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Abstract

In publications and conferences on the subject of wheel brakes, different concepts of electromechanically actuated wheel
brakes can be found, as well as investigations into their suitability for the use in passenger cars. The vast majority of these
brakes are disc or drum brakes, which are actuated by an electric motor. In the present publication, a brake concept is con-
sidered, that combines an electromagnetically actuated full-pad disc brake with a 10” duo-duplex drum brake. The brake
concept is researched in a project regarding brakes for autonomous shuttles and thus dimensioned using vehicle data of an
example shuttle. The electromagnet was designed using finite element methods and the overall brake prototypically realized.
The validation of the system design is carried out in component and system tests. The results show the suitability of the
concept for the selected vehicle in terms of dynamics, installation space and energy requirements. However, there is a strong
dependence of the braking torque output on the frictional sliding speed. Using hypothesis-based testing, electromagnetic
effects like eddy currents are ruled out as a possible cause and the friction coefficient within the full-pad disc brake is identi-
fied as the main cause for the loss in torque. Consequently, the associated development conflict is identified and lies in the
double function of the flux-carrying material in the electromagnet, which also acts as a friction partner for the braking disc.

Keywords Future brake system - Automotive brakes - Dry brake - Magnetic brake - Drum brake - Disc brake

1 Introduction systems, these concepts imply a necessity to reevaluate the
requirements placed on the systems [7]. For the wheel brake
in particular, the following changes result in an especially

significant alteration of use cases:

Three main development trends can currently be identified in
the automotive industry. These are autonomous driving, the
increasing electrification of the powertrain and the reduction
or avoidance of emissions. The combination of these trends
generates novel mobility concepts, such as autonomous shut-
tles [2]. These present an alternative to passenger transport @
to the classic passenger car and promise a demand-oriented

transport solution in urban areas. For the design of chassis

Autonomous driving:
The human driver is no longer the operator of the vehicle
and the components no longer have to be designed for the

worst-case use of human drivers.
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anticipated advantages of these concepts are the motivation
for further research into this type of brake actuation.

2 Motivation

The motivation for developing electromechanical wheel
brakes lies both in the functional range required for modern
vehicles and in efficiency considerations in operation and
production.

Electromechanical, dry brake systems (“dry brake-
by-wire””) promise the following advantages over classic,
hydraulic wheel brakes: [14, 16]

e Easier implementation of driver-independent operation
and individual control (brake blending, assistance sys-
tems)

e Elimination of individual, distributed hydraulic modules
and fluid (ESC, vacuum pump, brake booster)

e No necessity for filling and bleeding in final assembly by
the manufacturer

e Modular, decentralized design, thus lower risk of total
brake system failure (in case of redundant energy supply)

For passenger cars, research and development is primar-
ily pursuing the electromotive actuation concept [16]. In the
state of the art, both electric motor-operated disc brakes and
drum brakes can be found [4].

In addition to the electric motor as an actuator, the elec-
tromagnet is also known in electromechanics. While in the
industry some normally closed (NC) safety brakes with elec-
tromagnetic actuation can be found [5], only de-energized
(NO) wheel brakes are permitted for passenger-carrying
vehicles [15] for stability reasons. In series, there are only
versions of the so-called Warner-Trailer Brake, which is
a duo-servo drum brake with an electromagnetic actuator

(Warner [17]. In contrast to patents from the early twen-
tieth century, e.g. [12], few research publications address
the suitability and performance of this type of actuation,
although there are some potential advantages over electro-
motive actuation:

1. An electric motor as an actuator provides a torque-speed
characteristic that is opposite to the actual load charac-
teristic for wheel brake actuation. The motor delivers
high speeds at low torques, while the load requires small
travels and high forces. Conversion, therefore, requires
high-ratio gears with many moving parts with large vari-
ances in efficiency over service life and sensitivity to a
variety of disturbance variables. A holding solenoid, on
the other hand, offers high forces and is limited to small
displacements due to its design. As a result, it requires
less mechanical complexity to convert the actuator's out-
put for brake actuation.

