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Dear Readers,
Due to the increasing electrification of vehicle fleets to reduce CO2
and pollutant emissions, batteries for energy storage are a decisive
factor for success. This applies not only to the automotive sector,
but also to (smaller) commercial vehicle, industrial and marine
applications. What all applications have in common is the high
development effort for FEV’s partners.
In this issue of SPECTRUM, we would like to give you an overview
of the competencies FEV can offer to support you in meeting the
challenges in this context – from the battery concept to production
readiness and beyond, including recycling.
In addition to pure battery development, we also address special
aspects such as precise monitoring by battery management systems. Furthermore, we present our benchmarking offerings and
demonstrate our expertise in battery assembly. Finally, we outline
characteristics that arise for the testing of electrified drives and
batteries.
In a dedicated article on battery testing, we also present the new
development and test center for high-voltage energy storage (eDLP)
in Sandersdorf-Brehna, Germany, which is the largest facility of its
kind in the world. The commissioning of the eDLP will be finalized
in the third quarter of this year and will enable FEV to offer all
internationally required test methods for high-voltage batteries from
the cell to the module to the pack, all at one location.
We wish you exciting insights while reading this issue. News and
further information can also be found on our online channels, such
as www.fev.com.

Dr. Michael Wilhelm
Executive Vice President of FEV Group GmbH
and Chief Sales Officer
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ADVANCED BATTERY DEVELOPMENT

BATTERY ELECTRIC DRIVES

FEV – YOUR STRONG PARTNER
FOR BATTERY DEVELOPMENT
High-voltage batteries are increasingly being used in the automotive field in the
course of electrification as a means of reducing CO2 and pollutant emissions.
This is taking form in the use of existing vehicle platforms within hybrid or
plug-in hybrid concepts as well as on the basis of new, fully electric solutions.
Currently, automotive manufacturers are amending – or replacing – their
vehicle portfolios with electrified applications. Furthermore, new companies
are being established worldwide that develop and launch electric vehicles
in various manifestations. Driven by this need for new technologies, there is a
strong need for support in the development of high-voltage batteries, which
FEV can provide from the first concept to serial production and, beyond that,
up to recovery and recycling.
The mechanisms described are not exclusively limited to the automotive sector.
For commercial vehicle, industrial, and marine applications as well, research
is increasingly being conducted regarding how vehicles previously powered by
combustion engines can be battery operated. Here, the focus is mainly on
smaller commercial vehicles, building machines, or smaller boats.
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Battery electric drives

T

hese changes enable both established
and new manufacturers to secure further
market share. The resulting pressure on
development, and mainly battery development, frequently presents a significant challenge to the
manufacturers’ planning. In the current projects, electric
drives and batteries are frequently being integrated into existing vehicle architectures (also called mixed architectures) which
are build for both conventional and electrified drives. This leads
to battery installation spaces with significant free-form surfaces and
complex or two-tier battery structures. Such configurations significantly
increase the effort and expense required for development with regard to
cooling system components, high-voltage performance, low-voltage cable
harnesses, understeering devices, holders, and fixing elements.
However, market pressure requires that battery development projects be carried
out within the planned time frame, with no possibility for subsequent changes.

 Trends on new markets for electric mobility
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Battery cells are the core of every high-voltage battery. These cells
are the basis for the configuration of the modules that then determine the energy and power of the battery within the corresponding
electric wiring.
The enormous increase in demand has considerably restricted the
availability of the different cell types and products from different
manufacturers. Smaller manufacturers in particular are faced with
significant challenges with regard to ensuring cell availability for
planned applications. The serial production of battery systems may
also prove to be a hurdle within a given development activity. For
smaller annual unit quantities in particular, an economically viable
concept can be difficult to create under certain circumstances. All
this can have a long-term impact on the evolution of development
projects.
FEV provides support using its experience from many serial development projects, and can assess the individual situation early on
and make corresponding proposals in order to create a stable basis
for such a development activity. In this context, the FEV engineering
portfolio covers all development activities as well as, when necessary, the identification, recommendation, and qualification of a
production partner that will serially produce the battery for the client.

 EV IS A STRONG PARTNER FOR
F
SMALL SERIAL PRODUCTIONS
OF BATTERY SYSTEMS AND
HANDLES ALL THE NECESSARY
PROCESS STEPS IN THIS CONTEXT

	Development
of a prototype
battery pack
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Extensive portfolio
FEV is capable of offering development services in different manifestations. The basis of the FEV battery development portfolio includes
all necessary services for development, from the first battery concept
up until serial production, and for providing support beyond.
If required, FEV is also a strong partner for small serial productions
of battery systems and handles all the necessary process steps in
this context for the preparation and subsequent serial production
for batch sizes of up to 1,000 units per year.

	Insight into the product portfolio:
from 48 V MHEV batteries and
400 V HEV high-performance
batteries up to 800 V BEV battery
packs (from left to right)

Customer

Battery
concept incl.
cell / module
identification

E/ E and system
architecture

Design and
simulation
A-, B- and Cphase (until
serial tool
release)

Component
supplier

BMS
Development
incl. verification
and validation

Battery
prototypes
for A- and
B-sample

Quality
assurance
for parts and
suppliers

Function
testing &
Design
validation
for A- and
B-sample

BATTERY
PORTFOLIO

Product

Battery
production

Serial testing

Production line
engineering

Serial part
purchasing

 FEV Battery Portfolio
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Suitable solutions
Battery-powered electric vehicles will achieve high acceptance
in the market when they are at least equal to conventionally
powered vehicles in all points relevant to clients

Top requirements
for e-vehicles

Range

1. Range
One of the primary requirements for clients is range. Clients
do not wish to give up the advantages they are used to with
vehicles that are powered by combustion engines. The range of
electric vehicles depends directly of the available energy charge
of the battery. However, since growing capacity also leads to an
increase in the weight and volume of the battery, a gravimetric
and volumetric energy density as high possible is desirable in
order to offer a vehicle that continues to be attractive.
To travel longer distances, the driver will be obligated to make
a pit stop in order to recharge the battery. This cannot take
significantly longer than with fuel-powered vehicles. Therefore,
another requirement is the optimization of charging time via
better quick-charging capacity. The overall capacity of the battery will increase in the future. According to current forecasts,
this capacity will reach 50 to 75 kWh (mass market) or 80 to
120 kWh (premium segment). For an increase of the State of
Charge (SoC) from approx. 10 to 80 percent, the charging time
will also be likely reduced to 15 minutes (premium segment) or
30 minutes (mass market). This leads to charging performances
of up to 350 kW, which must be provided by the infrastructure.
The material compositions of the anode and the cathode are
being further optimized in order to increase the energy density. Currently, a Si/C composite is used for anodes, while for
cathodes, in contrast, the nickel ratio is being increased. In the
long term, the solid-state battery possibly offers considerable
potential. In order to optimize the quick charging capacity, the
cell design (solid-state battery) can be adjusted and the thermal management can be further optimized. Furthermore, the
connection and the contacting systems must also be improved
with regard to current carrying capacity.

