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Abstract

rake-by-wire systems have received more and more

attention in the recent years, but a close look on

the available systems shows, that they have not
reached full by-wire level yet. Most systems are still using
hydraulic connections between main cylinder and the
brake calipers on at least one axle to ensure functional
safety. Mostly, this is the front axle, since the front brakes
have to convert more kinetic energy during braking
manoeuvers. Electromechanical actuators are currently
used for rear brakes in hybrid brake-by-wire applications
solely, since a loss of the front brake calipers can lead to
severe conditions and control loss of the vehicle during

Revised: 20 Jan 2025

Introduction

hrough the last two decades, countless driver assis-

tant systems were released for modern vehicles to

increase active safety, stability and driving comfort
as well. So far, most functions are implemented with
chassis components which still have a physical connection
between the driver interface and the actuator, making
these systems a) reliable towards functional safety and
b) affordable. However, the increasing appeal for more
driving assistance and automation demands for a new
generation of future chassis system. There is a strong
trend to fully decoupled systems, so called x-by-wire
systems, that are able to adjust the driver’s inputs for
advanced driver assistance systems as well as automated
driving functions. However, by replacing physical by
electric connections, certain points about functional safety
arise. Especially, in the context of safety-critical compo-
nents, this conflict is very crucial, since the need to fulfill
the requirement given by [1] for market release.

One of the most challenging tasks is the necessary
electrification of the brake system. Traditionally, brake
systems were equipped with vacuum brake boosters to
limit the maximum application force [2], but already in
the recent past with diesel engines in general or down-
sized and turbocharged gasoline engines in particular, the
required vacuum was no longer available for sufficient
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braking. Further, the higher mass of battery electric
vehicles (BEVs) leads to much higher braking forces on
both axles and to increased sizes of the electromechanical
calipers. This article presents a concept for a brake-by-
wire system for battery electric vehicles, which features
electromechanical brake actuators on all corners and a
redundant system architecture. Theoretically, the
proposed system is capable to generate a braking inten-
sity up to 70% for vehicles with a total mass of approxi-
mately 2.8 tons. Besides mechanical design of the
actuator, the power electronics are taken into account
too and their behavior is investigated through dedicated
simulation.

boosting. Therefore, electric boosters were the first step
to electrification, giving the possibility to further use
tandem main calipers, but with option to implement new
functions e.g., different pedal feedback curves for
predefined driving modes. With the increasing number
of hybrid and battery electric vehicles in the past and
their potential of cooperative braking between the regen-
erative and friction brake system, rapid progressing in
the brake-by-wire technology is mandatory for safe
braking with a maximum amount of energy recovery. In
the next section, a brief overview is given on the technical
side of brake-by-wire systems. An explicit overview on
the different systems, their special properties and recent
development is given in the research conducted in [3, 4,
567 8]

Current brake-by-wire applications still use hydraulic
brake calipers due to their technical maturity, reliability
and availability. Through the integration of separation
valves in the brake lines, it is possible to operate
completely independent from the driver, but only with
the signals from an electronic control unit. In case of a
loss of electric energy, the valves open and a physical
connection between main cylinder and brake caliper is
established as fallback level, making this type still fail-safe.
Nevertheless, the full potential of brake-by-wire gets
unfold through electromechanical brake (EMB) calipers.

© 2025 The Authors; Published by SAE International. This Open Access article is published under the terms of the Creative Commons Attribution Non-Commercial
License (http://creativecommons.org/licenses/by-nc/4.0), which permits noncommercial use, distribution, and reproduction in any medium, provided that the original
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They are completely dry, which means that no brake fluid
is used and the brake pads are applied by electrome-
chanical actuators. Further, they are characterized by
higher actuation dynamics than any hydraulic or electro-
hydraulic brake system, and due to the accurate posi-
tioning of the pads, drag torque can be easily
eliminated.