2. The electric motor often used in the BLDC (Brushless
Direct Current) motor design [16] requires three con-
trolled phases, i.e. three current sensors and complex
transistor circuits, in addition to an angle sensor. A hold-
ing solenoid, on the other hand, can operate in a single
phase.

3 Concept

The wheel brake concept under investigation is based on
a patent from the Knott company [11], which was further
developed in cooperation with the Department of Automo-
tive Engineering of TU Darmstadt and Continental Teves
[1]. It comprises a 10" duo-duplex drum brake (1, Fig. 1),
inside which a coaxial holding solenoid (3) is situated.
The holding solenoid is attracted to the armature disc (2)

Fig.1 3D views of the hybrid brake concept (1: drum, 2: armature disc, 3: holding solenoid, 4: drum brake shoes, 5: force transmission surface)
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rotating with the wheel when the solenoid coils are ener-
gized. The frictional torque resulting from the axial mag-
netic force between the disc brake and solenoid is trans-
mitted as an actuating force to the drum brake shoes (4)
via the teeth on the back of the solenoid (5). The concept,
therefore, represents a combination of a duo-duplex drum
brake in series connection with a magnetically actuated
full-pad disc brake. The brake works equally in both direc-
tions, as it is designed symmetrically. The system can be
powered by a current controller working at 12 Volts. To
release the brake, the magnet is pulled against the back
plate with return springs, so that the brake is released
when no current is applied.

The block diagram (Fig. 2) shows the technical function
with the respective state variables.

In detail, the brake actuation process can be described as
follows: In the beginning, the brake is in its released state.
A current setpoint I, is set for the solenoid coils, which are
controlled by a current controller with the control voltage
U,.n- The clearance or the initial air gap of the magnetic
disc brake is closing as soon as the magnetic force F,,, is
large enough to overcome the return springs and the solenoid
moves toward the disc with its displacement xg. When the
holding solenoid attaches to the disc, a friction torque Mp,
is generated. The friction torque causes the magnetic ring
to rotate at a small angle @q and the tangential force F,,,
is transmitted to the actuation surfaces of the drum brake

shoes. This force is used to actuate the brake shoes which
generate a friction torque M, at the drum.

For testing purposes, the prototype can be configured
in different setups:

1. System setup: disc and drum brake (as shown in Fig. 2)
2. Disc setup: disc brake only

4 Dimensioning of the wheel brake

The wheel brake is designed for a rear wheel of an autono-
mous shuttle, in particular, the so-called “CUbE” from Con-
tinental [2]. The shuttle itself is designed to have a preferred
driving direction because it would otherwise require a com-
plex cooling system working in all driving directions. The
case of an emergency braking procedure with a deceleration
of a = —1g on a high friction coefficient requires a brak-
ing torque of approximately 1100Nm at the rear wheel. The
dimensioning of the concept is based on this value.

The total braking torque is calculated according to Fig. 2:

My, * or
Mg, =Mp, + My, = — -1p, - ¢ + My, = My, s+ 1

act act

Fact

p
=Fmag'ﬂDi‘reff.<_r'C*+1>

The necessary actuator force is calculated:

Power Mpi Mg
» +
Supply
M, Dr
! Usup
I Ps
set Current | Ueon | Electro- | fmeg | Full-pad | Drum
Controller [ magnet Xs Disc Brake ["F_, Brake
act
Fig.2 Block diagram of the hybrid brake concept
Table 1 Assumpti.ong and My, Total braking torque 1100 Nm
values for dimensioning
Hpi(assumed) Friction coefficient on disc 0.3
re(assumed) Effective friction radius on disc 0.1m
by Friction radius on drum surface 0.127 m
Fact Actuation radius of drum brake shoes 0.09 m
c*(assumed) Brake factor of drum brake 2.5-4.6 (with

0.3 < pp, <0.4)
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mee . R |
Hpi * Teff ¢

The following design variables are estimated or deter-
mined geometrically (Table 1):

The calculated necessary magnetic force lies therefore
between F,,,(¢* = 2,5) = 8kN and F,,,,(c* = 4,6) = 5kN.