8

2. Driving power
Previous purely electric vehicles mainly showed restrained driving
performance, thereby creating a first impression among clients.
Current models must do away with these prejudices and offer

Driving power

Longevity

Safety

Costs

clients driving comfort equal or superior to that which they are
used to. To this end, good acceleration values and the possibility
of repeatedly demanding maximum performance, as well as
long-term travel at maximum speed without any restrictions
whatsoever are all important criteria.
In order to achieve such acceleration values, high maximum
amperage values in the range of 1,200 to 2,000 A for 4 to 10
seconds are necessary. Strong currents for a period of 30 to 120
seconds are necessary for the repeated demand for maximum
performance, as is high continuous current for travel at maximum speed. At the same time, the cells (approx. 50°C) or the
lines (approx. 100 to 150°C) must be prevented from exceeding
their maximum authorized temperatures.
This requires the optimization of the current path from the active
material of the cell to the inverter and e-engine. This includes,
among other things, internal cell connection technology, plug
systems, separation systems, and safety installations. The cells
must be actively cooled (e.g. with water-glycol), and the lines
must be passively or actively cooled (e.g. through heat pipes)
to avoid overheating.
3. Longevity
Another current, significant challenge is the aging of Li-Ion
batteries. In the past, clients have occasionally had to deal
with negative experiences with regard to the longevity of LiIon batteries used in consumer products (for instance, laptop
computers, smartphones, digital cameras, etc.). For modern
Li-Ion batteries as well, the longevity depends on use, time, and
temperature. If the usable energy charge in relation to the new
status reaches 80 percent or less of State of Health (depending

Battery electric drives

on the cell chemistry and manufacturer), use of the battery in battery electric
vehicles is no longer sensible. If this is taken into account in the battery design
(hardware and software), the battery can then later be used in a second life
approach – e.g. as a stationary buffer battery.
Currently, a Li-Ion battery in automotive applications can be used for 8 to 10
years. The aim is to achieve a medium-term duration of 15 years and a longterm duration of 20 years. In addition to calendar aging, cyclical aging must
also must also be considered. Currently, said aging is between 150,000 and
250,000 km, until the Li-Ion batteries reaches 80% of SoH.
In order to reduce calendar aging, the average temperature of
the cells must be reduced with effective thermal management.
Cyclical aging is equivalent to state-of-the-art cells with around
1,000 to 2,000 full cycles with 80 percent of discharge depth each. The
optimal working range of the cells is between 10 and 25°C (parking) and
40°C (driving). FEV can prepare an assessment of the longevity for different
stress and utilization profiles with simulations. Improvements in the stability
of cell chemistry (electrolyte, coating, nanostructure of the electrodes, and
other elements) are necessary for the optimization of cyclical aging in order
to reduce irreversible processes (e.g. electrolyte decomposition, formation
of a SEI coat).
4. Safety
Regarding the safety of high-voltage batteries, a distinction must be made
between utilization safety (UtSa) and functional safety (FuSa). While safety
in use is intended to guarantee that there are no safety risks when used as
expected or misused, functional safety based on ISO26262 ensures that no
safety risks occur in the event of electric function failure.
Through utilization safety, risks are identified, assessed, and reduced with
measures. The risks notably include thermal runaway, coolant leakage,
high-voltage contact protection, and crash safety. If functional measures are
taken for the avoidance of these risks, said measures fall under FuSa and must
be robust, in accordance with Automotive Safety Integrity Level (ASIL) integrity.
To prevent thermal runaway, a utilization safety first step is protecting the
cells from overcurrent and overvoltage/undervoltage (overdischarge/underdischarge). In another step, the FEV functional safety concept additionally
protects the cells using appropriate hardware (sensors, actuators) and software, in accordance with ASIL integration (A-D).

I N ORDER TO OPTIMIZE THE QUICK CHARGING
CAPACITY, THE CELL DESIGN CAN BE ADJUSTED AND THE
THERMAL MANAGEMENT CAN BE FURTHER OPTIMIZED
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 HE BASIS OF THE FEV BATTERY DEVELOPMENT
T
PORTFOLIO INCLUDES ALL NECESSARY SERVICES
FOR DEVELOPMENT, FROM THE FIRST BATTERY
CONCEPT UP UNTIL SERIAL PRODUCTION, AND
FOR PROVIDING SUPPORT BEYOND

5. Costs
Currently, battery-powered vehicles are more expensive for clients than those that are equipped with an internal combustion
engine with comparable product characteristics, mostly due to
the battery. Optimistic forecasts predict that, by 2023/2024, the
first electric vehicles will reach the purchase price of a comparable combustion engine model.
For this reason, it is necessary to reduce the current high costs
of cell production in relation to the energy charge in kWh/kg. On
the one hand, this can be achieved with a higher energy density
with almost the same amount of material used. On the other
hand, raw material extraction, processing, production automation, and cost-reducing measures in cell design are necessary
in order to decrease the resulting costs per kWh.
A very promising measure for the reduction of the cell costs is
the substitution of the relatively expensive raw material cobalt
with the cheaper option – nickel – in the cathode. The higher
nickel ratio also helps to increase the range, whereby the nickel
ratio is gradually increased in the N:M:C ratio (Nickel-Manganese-Cobalt) from 111 to 532 to 622, and up to 811 ("High-Ni
roadmap"). However, these measures represent a trade-off
with stability and, accordingly, with safety and longevity, which
cannot be neglected.

Target conflicts
Increasing the nickel content within the cell enables a longer
range with short charging times. On the other hand, this increase
also creates a thermally unstable system, which increases the
security challenges. Furthermore, calendar and cyclical aging
are increased, which reduces the longevity. However, the substitution of cobalt with nickel has a positive impact on costs. Due
to the changed cell design, however, there is an increased risk
of lithium plating and overtemperature during rapid charging,
which can lead to loss of capacity and thermal runaway. Op-
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timized rapid charging leads to a higher thermal load due to
higher currents, which creates bigger challenges for safety.
Furthermore, the higher currents lead to reinforced lithium
plating, which restricts longevity.
To increase driving performance, the overall system is subject a
higher current load. This increases the risk of an overload of the
individual components, which can lead to a thermal event or the
loss of insulation protection. Furthermore, the higher currents
have an influence on cyclical aging as well as on calendar aging
due to the higher average temperatures; this, in turn, leads to
reduced longevity of the Lithium-Ion batteries. In addition,
the lines and the (plug) connectors must be designed to be
more robust, which leads to additional costs due to changes
in material needs.
If security is increased, there will be additional costs, since further
functional measures using hardware (sensors, actuators) and
software (algorithms, functions) will become necessary. Larger
security reserves in the battery management system can also limit
maximum performance, performance reproducibility, and range.
FEV provides consulting with a team of internationally recognized specialists at various sites, OEMs, Tier 1 suppliers, and cell
manufacturers or takes over entire projects as part of general
development. Initial technical concepts are created and coordinated so that they can be specified in the series development
process for the start of production. In addition to the resolution
of the described target conflicts in development phases, prototype batteries and small serial productions can be created and
validated on our own test benches for cells, modules, and packs.

By
Holger Schever . schever@fev.com
Roland Bley . roland.bley@evafahrzeugtechnik.de

4TH INTERNATIONAL CONFERENCE
ZERO CO2 MOBILITY
NOVEMBER 10 – 11, 2020
AACHEN · GERMANY

www.zero-co2-mobility.com
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BMS

THE KEY COMPONENT OF E-VEHICLES:
THE BATTERY MANAGEMENT SYSTEM
Battery management systems (BMS) are necessary for the precise monitoring and control of the key
component in electric vehicles – the lithium-ion battery. Since 2006, FEV has been involved in the
development of battery management systems and, with its experienced team, is a partner of choice
for hardware and software development for BMS. The portfolio offered by FEV ranges from the development of individual complex software functions, such as State of Health (SoH) and the provision of
a BMS development environment for research purposes, up to turn-key development of a complete,
client-specific BMS solution including a necessary, functional safety concept. Here, the serial production-ready FEV BMS software and the proven FEV BMS hardware can be relied on. The uniqueness
about this software and this hardware is that both black-box and white-box solutions can be made
available.