One special design is the electronic wedge brake
(EWB), where the pad carrier plate is shaped as a wedge.
As soon, as the pad comes into contact with the brake
disc, the rotational movement of the disc is dragging the
pad more into contact, leading to an amplification of the
actuation force and resulting in higher clamping forces in
comparison with a standard EMB. This leads to very small
average power consumption values of 100 W and less [9,
10]. Hence, this innovative design with self-energized
generation of the clamping force is compatible with the
standard 12 V board net, which is advantageous for the
use in standard ground vehicles. Even that there were
still research activities on this type of EMB (see [11, 12, 13,
14, 15]), the EWB never got market-ready until today, since
other EMB principles were favored. Therefore, the wedge
brake is not further conducted in this research and the
other EMB principles are focused. Mostly, they are realized
by a brushless DC motor and a screw drive, but alterna-
tive principles are possible too e.g., the combination of
linear actuators and lever mechanisms [16, 17] or cam
drives [18]. A corresponding overview is given in [19].
Actual EMB actuators are just used as electronic parking
brake devices in combination with a hydraulic brake
caliper on the rear axle. The only use of real EMB actua-
tors on the market is given in hybrid brake-by-wire appli-
cations as showcased by e.g., Continental or Brembo.
These systems are beneficial due to the availability of
components, but cannot fully support all benefits e.g., an
effective blending between regenerative and friction
brake torque due to the big gap in the system dynamics
of electric traction machines and (electro-)hydraulic
brake systems.

As mentioned, the dynamics of fully electric brakes
are higher than for any (electro-)hydraulic system, so they
seem to be advantageous for cooperative braking and
vehicle dynamics control too, e.g. high-frequent antilock
braking system, where a precise modulation of brake
torque is required. Hence, the focus of many recent

also needs to observe the system state to detect unin-
tended system behavior. The missing physical link
between the driver and the actuator requires fail-opera-
tional systems. Through the last years, plenty of designs,
implementation, assessment and test strategies were
published and further evolved, as exemplary given by [37,

In summary, the principle of EMB is advantageous
for future ground vehicles and dynamics control, but
several challenges have to be solved. Especially the impact
of functional safety requirements, make the technology
still not mature for broad implementation. The present

article introduces a new electromechanical brake caliper
for front axle applications on BEVs. It features redundant
brake actuators and a redundant power supply. Besides
the conception, a brief overview on some simulation
results is given to show the system’s feasibility. The
research is outlined as follows: Section Il discusses basic
vehicle longitudinal dynamics, which are essential for
calculation of the brake system parameters. Based on
these results, Section Il deals with the component design
of the proposed system, while Section IV is about the
experimental characterization. Section V summarized the
outcomes and an outlook on future potentials is given.

For calculation of all necessary parameters, a detailed
consideration on the brake dynamics and system archi-
tecture is necessary. Since the general brake dynamics
are well described in many books, the further mathemat-
ical description is limited to the most necessary points.
For detailed information, refer to [44].

First, the overall braking force (F,) is needed, given
by the vehicle mass (m,) and the target deceleration (a,)
by F,, = m, a, As shown in Fig. 1, this force acts in the
center of gravity (COG). The COG is a well-established
simplification, where all forces on the vehicle are acting
in an infinite small point. Depending on its distance to the
front () and rear axle (I,), the (static) front and rear axle
loads are given as follows. The quotient I/l is known as
rear load ratio ().
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During braking events, a specific amount of the wheel
load gets shifted along the axles, so the rear axle gets
lifted, while the front axle gains additional load. The total
value depends of the wheelbase related height of COG
() as given by eq. (3) and (4). The knowledge of these
dynamic wheel loads (F,) is crucial for further steps.
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m Ideal and installed brake force distributions of the
target vehicle
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Due to the rubber friction theory and tire dynamics
from [45], the maximum longitudinal force is not only
proportional to the friction force, but also to the tire patch
size, so the higher the wheel load, the higher the surface
pressure and therefore more braking force can be trans-
mitted. Hence, automotive brake systems feature stronger
brakes on the front axle. The brake force distribution is
given by the braking intensity z (see eq. (5)).
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In case, that both axles use full adhesion potential
between tire and road, z equals the ratio of longitudinal
and vertical tire forces, what can be replaced by the
adhesion coefficient u; = u, = u. Reforming eq. (5) and
adding eq. (3) gives an expression for the normalized
braking force on the front axle.