The torque share of the disc brake to the total torque is
calculated as follows:

My 1
MBr ﬁ'C"‘-i-l

act

The equation yields the values #(C* =2,5)=0,22and

%(C* =4,6) =0, 14. Since the drum and armature disc
Br

3

Fig.3 Cross section of the holding solenoid (1: steel yoke, 2: cast
friction rings, 3: copper coils, 4: NAO friction material, 5: steel arma-
ture disc, magnetic flux in red)

Table 2 Functional overview of the components of the holding solenoid

have the same angular velocity, the power contribution of
the armature disc to the total frictional braking power is also
14 — 22%.

5 Actuator

A holding solenoid, which works at minimal airgaps, is used
as the actuator, which consists of multiple individual parts
(Fig. 3).

The cross-section and the choice of materials are the
results of a student thesis [6], with the aim to optimize the
magnetic force yield in the available installation space by
means of FEM calculations. The parts carrying the magnetic
flux are the steel yoke with “E” cross-Sect. (1), the cast fric-
tion rings (2) and the armature disc made of steel (5). In
addition, two excitation coils (3) are inserted as well as two
friction rings made of a metal-free NAO friction material
(4). The two excitation coils carry currents in different direc-
tions so that the resulting flux is amplified. In the event of
failure of one coil, the brake can still be operated, but with
lower maximum torque if they are connected in parallel.

Table 2 gives an overview of the functions of each
component.

The cast friction rings were chosen as a compromise
between high saturation flux density (about 1,5 T) and
graphite content (about 3,5%) of the material. For produc-
tion purposes, they were designed with a thickness of 4 mm.

6 Testing
6.1 Testing method

To investigate the suitability of the brake, different tests are
carried out to validate the design.

Part Name Functions

1 Steel yoke

1. Guidance of magnetic flux with high permeability

2. Enclosure and containment of all components of the holding solenoid
3. Transmission of the tangential forces generated by friction to actuate the drum

brake shoes

2 Cast friction rings

1. Guidance of magnetic flux with high permeability

2. Lubrication of the friction surface by means of embedded graphite spheres
3. Generation of the friction torque in combination with disc

3 Copper coils
NAO—friction rings

5 Armature disc

Generation of the necessary excitation for the magnetic flux
Improvement of the friction properties of the ring and armature plate pairing
1. Guidance of magnetic flux with high permeability

2. Friction partner for holding solenoid
3. Transmission of the braking torque to the wheel
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1. The actuator itself is examined for the actuator force it
can generate.

2. The dynamics for the actuation of the brake are identi-
fied.

3. The generated torque at the disc is identified as well as

the total braking torque at different speeds.

Any deviations found from the design assumptions are
then investigated and evaluated for their cause using hypoth-
esis-based tests.

The respective testing procedures are documented in the
following test descriptions.

6.2 Experiments to identify the generated actuator
force

6.2.1 Goal

The aim of the experiment is to identify the actuator force
that can be generated as a function of the air gap present, to
examine the actuator for compliance with the requirements
(Fmag(c* =2,5) = 8kN). In addition, the electrical power
loss at the required current is calculated.

6.2.2 Test execution

The achieved magnetic force of the solenoid is identified
quasi-statically by means of pull-off tests since a direct force
measurement between the ring and disc is not applicable
without influencing the magnetic flux. For this purpose, the
ring and disc are mounted on a tensile force testing machine
and quasi-statically pulled off under constant current flow.
The required electrical voltage is also considered for power
calculation. The highest tensile force measured in each case
during the pull-off process is used as the passing criterion to
check whether the actuator has reached its target force. To

simulate different constant air gaps, brass foils with defined
thicknesses d = [0;0, 1;0, 25;0, 35Tmm are placed between the
holding solenoid and the armature disc. These have a relative
magnetic permeability similar to vacuum with u, ~ 1. For
each data point in the evaluation one measurement was taken.