	The current
hardware generation

Battery management unit, generation 4
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BMS

T
Cell monitoring unit

he performance capability of batteries is influenced by
the quality of the control in addition to the selection
of suitable battery cells. For the battery management
system, which is one of the core systems with regard
to battery development, FEV started developing its own BMS
control units as early as 2006 and now has its own modular
BMS system in the fourth generation, which, depending on the
project requirements, can be implemented efficiently, as well
as combined in different ways. This includes the battery management unit (BMU), various cell monitoring units (CMU) for 12,
15 or 18 battery cells, as well as the isolation monitoring unit
(IMU). In this context, the BMU is the central unit, which controls
the CMUs, the decentralized measurement units.
With the development and protection activity in many projects
with a variety of requirements and battery architectures, the
hardware components have a B-sample degree of maturity and,
in addition to use in prototypes, can be purchased as a white box
for serial development. During this continuous development,
the availability of the installed components is just as much a
focal point as the technical maturity, whereby the topic of
obsolescence management is also taken into consideration.
The fifth generation of hardware is currently in an advanced development phase. This generation is suitable,
for instance, for installation in battery systems from 48 V
to 800 V. Batteries with one or several strands, as well as
switchable 400 V/ 800 V batteries, can be controlled and monitored with this. Another advantage of the fifth generation is the
four CAN communication channels, as well as the support from
CAN-FD, the wake-up via CAN and partial networking. In addition
to CAN, the BMU has two LIN channels as well as many inputs
and outputs in order to meet the various client requirements.
Customized development as per client requirements for serial
use is also part of the portfolio.

Isolation monitoring unit
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An individual CMU from FEV monitors
the temperature and voltage of up to 18
battery cells. Thanks to our proprietary
hardware development and the simple,
modular design, the CMU can be rapidly
adjusted for the development process of
various battery configurations with little
effort. During development, the topic of
cost optimization was also considered. In
this context, a decrease in components,
such as plugs, as well as a reduction of the
test and manufacturing effort is pursued.

For the development phase, with the
Campus Controller, FEV has developed
a freely programmable control unit that
can take over the various functions of
the BMS or other control units, including:
 Bus simulation
 Manipulation of sensor signals
 CAN gateway
 Fan speed regulation
In combination with the FEV "VISION”
project, a Bluetooth-based visualization
solution, the system is a high-performance
tool for various development purposes.
In this project, FEV focuses on the topic of
man-machine interface for prototype vehicles. On the one hand, "VISION" is made
up of the real time-compatible CAMPUS
hardware, which takes over CAN gateway
functions in this context and, on the other
hand, of a tablet with the corresponding
app. The CAMPUS hardware takes over
the role of the cybersecurity gateway and
connects the CAN network of the battery
or the vehicle via a Bluetooth interface

with the tablet. This ensures that only the
relevant messages are read or sent. The
data connection is implemented bi-directionally so that, on the one hand, the
relevant system information, such as the
charge status of the battery, the power
requirement and the rotational speed of
the engine, can be displayed on the tablet
and, on the other hand, so that the commands from various input instruments
(e.g. buttons or sliders) can be sent to the
vehicle control units. Using the wireless
connection, the tablet can also be outside
the vehicle for presentation purposes or
handed over to interested parties in order
to share technical data during test drives.
It is also possible to exchange information with internet servers and thus record
measured data – for instance, using the internet connection of the tablet hardware.

CAMPUS CONTROLLER + BLUETOOTH BOARD

CAN Rx Tx

BATTERY
Powertrain
CAN

	5 Rx and 5 Tx CAN Messages
(preconfigured)
10 ms Task Time
Custom DBC integratable

BMS

CAN

	FEV Vision: A Bluetooth-based
visualization solution
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	State of the Art Android
Hardware compatible
	Easy User Interface
Configuration
	Standard Graphic
Instruments available

BMS

The application software:
crucial to the performance of the battery
The software of a battery management system is crucially important to the performance of the battery throughout the entire
life cycle and has a direct influence on central characteristics
of the vehicles – for instance, on the range for purely electric
driving modes (PHEV, BEV). Furthermore, the BMS often takes
over functions, such as charging times forecasts or the calculation of the available power, which can be seen directly by the
client, thereby influencing the vehicle experience. A precise
calculation of parameters, such as the State of Charge (SoC)
as well as the State of Health (SoH), is the basis for an optimal
exploitation of the battery system and is simultaneously very
challenging, because these are values that cannot be measured
directly. Furthermore, the software is an important component
of the safety mechanisms that ensure the safety of the battery
system during operation.
The FEV BMS software has been continuously developed since
2006 and, thanks to a modular architecture with lean, AUTOSAR-compatible interfaces, can be used with various BMS systems flexibly and with little effort. Thus, this software is already

Safety SW
(ASIL A-D)

Application SW (ASIL QM)

being used for various battery systems, from small 12 V and 48
V systems up to high-voltage batteries with flexible wiring options. FEV relies here on broad experience, since many projects
require fulfilling the individual requirements of the respective
client. These requirements arise, for instance, from differences
in the E/E layout or the architecture of the battery or from the
functional integration into the vehicle. Fundamentally, the
software is divided into three components: application, safety,
and base software.
The FEV BMS application software is developed in a model-based
manner and includes features such as power/current release,
charge regulation, SoC/SoH calculation, balancing, contactor
control, and battery diagnoses. The software is used on both
the FEV BMS hardware and the control units of client suppliers.
The porting of the application software to other platforms has
already been carried out in several (serial) projects and the interface has thus been continuously optimized in order to keep
the adjustment effort as low as possible. This also applies to
interfaces to the vehicle. All relevant values can be parameterized
or calibrated; this is another decisive factor with regard to the
flexibility of the software. Particular attention is paid to the topic
of verification and validation of the software. Here, test methods
and tools of the FEV Embedded System Test Center (FEST) are
relied on, along with HIL test system for battery management
systems, which can emulate up to 192 individual cells.

State Manager
SOC

Contactor
Control &
Monitoring

SOH

Charge
Control

Cell &
System
Monitoring

U/I/T
Monitoring

Vehicle
Interface

HVIL &
Isolation Diagnostics/
OBD
Monitoring

Power/
Thermal
Cell
Current
Limitation Management Balancing

…
Error
Handling

Error
Handling

Glue Layer

	BMS software architecture

Basic SW
System

Diag

Memory

OS
MCAL

Com

I/O

Libs
Complex
Driver

μC-Hardware
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Product
development

Concept phase

Item definition

Hazard Analysis and Risk
Assessment (HARA)

Safety goals

Functional Safety Concept
(FSC)

Functional Safety Requirements
(FSRs)

Technical Safety Concept
(TSC)

Technical Safety Requirements
(TSRs)

Hardware / Software

Hard / Software
Safety Requirements

The FEV BMS base software represents a development for FEV’s
own BMS hardware. The software achieves the connection to
the hardware components of the BMU and the CMUs, as well as
provides the application software with, for instance, the storage
of values in a "non-volatile memory” along with measurement
values and I/Os for various services.
In addition to the development of the BMS software, FEV also
supports OEMs and suppliers in developing their own BMS
application and/or base software.