Forf _ Z[—]_lrj+zzhcog ©)
Frtor ot ot

By solving this quadratic formula and combining it
with eq. (5), the ideal brake force distribution is given
as follows.

2
Fbr,r — /r +ItLt Fbr,f _ /r _ Fbr,f )
Fz,tot 2hcog hcog Fz,tot thog Fz,tot

However, it is not practicable to reach for the ideal
distribution, since variations in the aforementioned
parameters may lead to significant changes. Modern
vehicles use the electronic brake force distribution there-
fore, but in the current case, a fix distribution ratio is used.
The difference between both graphs is depicted in Fig. 2.
Assuming an equal distribution per axle, the braking force
for every corner is given by half of the total braking force
per axle.

These forces are those in the tire-road contact point,
but for further calculation, they must be transferred to
get the friction force in the brake system. Referring to
Fig. 4, the corner brake forces in the tire patch (Fy, ) and
the brake disc-brake pad contact point (F4,) on every
corner module are proportional due to the equilibrium of
wheel torques. The factor is given by the ratio of their
corresponding radii, where r¢, is the medium friction
radius and rgy, is the dynamic tire radius. Hence, the
friction force is given by eq. (8), where F is the clamping
force, acting between the brake pads and the disc as
soon as both get in contact and C* is the pad coefficient.
For disc brake applications, this coefficient equals two
times the friction coefficient between brake pads and disc.
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Usually, the clamping force is generated by the brake
fluid, which is applied to the brake cylinders, increasing
the brake pressure to the target value. In case of a full
brake-by-wire system, no fluids are used. Instead, elec-
tromechanical actuators generate the clamping force. For
higher reliability and to cover uncertainties in any of the
parameters, a safety factor is used to ensure generation
of enough braking force. Especially, the pad-disc friction
underlies changes (e.g., disc corrosion, pad fatigue,
temperature, ..), but referring to [46, 47, 48, 49], common
values lie at ug, = 0.35 - 0.61 depending on the materials
of the brake disc and brake pads. The authors of [50, 51]
presented new brake pad materials and gained higher
friction coefficients during experiments, but their consid-
eration is not included in the presented study, since too
high adhesion between disc and pad lead to ride
discomfort.

This research is part of the HighScape project (https:./
highscape.eu), which deals with the development of inno-
vative and scalable power electronics solutions for drive-
trains, chassis actuators and auxiliary devices as well. One
central point is the development of an electric brake-by-
wire system. The further development is based on the
project specifications as well as the technical possibilities
at the time. Table 1 contains the parameters for the target
vehicle. Using these values, it is possible to calculate all
necessary values for the sizing of components.

Design of the Brake System
Components

Since the development targets the front brakes, the calcu-
lations are limited to those only. With the data from Table
1, the braking forces are |Fy,¢| &~ 11 kN. The clamping forces
of every front corner can be calculated by eq. (8) including
the multiplication of the safety factor from Table I. Since
the value for ug, can vary during lifetime of the brake
system, Fig. 4 depicts the clamping forces for the
researched adhesion coefficients as grey box. Further,
different combinations of brake disc diameters (D) and
brake pad widths (B), that are related to series SUV appli-
cations of the same manufacturer, are considered. For
the following sizing the second combination is used, since
it equals the original brake setup of the target vehicle.
An essential part of by-wire systems is the electric
motor. From the project, additional specifications must
be considered: the actuator has to be driven by 48 VDC,
the maximum, electrical power shall not exceed 1.5 kW
per corner and must be realized as dual-motor layout
due to redundancy reasons. In case of electric motors
with high speed range, the maximum torque is quite low
and vice versa. On the other hand, high-torque electric

motors consume more power and have bigger dimen-
sions. In case of a high speed range, a reducer with high
ratio is necessary, which might affect the size negatively.
Research on brushless motors with small size lead to
mobile robot applications, where a suitable motor was
found with the specifications in Table 2.