6.2.3 Evaluation

The actuator achieves a maximum force of 7.8 kN with the
smallest possible air gap and 20 A current and thus reaches
the required actuator force with a negligible 200 N dif-
ference (Fig. 4). The electrical resistance of the windings
connected in series is R, = 0,54Q at room temperature.
Thus, the electrical power at a current of 20 A results in
P, =R-I>=216W. The force curve at the smallest pos-
sible air gap shows the typical curve of a holding solenoid
operated up to saturation. For larger air gaps, the relationship
between force and Resembles a linear curve more closely,
which suggests that the solenoid is in the lower, linear flux
density range.

6.3 Test for evaluation of system dynamics and ABS
suitability

6.3.1 Goal
The system dynamics of the hybrid brake are tested in the

System Setup on a test bench to investigate the brake con-
cept’s suitability for slip control at an early prototype stage.

6.3.2 Execution

The brake is controlled by means of jumps in the setpoint
value. At a vehicle speed of constant 9 km/h, the solenoid
is exposed to voltage jumps from O to 12 V and vice versa.

Magnetic Force of Actuator

8 T T T T | T T
—>—— Airgap 0 mm i
6 —+—— Airgap 0.1 mm
= Airgap 0.25 mm
fg‘ —&— Airgap 0.35 mm S
240
1S
W
2 —
0
0 2 4 6 8 10 12 14 16 18 20
/ in A
mag

Fig.4 Measured holding force over current and air gap
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To reduce the influence of random measurement devia-
tions, the measurements are repeated three times. A meas-
urement frequency of 10 kHz is chosen, to get a sufficient
resolution on the torque response.

6.3.3 Evaluation

The times taken to reach 90% of the final torque are used for
evaluation. For this purpose, segments are formed from the
measured data, each of which is consisting of either "voltage
jump rising" and "voltage jump falling". Within these seg-
ments, the duration is calculated which is required to reach
90% of the final torque within the segment from the time of
the voltage step (Fig. 5).

It can also be seen, that the torque is oscillating. The
oscillation is most likely caused by a stick—slip effect, as the
solenoid sticks and slips on the armature disk. This effect
can cause NVH issues with the brake, that are not researched
further in this article.

The times achieved averaged over the three repetitions for
the group "voltage jump rising" result in: 74, = 54ms and for
"voltage jump falling": 79, = 57ms.

For a fast change in torque, this results in a maximum
possible frequency of f = L ~ 17, 6Hz. For modern slip

Too
controllers, which control in the range up to 10 Hz in

hydraulic brake systems [9], the brake can thus be consid-
ered suitable, since it can be applied with a higher
frequency.

6.4 Tests on the torque generation of the overall
system and the disc brake

For the identification of the generated torques, tests of the
entire system (system setup) as well as only of the solid disc
brake (disc setup) are carried out.

6.4.1 Goal

The goal of the test is to identify the braking torque gener-
ated from the disc brake subsystem and in the overall disc
and drum system as a function of the variables current and
speed.

6.4.2 Execution

To identify the torque generation, a map with different
speeds and current strengths is created and individual points
of this map are tested in a stationary manner (by means of
drag braking) on a brake dynamometer.

The speeds considered are v = [2;5;15;30;55;100;144]km/h
orv=1[0,5;1,3;4,1;15,3;27, 8;40]m /s with a wheel diam-
eter of 0, 3m and the currents / = 1..14A in steps of 1A. To
reduce the influence of random measurement deviations, the
measurements are repeated three times in disc brake mode.

6.4.3 Evaluation

The evaluation of the tests is automated according to the
following procedure (Fig. 6):

1. Filtering of torque and current signal by a two-sided
moving average.

2. After reaching 97% of the nominal current, the maxi-
mum torque is searched for in a time window of 150 ms.
The search period results from the time usually required
to reach the maximum braking torque of 150 ms in a
vehicle (TTL: Time to lock) [13].

