air
PD Powertrain Domain
RESS Rechargeable energy storage system
SOA Safe operating area
SOC State of charge
SOH State of health
SOL State of life
SOP State of available power
3S2R 3 switches/contactors and 2 resistors
4S2R 4 switches/contactors and 2 resistors
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