To translate the rotary into a linear motion of the brake
pad carrier in order to generate the clamping force, a trans-
mission device is needed. Different approaches were
outlined in the survey [19], showing that most concepts on
the market use a combination of (planetary gear) reducer
and a (ball) screw drive to amplify the motor torque. Since
the electric motor comes with an integrated planetary gear
reducer with a ratio of 64:1 already, the use of conventional
transmissions will decrease the nominal speed too much,
so regulatory requirements (e.g., for maximum brake appli-
cation time) wouldn't be fulfilled any longer. Further, when
using two motors, there are strict requirements for linear
guidance of the brake pad carrier or the caliper might lock
in case of failure of one motor. Hence, the concept uses a
planar cam drive. This transmission is characterized by
periodic output motion and in the present case, both sides
can be moved independently. In addition, it is possible to
realize the gear with small size. Feasibility of the cam design
was recently showcased in the research carried out by Yan
et al. [53]. The basic mechanism in the actual concept is
based on a design by Vienna Engineering (see [54]), but
adapted to the actual requirements of a dual-motor brake
caliper. A scheme with the acting forces is shown in Fig. 5.
As shown there, the design uses eccentricities to move the
brake pad carrier. The ratio of the lever amplifies the motor
torque at very small space. Reformulating the equilibrium
of the electric motor torque (T,,), load torque (T,,), gener-
ated by the clamping force and the eccentricity between
motor shaft and force action point (e.,), and consideration
of friction in the system (T¢,), the minimum ratio of levers
(h/I) is given by eq. (9), where i, is the total number of
motors, and n,, is the transmission efficiency, respectively.
It is important that the ratio is not set too high, as this
increases the application dynamics. A standard, median
brake application time is t,,, = 0.2 s. With the nominal
motor speed (n,,) from Table 1, the maximum displacement

angle (pmay) 1S given by eq. (10).

Ii > Fclem + Tfr (9)
IZ imentr
2nn, |
< =t
¢max 60 I1 app (10)
TABLE 1 Technical data of the target vehicle
Parameter Symbol Unit Value
Vehicle total mass m, [ka] 2800
Rear load ratio Vs [ 0.51
Normalized height of COG X [M 0.205
Target braking intensity iy [%] 70
Pad-disc friction coefficient Hap [ 043
Dynamic tire radius e [mm] 378

Safety factor Sk [ 12

© The Authors
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TABLE 2 Technical data of electric motor CubeMars AK80-64

(see [52))

Parameter Symbol  Unit Value
Input voltage Vinin V] 48
Output torque (nominal / peak) T, [Nm] 48 /120
Output power (nominal / peak) P, W] 340 / 900
Motor speed (nominal / peak)  ng, [rpm] 23/ 48
Motor inertia Iy [kg:m?  564x10°
Total Mass M [kq] 0.85

The effective pad height and air gap result in a
maximum application distance (S, of 6.5 millimeters,
so eq. (17) gives the length /..

I Sma><2
\/45in(¢'§ax] —sin’ ((Dmax)

Referring to Fig. 5, the ratio of F/F. depends on the
actuation angle. The closer lever I, comes to the position,
at which it is parallel to the brake disc, the higher the
transmission. By reaching the apex, self-amplification
takes place, as the rotating brake disc forces the brake
pad into contact. This could cause wheel lock, if the
maximum motor torque is not high enough to counteract.
Therefore, a stopping pin is integrated, see Fig. 5, that
holds the brake pad carrier at a defined position

hs< (1)

m Scheme of the actuation principle with electric
motor (®), actuation disc (@), lever (®), brake pad on the brake
pad carrier (®), stopping pin (®), and brake disc (©)

© The Authors
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Design of the Power Electronics
Components

A DC/DC converter is required to transform the 400 VDC
from the traction battery to 48 VDC for the motor. This
equals a winding ratio between the primary and secondary
side of 1:.8. Due to its capability for high switching frequen-
cies and high efficiency, see [55], a LLC resonant converter
is used (see Table 3 and Fig. 6).