3. The start time for averaging is set to when 95% of the
maximum torque found is reached.

4. The end time for averaging is set according to the dura-
tion of one complete revolution of the brake. If one revo-
lution is not reached in the test duration (due to the low

[T
1200 [~ i -
1000 |
800 :
600 1 Torque in Nm
| UinV/100
400 - == Trigger ]
200 = — —Time 90%:59ms | |
| End Torque: 956 Nm
0 I Ly I
-0.02 0 0.02 0.04 0.06 0.08 0.1
tins

Fig.5 Evaluation of system dynamics for time to reach 90% of final torque
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Torque Evaluation
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Fig.6 Evaluation of one drag braking test
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Fig. 7 Torque generation of the disc brake as a function of the current
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Fig. 8 Torque generation in system setup over current
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velocity), the end time is set to when the current drops
below 97% of the set current.

By limiting the evaluation duration to one revolution, the
disturbance variable influence of the temperature during the
measurement is reduced.

For evaluation purposes, the achieved torques are plotted
in curve arrays versus current and versus velocity for both
the disc brake (Fig. 7) and the overall system (Fig. 8).

The following expected characteristics are included in the
curve over the current for the disc brake (Fig. 7):

1. As the current increases, the torque increases as a result
of the higher axial force in the disc brake.

2. Due to saturation of the flux density in the flux path, the
increase in torque is degressive.

3. In the range of approx. 1-2 A, no torque is generated.
The reason for this is the necessity to overcome the

Torque over velocity
I

initial air gap between yoke and armature disc, which
requires a minimum axial force defined by the return
springs.

As the disc brake generates the actuation force for the
drum brake, these characteristics are also observable in the
torque curves for operation in the system setup (Fig. 8).

However, when considering the torque curve over the
velocities, an unexpected behavior occurs. At all cur-
rent levels, a dependence of the torque on the speed can
be observed. At the highest current level, the percentage
decrease in torque in disc mode between slow and fast driv-
ing is 58%. In system setup, this decrease amounts to 71%.
This is particularly clear from the plot of torque versus
velocity (Figs. 9 and 10).

With the two torque curves, the effective ¢* can be calcu-
lated using the equation for the torque ratio:

100

N4 I

!
5 10 15 20

Fig. 9 Torque generation of the disc brake over velocity

Torque over velocity
I I

| T [
——I=1A I=6A ——— [=11A|
—6— |=2A —&2— |=7TA —5— [=12A
/I=3A —&— |=8A I=13A|
—%— |=4A —P>— |=9A —H&F— [=14A
—— I=5A /=10 A
B

vinm/s

1500 -

1000

M in Nm

500

——I=1A I=6A —— I=11A] |
—O— |=2A —A— |=TA —%— [=12A

I=3A —5— [=8A /=13 A
—%— [=4A —B— [=9A —*— [=14A|]
—— I=5A /=10 A

Fig. 10 Torque generation in system setup over velocity
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Fig. 11 Calculated brake factor Brake Factor of Drum

c* for the drum brake
2
1.8
16
14
12

Table 3 Geometric values of drum brake for brake factor calculation

a =93mm Vertical distance of pivot to center

¢ =20mm Horizontal distance of pivot to center
r=127mm Radius of drum

a=76°=1,33 Angle of coverage of brake pad on brake shoe

The brake factor c¢* is represented via the calculated actua-
tion force F,,, = tﬁ and the velocity (Fig. 11).

It can be seen from the diagram that the brake factor of
the drum brake lies between ¢* = 0, 83 and 2, 16 The value
is particularly low in the range of high speeds and high actu-
ating forces, and higher at low speeds and lower actuating
forces. The calculated value based on the measured data is
therefore lower than the design assumption made in Table 1.

With the calculated brake factors it is possible to calculate
the friction coefficient between the drum and the brake shoes
Hp, using the following formula for two leading brake shoes
in a drum brake [3]:

Fig. 12 Calculated friction coef-
ficient pp, of drum brake

vin mis
c* _ 2”Drh _ Klaoc*
K,ay — rup,” 2h — rc*
sin(a) + a
K, = L;ao =Va?+c?

.1
4. sm<5a>

With the following geometric values for the drum
(Table 3).