Global life cycle for functional safety (FuSa)
The functional safety concept can be developed either for a
specific vehicle or as a stand-alone product independent of
any vehicle ("off-the-shelf components"). If the development
is for a known vehicle, the development of the battery system
is directly integrated in the FuSa life cycle of the overall vehicle.
This is normally the case for FEV developments. In contrast,
if the development takes place independently of any vehicle
("safety element out of context"), a portion of the FuSa overall
life cycle for the battery is observed. The integration in the overall
vehicle life cycle then takes place at a later point by the vehicle
manufacturer. The assumptions must be reviewed with regard
to validity and any necessary changes must be processed via
change management.

	Safety life cycle of FEV
as per ISO26262

Considered aspects
Functional safety deals with risks that may be triggered by potential malfunctions of E/E systems due to systematic software
or random hardware errors. In order to develop the battery
system in a sufficiently safe manner according to current standards, FEV complies with the development principles of the ISO
26262 standard. Certain hazards, such as those due to chemical
hazards or electric shock, are only considered part of the functional safety if the hazard is directly caused by the E/E function.
Applied to the battery system, this means that the prevention of
electric shock is primarily covered by the high-voltage safety. HV
insulation and touch protection therefore does not fall within
the scope of functional safety. However, certain E/E functions
can also serve high-voltage safety and, accordingly, fall within
the scope of functional safety. This is the case for an HV system
switch-off during an accident, since here, the measures taken
by HV safety, such as insulation, may be damaged and therefore
can no longer be considered sufficient.
Concept phase
During what is known as the concept phase, there is an assessment of the risks that could occur due to malfunctions in
the implemented system functions. In the process, FEV follows
the approach described in the figure. The result of this hazard
analysis and risk assessment (HARA) is the safety goals for the
system. The scope of the necessary risk reduction is determined
by the ASIL, leading to a classification using the letters from A to

 HE FEV BMS APPLICATION SOFTWARE
T
IS DEVELOPED IN A MODEL-BASED MANNER
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BMS

D. A typical example of a safety goal for a battery system is "The
system should prevent battery thermal runaway" (typically rated
by FEV with ASIL C or ASIL D). These safety goals are top-level
requirements. Based on these safety goals, a functional safety
concept is developed which is described in the functional safety
requirements. In addition to detection, the safety concept also
includes the emergency measures to be initiated. The creation
of the functional safety concept is frequently complemented
by failure tree analyses.
Hazards
ident.

+ Based on item functionalities
+ Consideration of malfunctions

Scenario
select.

+ Creation of a set of scenarios
+	Allocation of relevant scenario
to each hazard

tecture. During this phase, depending on the ASIL classification
of the safety goals, failure tree analyses and FMEAs are required
by the ISO26262 standard. This phase then leads to the HW and
SW development phases, with the safety requirements being
incorporated into these phases.

FEV Test Bench BMS (T-BMS) for
battery and module test benches
The battery management system from FEV is also suitable for
other applications, such as utilization on the test bench.
To this end, FEV has developed a universal BMS (T-BMS) for
battery modules; an expansion for the testing of entire batteries
is also possible.

Risk
assess.

+	Rating of S (Severity) and
C (controllability) (with rationales)
+ Calculation of result ASIL

Safety
goals

+	Safety goals specification:
requirement, ASIL
+	Safety goals further elaborated
(FTTI, safe states) during
FCS development

 FEV – Risk assessment approach
Product development phase
The system development phase comes after the concept phase.
In this phase, the functional requirements are translated into
technical requirements. Accordingly, this step is carried out
together with the development of the technical system archi-

The system is based on an FEV BMU and one or several FEV
CMU(s), serving to record cell parameters and their monitoring,
as well as to calculate other parameters such as State of Charge
(SoC). In this context, client-specific functions for the calculation
of the necessary parameters can be implemented in the T-BMS.
All entered parameters can be transferred to the test bench in
order to record, analyze, and utilization for the test procedure.
The T-BMS can naturally be used with FEV battery test benches
as well as FEV MORPHEE, which enables us to offer a complete
solution (see page 30) for the testing of battery modules. Thanks
to the easily adjustable CAN interface, however, the T-BMS can
also be utilized with a variety of other test benches.
Via a graphical user interface it is possible to calibrate all essential
parameters of the system, such as the number of connected cells.
This allows a simple adaptation to different test requirements.
By
Lennart Bauer . bauer_l@fev.com

Customer Requirements
(SOC, Balancing, Current / Voltage limitation ...)

Supply

Calibration GUI

CAN
Read an write

Contactors
Active

T-BMS

Supply In
KL30 KL30C KL15

Contactor Out
CH1+ CH2+

KL31

CH1-

CH2-

CAN
Communication
Current
IsoSPI CAN Sensor

CAN

Current Voltage
Sensor (CVS)

isoSPI
External contacors

FEV CMU

 FEV Test Bench BMS
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PERFORMANCE

FEV BATTERY BENCHMARKING
Benchmarking offers unique opportunities for detailed insights into new technologies. Performance data,
construction details, materials used, manufacturing processes utilized, and system functions can be analyzed
using a detailed benchmark study. Vehicle and system tests provide crucial measurement data that provides
information on the performance of new products. The dismantling of entire vehicles or individual technical
systems shows the product structure and enables us to recognize necessary assembly processes.
Do you like to always to be a step ahead? The findings from specific benchmark programs help you to be that
decisive step ahead in order to generate design and product ideas in interdisciplinary expert workshops.
A neutral assessment of your own developments by a partner such as FEV provides you with that important
external perspective.
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performance

I

n addition to the specification of technical product characteristics, the optimization of the cost structure is essential
to developing competitive advantages. What is referred to
as a “should-cost” calculation is carried out on the basis of
a detailed analysis of the dismantled components. The shouldcost analysis shows what the relevant product should cost with
its current design and under the assumptions made. The results
of the cost analysis provide insight into competitive costs and
form the basis for defining target costs. As part of structured
value analysis and cost reduction workshops, interesting cost
reduction measures are determined that can be used to improve
your own products.
For electric vehicles, the high-voltage battery represents a major
cost item. Accordingly, a main focal point for the cost optimization of electric vehicles is the optimization of the battery. The
benchmarking of battery systems newly launched on the market
is an important part of the strategic development of the battery
systems of the future.
In addition to the battery costs, technical benchmarking provides crucial insights regarding various performance aspects.
An advance in energy density, and thus in range, represents a
significant, unique selling point. Information on cell chemistry,

MHEV (48 V)

battery management systems, and thermal management is
important data that can be used for the further development
of your own systems.
What do you need?
 More in-depth insight into the latest technologies?
 Understand the construction and functions in detail?
 Important measurement data for performance parameters?
 Understand the cost structure of your competition?