For design validation, a simulation with static load
was carried out on the power electronics in the software
PLECS as shown in Fig. 7. The load changes at t = 0.2
seconds, leading to an increased output power (P,,). Due
to that, the electrical output current (I ) rises and falls
back to approximately 14 A in less than 0.01 s. This
behavior is due to the used setup: The simulated load
owns no dynamics as a normal electric motor, that can
be simplified with an internal resistance and capacity.
Therefore, the signal can perform a step in simulation,
but this will not happen in reality. However, the plot
depicts, that the converter is able to restore the voltage
output (Vi ess) to the reference value of Vi, = 48 VDC
rather quick and to maintain it.

Additionally, further simulations at different loads
were performed. From the data, the total power losses
and further the efficiency were determined, see Fig. 8.
From the virtual assessment, a maximum efficiency ratio
of > 98 % was determined. Similar to the first converter,
a second unit was developed as part of the safety concept,
which is described next. The general structure of the
converter is similar to the first one, so no further descrip-
tion is given here.

TABLE 3 Technical data of the target LLC converter

Parameter Symbol Unit Value
Magnetizing inductance Lz [1H] 385
Resonant inductance Lres [H] 55
Resonant capacity Cres [nF] 46

m 3D model of the converter with (1) power
switches, (2) resonant tank, (3) transformer, (4) diode rectifier

with filter and (5) driver unit.

S

© The Authors



[V @l Results of converter performance for one
simulation loop of t=0.8 s
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Functional Safety Concept

Safety is defined as the “absence of unreasonable risk”
and functional safety as “specification of the functional
safety requirements, with associated information, their
allocation to elements within the architecture, and their
interaction necessary to achieve the safety goals” ([1], Part
1). In the vehicle sector, these measures are defined by
the Automotive Safety Integrity Levels (ASILs), see [1], Part
12. Basically, the ASILs are derived from a Hazard Analysis
and Risk Assessment, where any failure’s features exposure,
controllability, and severity are rated. The sum of all three
defines the ASIL. As an example: Loosing one backlight
is not unlikely, but well controllable and without harm, so
the ASIL is very low. In contrast, the loss of the brake
system can lead to severe harm or even death. Hence, a
brake system receives the highest classification, which is
ASIL D. This means any failure with very high exposure
(E4), lethal end (S4) and uncontrollability (C3) must not
occur 107/h, which equals once per 10 years. To guar-
antee this, the proposed system has to be fail-operational,
so redundancy concepts (e.g., double wiring, second
energy storage) are needed for the case of spontaneous
power loss.

© The Authors
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One crucial failure in brake-by-wire systems is the
loss of the supply with electric energy, which leads directly
to a failure of the actuators. Figure 9 shows a scheme of
the concept for the present brake-by-wire system. In
particular, three power supplies are integrated. First is
the 400 VDC system from the traction battery, mainly
used for driving and storage of regenerated energy.
Second is the 12 VDC (lead-acid) battery, which supplies
auxiliaries with low power demand. Finally, a 48 VDC
battery for the supply of the brake system, is additionally
installed. Even, that many modern BEVs do not have a 48
VDC battery, since it was primarily used in mild-hybrid
electric vehicles, it seems likely to integrate it, since new
x-by-wire chassis systems have higher power demands,
that are no longer compatible to the 12 VDC board net
solely. Besides the storages, one bi- (<) and two unidi-
rectional (=>) DC/DC converters are used. Further, every
storage owns a battery management system (BMS) for
optimal power balancing and state observation. These
components are not discussed in this paper, since there
are mature parts already available. In addition, there won't
be any further explanation of the rear axle. As already
stated, this article is focused on the front calipers, since
EMB for rear axle applications do already have an
adequate maturity and can be supplied by the 12 VDC
board net. However, they are not taken into account in
the safety concept, but are shown in Fig. 9 for the sake
of completeness. In the next sections, several failure
scenarios are discussed to better explain the strategies
for making the system fail-operational. These use cases
(UCs) are intended as examples, even if the likelihood
during use of the vehicle is low.

UC 1: The first use case under investigation is any
event, that leads to a complete failure of the 400
VDC-to-48 VDC converter as the main supply for the
brake-by-wire-system. In this case, the electric energy for
brake actuation comes from an integrated 48 V lithium-
ion battery. In case, there is no power demand from the
brake system, a second DC/DC converter recharges the
battery from the 12 VDC board net.