The results of the calculation are shown in Fig. 12:

The friction coefficient of the drum brake up,, varies
between 0.29 and 0.15.

To investigate the cause of the unexpected decrease in
torque at higher speeds, especially in disc operation, two
hypotheses are set up and falsification tests based on them
are carried out. The loss in torque of the drum brake itself
will not be researched further, as the disc brake component
represents the center of interest for the braking concept.

Hypothesis 1: The drop in torque is due to a decreasing
axial force over velocity due to magnetic field weaken-
ing (due to eddy currents or mechanically induced air
gap fluctuations)

Hypothesis 2: The drop in torque is due to a speed-
dependent coefficient of friction between the solenoid
and the armature disc

Friction Coefficient of Drum

0.3
0.25
02
w0 15 20 2 %
vin mis
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6.5 Falsification tests for hypothesis 1: magnetic
field weakening during operation

The underlying hypothesis assumes a weakening of the
magnetic force during operation as a function of the rota-
tional speed. The magnetic force of an electromagnet largely
depends on the flux densityB, the flux-carrying area A and
the permeability in the air gap p,. Maxwell's formula of
magnetic traction force [10], p. 74) shows this relationship:

_BA

F =24
2uy

mag

The effective flux density in the prototype is influenced
by the size of the air gap present, by eddy currents arising
which counteract the flux density, and by saturation effects
in the material through which the flux flows. Eddy currents
occur when there is a change in flux density in the electri-
cally conducting material. The necessary potential difference
arises from the induced voltage U, 4, which is proportional
to the change in flux density B in the material. However,
if the geometry of the prototype is considered ideally, no
change in the flux density can be assumed, since the flux
does not change under rotation of the armature disc, i.e.,
when considered over the circumference. The same applies
to the radial flux profile. In reality, however, there can be
deviations in the centric arrangement between the solenoid
and the armature disc, which can cause a radial flux density
change in the disc.

A second chain of effects to weaken the flux density
would be an increase of the mean air gap when the brake
is applied depending on the rotational speed, which would
be due to dynamic effects. If one of these phenomena were
to weaken the magnetic flux density, in this case saturation
would have to occur only at a higher excitation (at a higher
current).

Normalized torque over current

The investigation of the torque of the disc brake (Fig. 7)
shows a typical saturation curve of the flux density in the
materials of the magnetic circuit. If there was a field weak-
ening effect in the area of higher speeds this saturation
would shift to higher excitations (meaning higher currents).
Figure 13 shows the torque curve over currents in a normal-
ized display, by dividing all torque values of each velocity
with the torque value at 14 A. The graph shows that each
curve has its point of inflection in the range of 7 to 8 A. This
observation consequently argues against the hypothesis of a
field weakening effect.

To be able to make a more substantiated statement about
the effective magnetic force, the change in flux density is
identified via the induced voltage in a further experiment
using several measuring coils introduced into the flux path
of the solenoid.

6.5.1 Experiments to identify the effective magnetic flux
density

6.5.1.1 Goal The aim of the experiment is to identify the
effective magnetic flux density at different currents and
speeds and thus to estimate the axial force in the disc brake
system.

6.5.1.2 Execution For the
speeds are approached with the dyno test bench
with v =[2;10;15;20;40lm/s and fixed currents of
I =[8;12;16;20]A are set. After reaching the set velocity,
the induced voltages of the measuring coils are recorded
during the actuation and release of the brake for a meas-
urement period of 2 s. The voltage of the measuring coils
is measured and then integrated to calculate the static flux
density at a fixed current and velocity.

experiment, fixed

1 T
0.8
<
Y 06
s
= 04 —— v=149m/s |
—O— v=14m/s v=27.2m/s
021 v=41m/s —&— v=39.4m/s|
—>*— v=81m/s
0 £ ]
0 5 10 15

Fig. 13 Normalized torque curve for the disc brake
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Fig. 14 Flux densities over wheel circumference velocity
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9000 - =
Z 8000 .
£
3 8A
w7000~ 12 A n
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0 5 10 15 20 25 30 35 40
vinm/s

Fig. 15 Actuator force estimation based on the calculated flux density

6.5.1.3 Evaluation The series of experiments yields the fol-
lowing flux densities versus velocity. Figure 14 shows the
flux density over the center leg of the solenoid.