All batteries are not equal
In the automotive field, there are significant differences between
different battery applications. Generally speaking, there are three
battery types (Figure 1).
The battery in a Mild Hybrid Electric Vehicle (MHEV) serves to
power a 48 V onboard network and provides power capacities
of up to 30 kW. The batteries of a Hybrid Electric Vehicle (HEV)
offer power capacities of up to 200 kW and the batteries for
Plug-in Hybrid Electric Vehicles (PHEV) provide, beyond that,
an increased electric range and the option of external charging.
For this battery type, energy and power density also play an
important role. In contrast, traction batteries with high energy

(P)HEV

BEV

High power density
(Pack level)

Up to 30 kW
(30 C)

Up to 200 kW
(10 C for PHEV, 100 C for HEV)

Up to 600 kW
(6 C)

High energy density
(Pack level)

–

–

> 200 Wh/kg

Fast charging

–

80% in 20 min
(< 50 kW sufficient)

80% in <20 min
(up to 350 kW)

Minimal costs

< 300 €/kWh

< 160 €/kWh

< 100 €/kWh

Tier-1 part
Standing housing

Tailored design

Standard modules and
customized housing

Safety
Modularity and
scalability

 Main requirements per battery type (Status 2020)
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density are used for purely electric powertrains. Here, different
cell types are to be used depending on the applications. In addition to the electric characteristics, these are also differentiated
by design and cell chemistry. There are cylindrical, prismatic
and "pouch" cells, as well as different cell chemistries, from
the currently popular nickel manganese cobalt oxide (NMC)
in various allocations, lithium titanate oxide (LTO), or lithium
iron phosphate (LFP). Each technology has advantages and
disadvantages with regard to power data, construction details,
materials used, manufacturing processes utilized, total costs of
ownership (TCO), and longevity.
If you now compare the respective gravimetric or volumetric
energy density at the system level, larger differences appear
due to cell selection, as well as module and system design. For
electric vehicles, this consideration is an important distinguishing
feature, since the energy density directly results in the range
available to the client (Figure 3). For instance, if you compare
newer BEVs, such as the Tesla Model 3 Long Range (2018) and
the Hyundai Kona Electric 150 kW (2018), to each other, the
differences are clear. The Tesla Model 3 Long Range has an
energy capacity of 78 kWh with a battery weight amounting to
457 kg. By way of comparison, the Hyundai Kona Electric 150 kW
has an energy capacity of 64 kWh with a battery weight of 452
kg. In the benchmarking comparison at the cell, module, and
system level, the differences can now be assigned to technical
measures. In this context, development teams can be provided
with valuable information for future battery technologies.
In addition to the right cell selection and the construction details
at the module and system level, thermal management plays an
important role. There are different cooling concepts, from air
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cooling to indirect cooling using cooling sheets or cooling plates
and water glycol, cooling via coolants, and direct cooling with
dielectric fluids or the cells themselves (immersion cooling).

Costs
The high-voltage traction battery represents up to 50 percent of
the total cost of ownership for battery electric passenger cars. It
is thus fundamentally necessary to build a deeper understanding
of the battery’s cost structure. The battery cells represent the
main share of battery costs. In the example shown (Figure 3),
the battery cells represent 64 percent of the total battery costs.
Modern battery electric passenger cars typically use lithium
ion batteries with NMC (nickel manganese cobalt) cathode
material. In particular, expensive material components, such as
cobalt, drive the cell costs. One approach to optimizing battery
cell costs accordingly consists in reducing the cobalt quantity.
Figure 5 shows how, from a previously common uniform distribution (NMC-111), materials richer in nickel are developed
(NMC-622, NMC-811, NMC-911). Using this type of optimization
of the material composition, the cathode material costs can be
reduced by over 40 percent. Further
efforts in battery cell development
aim to increase power density.
A higher power density also
means a cost reduction for
the same battery range.
We not only

ow
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w
,
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!
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Air inlet
Air outlet
Air outlet

BMS

Brackets
BMS
Electrics & BDU

Housing

Battery housing
Modules mechanics

HV module
connectors

Cells/Modules

Pack assembly
LV connector
Housing

Modules assembly

HV connection

Cells

64 %

D
 esign and cost structure
of an exemplary BEV battery

Further cost drivers for the high-voltage traction battery are the
module and battery casing components, thermal management,
and the battery management system (BMS). After exceedingly
complex constructions in the early battery generations, the
benchmarking of the new battery generations now enables us to
recognize clear approaches in terms of modularity and module
structures. The goal is the achievement of scale effects and the
simplification of the assembly processes.

In the end, the indicated approaches to cost reduction lead to
further decreases in battery costs, and thus to an increase in
the attractiveness of electric vehicles. While we are still seeing
average battery pack costs for fully electric passenger cars
amounting to approx. 180 EUR/kWh today, this value will decrease by half, to under 100 EUR/kWh by 2030. A battery with
a capacity of 70 kWh will then cost less than 7,000 EUR instead
of 12,600 EUR (Figure 5).
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NMC
composition
diagram

In addition to typical vehicle and system dismantling studies
with professional photographic and video documentation,
FEV engineers analyze the construction details, the functions,
the materials, and the manufacturing processes. In order to
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FEV has been conducting detailed benchmarking studies for
more than 25 years. FEV uniquely combines in-depth technical
expertise and cost engineering knowledge with strategic management consulting methods. The range of service provision
includes extensive technical benchmarking, tear-down studies,
cost benchmarking, and a benchmark academy; we also have
access to extensive benchmark databases.

300

Year
2020

2025

 Battery cost evolution (average values) –
Status as of 2019
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As a globally positioned development service provider with over
40 locations worldwide and many development centers, FEV
offers extensive benchmarking services for their global clients.
Dedicated benchmarking locations have been established in
four core regions (Europe, USA, China, and India). Thus, local
framework conditions and data can be taken into consideration,
and global programmes can be run in parallel.

Mn

Global FEV benchmarking

LCO
1.0

0.0

2030

 Development of NMC cathode materials

performance

carry out detailed performance and function tests, FEV has an extensive range of
test systems: various on-road driving cycles, test tracks, vehicle test benches, and
different system test benches – e.g. for combustion engines, turbochargers, transmissions, batteries, electric engines, fuel cells, performance electronics, and NVH
(Noise Vibration Harshness) analyses.
In addition to the focus on the automotive industry, benchmarking programs are
carried out for the commercial vehicle field, for agricultural machines and construction machines, and for other technical products.
In a typical benchmark program, FEV procures the target vehicle and equips it with
the corresponding measurement technology. Initial tests regarding driving performance and energy consumption can be carried out as part of "micro benchmarking"
without damaging the vehicle. For further detailed testing, special measurement
technology is incorporated into the system to be analyzed. Specific driving cycles
and driving tests on real roads, test tracks, or chassis dynamometers provide detailed
measurement data. After the dismantling of the vehicle, FEV engineers place the
main components to be analyzed on the test bench. These include the combustion
engine, the transmission, the high-voltage battery, or the electric engine. Power characteristics are recorded and measurement data is transferred to FEV scatterbands
in order to compare them with other measurement results in the FEV database.

Find out more about
FEV Benchmarking
www.fev.com/benchmarking

By
Christian Speuser
speuser@fev.com
FEV Consulting GmbH

After performance tests have been conducted, FEV Cost Engineering experts analyze
materials, manufacturing and assembly processes and carry out a detailed shouldcost calculation. The cost analysis provides an extensive cost breakdown and shows
key cost drivers. Thanks to the achieved cost transparency, cost reduction ideas can
be generated and target costs can be determined. FEV provides a unique overall
package of benchmarking services with core findings for your developments and
your corporate success.

Always be a
step ahead
with FEV !
ing
benchmark
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BATTERY ASSEMBLY

BATTERIES FROM
A SINGLE SOURCE
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Battery Assembly

Today's car buyers looking for electricified vehicles can take
their pick. In recent years, plug-in hybrids and battery electric
vehicles have been launched. For the years ahead, many
manufacturers have announced a model strategy in this
direction, so more and more batteries will be integrated into
vehicles. Thus, capacity must be expanded for battery development, testing and assembly.
For decades, the automotive industry has counted on FEV as
a solid partner. The company develops, tests and assembles
batteries for plug-in hybrids and battery electric vehicles. This
includes, for example, motorcycles, passenger cars, trucks,
trains and off-road applications along with ships, air taxis
and stationary applications with voltage from 12 V to 48 V
to 1,000 V. Back in 2007, FEV began building a wide range of
battery types and has gained experience assembling round,
prismatic, and pouch cells. At the same time, the company
can meet customers’ diverse needs and handle all of the
steps involved. This article takes a look at our expertise in
battery assembly.