UC 2: Second use case describes complete failure of
the 48 VDC battery. As with UC 1, the electric energy then

m Brake system and redundant power supply layout
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—— High-Voltage System Level 12 4 »n 48V
—— Data Exchange ] J =
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comes directly from the traction battery through the main
DC/DC converter.

UC 3: Similar to the first use case, the main supply
gets cut-off through any failure of the traction battery.
The power supply is then shifted to the 48 VDC battery,
but since a loss of the traction battery leads to complete
loss of traction power too, only braking to standstill and
activation of the parking brake needs to be supported.

UC 4 Besides the high-voltage components, a loss
of the 12 VDC board net can be crucial, since the control
units and EMB calipers on the rear axle are supplied with
low-voltage. Therefore, this case needs to be investigated
too. In case of losing the 12 VDC supply, the electric energy
can be taken from the bidirectional converter, which is
connected to the 48 VDC battery.

UC 5: Since digitalization and driving automation is
evolving, the software must be considered too. This
means cross-checks, whether the signals from the calipers
are logical and equal to the demands coming from the
control unit(s). If not, a safety mechanism needs to
be installed, that compares the signals constantly and
suppresses any command to a faulty caliper. This excludes
a shut-down of the whole brake system.

In the previous sections, a concept for pure EMB system,
suitable for BEVs, was introduced. Unlike other approaches,
the current design does not use spindle drives, but a
planar cam transmission in addition with a dual-motor
design for functional safety aspects. Further, the power
electronics were designed and simulated. Despite these
achievements, some further aspects shall be mentioned.
These points are carried out in future research.

First, the system’s packaging has to be optimized.
With choice of a high-torque motor, a system for mobile
robot applications was found. This motor comes with an
integrated planetary gear reducer, that provides a good
torque density, but increases its size to nearly 10 cm in
diameter. Since two of these motors are required for
redundancy reasons, it is quite challenging to apply both
on existing floating brake calipers. Moreover, both
together have a mass of approximately 1.7 kilograms,
increasing the unsprung masses of the vehicle and leading
to lower eigenfrequencies of the corner, what is negatively
affecting the ride comfort. Further research on more
compact motors is mandatory. In the opinion of the
authors, these motors need to be developed in strong
collaboration with clients, since the systems available on
the market do not fit every application.

For the simulations, the system was splitted into
mechanics and power electronics due to the different
development stages of the components. The simulations
on the power electronics were performed with static
loads, which just gives a limited outcome of the real
performance. Since it is possible to simulate both parts
in Simulink, a combined simulation would be a) more
reliable and b) useful for other investigation e.g., vehicle

dynamics and motion control. Further, the system works
without any active safety or stabilization control at the
moment. For evaluation of braking performance and
braking stability, the future implementation of standard
systems like antilock braking system and electronic
stability control should be considered.

This paper discusses a possible conception of a full EMB
system for front axle applications on BEVSs, since electro-
mechanical calipers for the rear axle are already available
with adequate maturity. The design uses a planar cam
drive in combination with an angular lever instead of
spindle or ball screw drive. With this approach, it was
possible to design a transmission in a dual-motor EMB
actuator, that is less space consuming. Additionally, two
DC/DC converters has been designed to enable the brake
system to be supplied directly from the 400 VDC traction
battery and the 12 VDC board net as well to establish a
fail-operational system layout for proper performance
and low risk even in case of loss of electric power. During
the virtual functionality verification tests, the used
converters proofed their feasibility to provide a stable
power supply at 48 VDC and both achieved a component
efficiency ratio of over 98 %. Further, a safety concept
was discussed for specific use cases.
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a first prototype by middle of the year.
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Definitions, Acronyms, COG - Center of Gravity
Abbreviations DC - Direct Current

ECU - Electronic Control Unit
ASIL - Automotive Safety Integrity Level EMB - Electromechanical brake
BBW - Brake-by-Wire SUV - Sport Utility Vehicle
BEV - Battery Electric Vehicle UC - Use Case
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