I

n the battery assembly department, FEV can produce and test
prototypes, innovative designs, and small series of up to 1,000
battery packs a year. Due to the low number of units, the company
relies on its internal teams and only a small degree of automation
to assemble the batteries. Since FEV assembles batteries for a wide
range of applications, the assembly is modular. Employee focus plus
modularity adds up to high flexibility. This enables us to respond to
trends and fulfill our customers’ requests.

 EV'S BATTERY ASSEMBLY PLANT HAS
F
PROCESS-CONTROLLED INDIVIDUAL
MANUFACTURING STATIONS, WHICH
PROVIDE TAILOR-MADE PRODUCTION
FOR THE CUSTOMER'S NEEDS – FROM
PROTOTYPES TO SMALL SERIES
FEV has the possibility to assemble from cell to pack. The manufacturing process for batteries at FEV, from cell to module to battery,
involves a total of 28 steps (see Figure 1). This is divided into two
groups: integrating cells into modules and integrating modules into
batteries.
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	Process steps for flexible battery assembly

Highly flexible manufacturing
The process from cell to module starts with delivery of each
component, such as the cells or a housing component, and
quality control. Then all of the required components for the
first steps of manufacturing a module are put together. Then
the cells are cleaned and prepared for an adhesive, in order to
consolidate them into a stack of cells. Each process step can
vary depending on the customer's preference and the design
that was created. In the next step, the cells are prepared for
electrical connection, such as with a laser welding, ultrasound,

1,400 m2
building area

up to 1,000
Batteries
per year
Production
of small series
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19 E/E component
assembly

Dispatch

Warehouse and quality management
Module assembly
Battery assembly

Welding and E/E components
Testing and documentation
Packaging and dispatch

gluing, crimping, clinching, or screwing and riveting process. The
connection process can be adapted to the customer’s specific
needs when building the prototype.
After welding and a quality check of the connection, the E/E
components for the module, including designation by
way of a label on the module, are prepared and
assembled. See Figure 1.

Battery Assembly

Batteries – highest quality standards,
on time
The modules are delivered in suitable packaging. During the
receiving process, all individual cell voltages and the total voltage
of the module are measured and documented. An inspection
is also made to see whether the module has unique identifier
labels, and whether safety critical tests such as voltage proof
tests were noted. In order to ensure all parts can be tracked at a
later time, when the goods are received all components needed
are inspected and labeled for entry into the ERP system. Then
these parts are sent for temporary storage in a specified area,
under dry and climate-controlled conditions, until they are
further processed.
After an assembly order has been issued, all of the required
documents such as manufacturing tickets, lists of parts pulled
from inventory, etc. are prepared and given to the assembly
team or logistics department. While logistics gathers all of the
required parts, the assembly team prepares all of the tools,
testing equipment, and assembly bench as needed. Logistics
makes sure that modules with a similar total voltage are chosen
for assembly.
Once preparations are complete, battery assembly can begin.
Generally the first step is to install various ports in the base. Then
the cooling system is usually built in. The next step is to install
the modules in the base and connect everything mechanically
and electrically. For purposes of control and communications,
low voltage cable trees must be fitted and wired or connected
to the relevant E/E components, which are installed at the
same time. In the final step, we use high voltage cables to join
the modules with the battery management system and
the high voltage sockets. Torque is documented during
assembly. Furthermore, all of the assembly steps
are recorded in an assembly log including

photo documentation. Then the top part of the housing is fitted
and fastened to the base, and an identification label is affixed
to the top part of the housing.
Before delivering the battery, an end-of-line test is performed
for quality assurance. This includes various aspects such as
housing and chiller leakage, measurement of the insulation
resistance, and a voltage proof test. Additional tests may be
needed depending on customer requirements. The battery is
then put into operation for the first time. This test is used to
assess the function and quality of the modules and batteries.
Battery assembly in Aachen and Munich, Germany
FEV's new battery assembly site near Aachen includes a 1,400 m²
building that is designed for flexible production of small series
of up to 1,000 batteries annually and the assembly of innovative
prototypes, design prototypes, and technology retrofits (Figure 2).
FEV's battery assembly plant has process-controlled individual
manufacturing stations, which provide tailor-made production for
the customer's needs, from prototypes to small series. The range
of prototypes and small series also includes smaller modules
that are composed of individual cells, up to large high voltage
batteries up to the size of underbody batteries for electric-only
vehicles and voltage of up to 1,000 V, which in turn are made
of multiple modules.
In addition, FEV has built a 250 m² battery assembly department
at its Munich site plus storage facilities in order to assemble up
to 250 batteries per year in house or to perform inspections of
high voltage batteries and electric motors.

By
Dr. Michael Stapelbroek . stapelbroek@fev.com
Leonard Pauls . pauls@fev.com

	FEV battery assembly
near Aachen
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Battery Assembly

INTERVIEW WITH DR. MICHAEL STAPELBROEK,
HEAD OF BATTERY DEVELOPMENT AT FEV
Mr. Stapelbroek, what is your
goal for battery assembly?

What advantages do you offer
customers with your offer?

Our goal is to be able to offer our customers all processes of battery development from a single source.
We can start with a blank sheet of paper and finish
with a battery installed in the vehicle. In addition,
we are able to produce prototypes and assemble
the ramp-up for manufacturing and small series.

We are in a unique position because we have already
developed so many batteries that we have gained
experience and built up capabilities. In addition to
experience, this also gives us a good overview of
current trends in development. In assembly, where
we are talking about up to 1,000 packs per year,
customers appreciate our flexibility, i.e. the "human
factor" compared to automated production. Some
customers are also looking for a partner for the entire
process - from development to the fully assembled
battery. We can do that.

Does this make you a competitor
of your customers?
Absolutely not! We are developers and can now
develop not only the battery but also its assembly.
Our customers encourage us to build up a battery
assembly for these small quantities, because the
business with such small quantities is not economical for them.

Which customers are you
targeting with battery assembly?

Why do you invest
in battery assembly?
There are three reasons: Our customers ask us to, we
use it to expand existing capabilities and it fits with
the FEV Group strategy: We assume responsibility
right up to series production.

It varies, because we also have a wide range of skills.
We can build prototypes design the ramp-up, and
manufacture small series. Prototypes are needed,
for example, in our development projects for various
large OEMs, tier 1s and tier 2s. Some tier 1s and tier
2s are also interested in ramp-up, but so are OEMs
with low manufacturing volume. For the assembly
of small series, these are OEMs and suppliers with
special applications and customized solutions.
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TESTING AND VALIDATION

eDLP – THE WORLD'S LARGEST
DEVELOPMENT AND TEST CENTER FOR
HIGH-VOLTAGE BATTERIES FOR CARS
AND COMMERCIAL VEHICLES
The key to the electrification of the automotive industry is the high voltage battery
system. It supplies the high-voltage electrical system and the drive train of the vehicle
with energy and is the single largest contributor to the value chain of an electric
vehicle.

H

igh-voltage batteries (HVB) must be comprehensively tested at the beginning of production
to ensure they are ready for series production. Based on various criteria such as mechanical
stability, life span, and intrinsic safety, a test program for the development object is created
that is customized to the degree of maturity. The goal is to end up with complete, validated
results that meet all the requirements of the high-voltage battery.
Here, FEV covers the following phases of series development in the automotive industry:
1. Prototype: Evaluation of sample batteries in the early concept phase
2.	
Design validation: Validation of initial design samples. There are usually
errors identified in this step, as the product lacks the required robustness
3.	
Product validation: Creation of final product design, final anomalies are identified
4.	
Certification/homologation: Series status is confirmed, final homologation is carried out

World's largest and most modern test center
for testing various battery module and high-voltage
memory types
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Legal requirements for batteries
When selecting relevant battery tests, you must observe the
regionally specific approval requirements for high-voltage
batteries. A fundamental distinction is made between three
regions – Europe, the US, and China – since they cover most of
the current global requirements. Figure 1 provides an overview
of these regions.

Overview of regions
Figure 1 shows which currently applicable standards and laws
are relevant for HVS homologation in each of the three regions.

FEV periodically reviews the latest developments that affect
standards and laws in the respective markets. This ensures that
the validation of high-voltage batteries is always based on the
latest technology. An example of such a standard can be seen
in China. The Chinese legislature plan to set new standards in
the requirements for the safety of high-voltage batteries from
2020. Among other things, particular attention is paid to the
“thermal propagation test.” The new GB standard requires that
in the event of a thermal reaction in the battery, the vehicle's
occupants are protected for at least five minutes and are warned
via a hazard alarm.

UN 38.3

Tests and their evaluation for the transport of dangerous goods Lithium metal and lithium
ion cell / module / pack, Cycle, altitude simulation, temperature change, vibration, shock,
short circuit, impact, overcharge, deep discharge

IEC 62660-1/2/3

Secondary lithium-ion cells for the propulsion of electric road vehicles –
Performance tests/Abuse tests/Safety requirements

ISO12405-1/2/3

	Specific country
and approval
requirements
(source: Tüv Süd)

Electrically propelled road vehicles – Test specification for lithium-ion
traction battery packs and systems
Part 1: High-power applications
Part 2: High-energy applications, Performance & Abuse (SC, OC, OD)
Part 3: Safety requirements for tests of part 1 & 2 + Additional Tests & clarifications

ECE R 100 Rev. 2
Mandatory from 07 / 2016
Annex 8 : 9 tests for batteries / vehicle
8A Vibration
8B Thermal Shock
8C Mechanical Shock
8D Mechanical Integrity
8E Fire resistance
8F Ext. Short circuit protection
8G Overcharge protection
8H Over-discharge protection
8I Over-temperature protection

FMVSS 305
Limits allowed electrolyte leakage and
isolation for xEVs tested according to
FMVSS208, FMVSS214, FMVSS301
SAE J2464
15 abuse tests on cell / module / pack
Mechanical thermal / electrical tests
SAE J2929
Defines safety requirements for tests
of SAE J2464 + additional tests &
clarifications

GB / T 31484, GB / T 31486
Performance cell / module
GB / T 31485
Abuse tests on cell / module + safety
requirements
GB / T 31467-3
Based on ISO12405-3 +
Additional Tests AND / OR
changed parameters
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 Thermal propagation test via nail penetration

 HE CHINESE LEGISLATOR SETS NEW
T
STANDARDS IN THE REQUIREMENTS FOR
THE SAFETY OF HIGH VOLTAGE BATTERIES
The Thermal Propagation Test simulates this danger by inserting
a steel nail into the cell of a fully charged battery. This results
in a short circuit in the cell, which causes it to overheat. This
released thermal energy is then transferred to the neighboring
cells, which leads to a chain reaction in the module or HVS.
If these reach a critical temperature as well, the neighboring
cell will also undergo a thermal reaction. This is referred to as
propagation. If you look at the temperature curves of three
adjacent cells in experiments, where cell 1 was penetrated by
the nail, you can see how the temperature of cell 1 spreads to
the adjacent cells 2 and 3. This would spread to all cells until
the battery is completely burned.

All common test methods for customerspecific requirements under one roof
There is a variety of other test types in addition to the homologation tests. Figure 3 shows the complex test portfolio included
in high-voltage battery validation. The tests are grouped in key
focus areas: environment, mechanics, function, thermo, life
span, abuse, homologation and HV security.
Environment
The battery must be protected against external environmental
influences. This is why we test, among other things, whether
water is able to penetrate the battery (IP code) or if operating
the battery in regions with high temperatures and humidity has
adverse effects on battery safety.

32

Mechanics
During development, the test object is subjected to various
stresses such as mechanical shocks and vibration profiles,
which checks the constructive design of the structure and the
suitability of the selected materials.
Function and thermo
Reliable and complete electrical functioning of the battery system
is essential for an electric drive. To guarantee this, FEV, together
with its customers, tests, at the battery level, the extreme points
of the electrical and thermal operating window of the battery
already at the test bench. All relevant, functional requirements
are checked – for both software and hardware components.
Life span
Effects that occur in the battery cause the battery to age with
increasing use. In order to guarantee full functionality of the
battery over the life span guaranteed by its customers, FEV
conducts long-term studies on the cyclical aging of batteries.
The goal is to ensure that the battery ages as close to reality as
possible (i.e. electrically, thermally, and mechanically), while
simultaneously maximizing performance. Through individually
adapted test procedures, various aging mechanisms that have
a maximum impact on battery life can be disclosed to the customer. Possible risks can be identified early and rectified. One
investigation method from FEV examines the influence that
cell thickness growth has on the life of the battery. During the
charging process, each cell expands slightly due to intercalation
processes on the anode (see Figure 4), and then relaxes again

TESTING and VALIDATION
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	Overview test types in eDLP

HV Safety
In HV safety tests, all protective mechanisms and protective
functions of the battery (such as insulation monitoring, touch
protection, potential equalization) are tested in a wide variety of
use cases in order to validate the intrinsic safety of the system.

when discharging. A small part of this fundamentally reversible
process is irreversible – the cell widens with age, leading to an
increase in force within the pressurized cell module. In long-term
studies at the cell and module levels, we initiate these processes
deliberately and sometimes exhaust them until the module frame
is mechanically broken open. The results generated by these
tests are intended to provide information about the correlation
between mechanical and electrical battery aging in a still largely
unexplored field of study.

After the tests are carried out and the test object has been analyzed, the test results are made available in the form of a test
report and the achievement of project milestones is documented
in release reports. FEV not only takes over the complete execution of tests including logistics, but also offers its customers
complete test planning, data evaluation, and analysis of the
damage mechanisms.

Abuse
In addition, short-circuit tests, the simulation of internal cell
errors and the force due to acceleration and impact in the event
of a crash ensure safety even under extreme situations (abuse).

The long experience of FEV in the field of damage analysis make
it possible to identify complex cross-effects (e.g. thermal, electrical, and chemical effects in the “thermal propagation” test),
thus significantly advancing the development of product quality.
In addition, optimized test planning in combination with a parallel
simulation enables the number of expensive and time-consuming
tests and samples to be significantly reduced. In this way, FEV
generates an optimal cost-benefit effect for its customers and
can relieve tense schedules. FEV offers a tailor-made test program for all types of batteries, customized for different customer
requirements, from start-ups to Tier 1 to large OEMs. Depending
on the market, the development service provider considers the
different requirements and uses maximum synergies, such as
those to previous battery projects and to the simulation.

Homologation
As part of the approval (homologation) process and transportation law, the legislature places high minimum requirements
on batteries. There is some synergy between tests during development, meaning that suitable planning can reduce the
number of tests necessary. Other critical test cases such as
fuel fire and crash tests can be secured in advance to ensure
smooth homologation.
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	Cell thickness growth in a cell
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FEV battery testing facilities and the
innovative battery test center “eDLP”
Since 2008, FEV has been successfully conducting electric and
thermal endurance tests on battery cells, modules, and packs for
clients around the world at its Trappes Test Center in France. Furthermore, in Aachen, Germany, FEV has additional cell and pack
testing benches for everything related to both predevelopment
and innovation. In the field of battery cells, a broad range of cell
test channels are available at EVA Fahrzeugtechnik in Munich as
well as FEV UK in England. Aachen, England, and Munich mainly
focus on development tests, while France primarily focuses on
endurance tests.

Environmental and
mechanical testing

BUILDING NO. 1
Performance- & electrical testing,
environmental testing,
mechanical testing,
workshops, tear down area,
warehouse, offices

Due to the steadily increasing demand for high-voltage battery
tests in recent years, there has been a shortage of test capacity in
the market. As a reliable, future-oriented development partner of
the automotive industry, the FEV Group decided in 2019 to set up
another test facility where all development and validation tests
required by the industry could be carried out under one roof.
That is how we came to begin building world's largest and
most modern test center for various types of battery modules and high-voltage batteries. It sits on an area of over
4 hectares in Sandersdorf-Brehna, between Berlin and
Leipzig. In the future, almost all types of electrical tests
(both performance and endurance), environmental,
mechanical, safety, and abuse tests will be offered
in approximately 12,000 m² of building space
(see Figure 5). Figure 6 shows a selection of the
possible tests and standards that we will use
for our tests in the future.

approx. 12,000 m2
building area
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TESTING and VALIDATION

Performance- &
Electrical Testing

GAS SCRUBBER
TECHNICAL
AREA

BUILDING NO. 2
Fire hall, 4 bunkers,
preparation area,
workshop

WAREHOUSE

 F loor plan of the new
FEV battery test center eDLP

The durability and
performance of modern vehicle traction batteries
can be tested as part of the electrical tests. The tests are carried
out at 50 test benches, with each test bench consisting of at
least one temperature or climatic chamber in which up to three
battery modules or two high-voltage batteries can be examined
simultaneously (Figure 5).
The test chambers are divided into different sizes. The smallest
chambers for module tests have a usable volume of approximately 1,000 liters. For larger modules and smaller high-voltage
batteries, chambers with a measuring volume of 2,500 liters are
available. The largest chambers in the test center are big enough
to enter and have internal dimensions of approximately 3.5 x
3.25 x 2.5 m. The standard temperature ranges of the chambers
are between –40 and 90 °C.
Battery testers of various performance classes are used to supply
voltage to the test objects. The bandwidth of the individual test
channels ranges from 80 V, 400 A with an output of 35 kW to 1,000
V, 1,000 A with an output of 250 kW. There are a total of over 160

available test
channels with different outputs, and they
can also be connected in series and in parallel. This allows us
to achieve currents up to 4,000 A and outputs up to 1,500 kW.
The FEV automation system MORPHEE is used for the regulation
of the thermal and electrical load as well as for the conditioning
of the battery coolant, which is possible anywhere in the range
from –40 to 100 °C. This simultaneously ensures the continuous
creation of measurement data.
To meet environmental test requirements, several temperature
and climatic chambers with a usable volume of 22 m³, four salt
chambers in different sizes up to a test volume of 16 m³, a vacuum chamber and a stone damage test facility are available. A
dust chamber and several dip tanks, a splash water test facility,
and a chamber with jet nozzles are also available for testing
IP codes. To ensure perfect cleanliness and the resulting high
test quality in the entire testing area, these test facilities consist
of self-contained rooms (Figure 5). A 350 kN shaker, unique in
the world, is available at FEV for mechanical tests. It also has a
climate hood by means of which test objects can be tested in
ambient conditions from –40 to 100 °C. A multi-channel battery
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Outline of testing possibilities
Pack

Large environmental testing path,
Thermal shock with immersion, Characterization
Endurance test, Approval test
Mechanical Integrity, Internal pressure test
External short circuit






UN ECE R100
UN 38.3
GB/T 31467
KMVSS

Module

Condensation K15a for modules with water quench
Climate test K15b for modules, Swelling force
Cooling performance, Vibration and Shock testing
Sled test, Cell internal short circuit Module
Drop test cell / module








DIN EN 60068
DIN EN 62660
DIN EN 62281
ISO9227
ISO12405
ISO16750

Cell

Thermal shock, Humid heat, constant or cyclic
OCV basic validation, Cold start
Calendric aging, Cyclic aging
Nail penetration test, Drop test cells








ISO20653
SAE J2464
SAE J2929
SAE J2380
LV 123
LV 124

tester with 600 V, 600 A, and an output of 250 kW per channel as
well as the possibility to condition the battery coolant from –40
to 100 °C add to the possible uses of the system.
As for safety and abuse tests, there are four large bunkers, each
measuring 8 x 8 x 8 m, as well as a fire hall with a floor area of 300
m² (Figure 8). These rooms are connected to a state-of-the-art
flue gas scrubber, ensuring safe testing for employees and the
environment. Various testing equipment is located in the five
test rooms, including a crush test system, a fire resistance testing system, and a drop testing system. Devices for carrying out
internal pressure tests, a radiator break simulation, cell-internal
and -external short circuits as well as hammer blow tests are
also available in the bunkers.
The test center's portfolio is supplemented by spacious analysis
units in which both special battery construction and assessments
of batteries that are no longer intrinsically safe can be carried out.
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Norm

	Selection of
test options
in eDLP and
applicable
standards

All tests are supervised by a highly qualified, interdisciplinary
team in a fully continuous operating model that has been developed over more than a decade to meet the requirements of
a highly efficient testing model within the FEV Group.
A roof surface area of 12,000 m² that is completely covered with
photovoltaic panels ensures sustainable power generation for
the operation of the test center and the test execution.
The test center will be completed in Q3 2020. In order to demonstrate a high quality standard – especially with regard to the
reproducibility of tests – we are realizing extensive accreditation
according to DIN EN ISO17025.

By
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Joerg Haberberger . joerg.haberberger@evafahrzeugtechnik.de
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Dear Readers,
Due to the increasing electrification of vehicle fleets to reduce CO2
and pollutant emissions, batteries for energy storage are a decisive
factor for success. This applies not only to the automotive sector,
but also to (smaller) commercial vehicle, industrial and marine
applications. What all applications have in common is the high
development effort for FEV’s partners.
In this issue of SPECTRUM, we would like to give you an overview
of the competencies FEV can offer to support you in meeting the
challenges in this context – from the battery concept to production
readiness and beyond, including recycling.
In addition to pure battery development, we also address special
aspects such as precise monitoring by battery management systems. Furthermore, we present our benchmarking offerings and
demonstrate our expertise in battery assembly. Finally, we outline
characteristics that arise for the testing of electrified drives and
batteries.
In a dedicated article on battery testing, we also present the new
development and test center for high-voltage energy storage (eDLP)
in Sandersdorf-Brehna, Germany, which is the largest facility of its
kind in the world. The commissioning of the eDLP will be finalized
in the third quarter of this year and will enable FEV to offer all
internationally required test methods for high-voltage batteries from
the cell to the module to the pack, all at one location.
We wish you exciting insights while reading this issue. News and
further information can also be found on our online channels, such
as www.fev.com.

Dr. Michael Wilhelm
Executive Vice President of FEV Group GmbH
and Chief Sales Officer
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