Maxwell's formula of magnetic traction force can be used
to calculate the acting axial forces considering all three legs
of the yoke and to plot them versus velocity (Fig. 15).

The estimated forces of the actuator are consistently
higher than the identified pull-off forces of the actuator with-
out measuring coils in Fig. 4, but a direct comparison of the
values is not valid due to the deviation in the design of the
solenoid, which was necessary to include the measurement
coils.

The highest percentage deviation in force between slow
and fast speeds can be observed at 20 A and amounts to
5.6%, which is not sufficient to explain the 71% drop in
braking torque that was observed earlier. Consequently, the
decrease of the friction torque over the velocity does not
have its cause in a significant decrease in the magnetic flux

density or magnetic force. The hypothesis of field weakening
during operation is thus falsified.

6.6 Falsification tests for hypothesis 2:
“Speed-dependent coefficient of friction
between magnet and armature plate”

6.6.1 Goal

The aim of the experiment is to identify the coefficient of
friction of the armature disc and cast friction rings up,; as
a function of speed and contact pressure. To do so, it is
necessary to know the acting axial force and the resulting
circumferential force.
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Fig. 16 Exploded view of the assembly for hydraulic actuation of the
yoke ring without friction lining rings

6.6.2 Execution

For the execution of the experiments, an adaptation of
the design is made. Since the magnetic force in operation
can only be estimated by derivation from flux density, the
full-pad disc brake is actuated by hydraulic cylinders (see
Fig. 16), which provides more precise knowledge of the
axial force via the hydraulic pressure. Since the axial ten-
sile force acts only between the cast rings and the armature
disc in magnetic operation, the two friction material rings
are removed for this experiment. The velocities are set to
V= [2;10;15;20;40]%. The pressure levels are also varied
with p = [5;10;30;55]bar, which corresponds to the axial
forces of F,, =[1;2;6;11]kN. To reduce the influence of
random measurement deviations, the measurements are
repeated three times.

6.6.3 Evaluation

The evaluation shows that the coefficient of friction of the
cast rings on the armature disc, which are mainly involved

in the friction pairing, drops sharply with speed (Fig. 17).
The friction values were calculated assuming a constant
effective friction radius and averaged over the three repeti-
tions in each case. For low speeds, friction values in the
range 0,37 < pp; < 0,67, are obtained, and in the range of
higher speeds only 0, 11 < pp; < 0,24, corresponding to a
percentage change of 70% and 67%, respectively. The fric-
tion values at low speeds are much higher than the ones
assumed for the initial dimensioning of the brake. Addition-
ally, a dependency on surface pressure becomes apparent,
with higher surface pressure the friction coefficient of the
disc brake decreases.

The result of this test shows that the hypothesis of the
speed-dependent coefficient of friction cannot be falsified
and therefore withstands. Looking ahead, there is the ques-
tion of the involvement of friction lining rings in friction
force generation. This cannot be clarified with this test
setup, since in magnetic operation the tensile forces exist
only between the armature disc and the cast friction rings,
whereas the hydraulic test setup would generate compressive
forces over the entire ring.

For the drop of friction coefficient over speed there are
different possible explanations. One could have its cause
in the temperatures of the friction areas, which could not
be measured in the experiments because there was no way
to put a temperature sensor at the surface directly. If the
temperature of the surface would have reached very high
levels, the typical effect of brake fading can occur. The dif-
ferences in friction coefficient over contact pressure occur
due to the compression of the friction partners. For lower
contact pressures the unevenness of the two surfaces that are
pressed against each other might be higher, than the uneven-
ness with higher contact pressures. A higher unevenness of
the surface could have an impact on the friction coefficient
of the surfaces.

Friction coefficient over velocity GJS Rings

0.8 T T T T T T
—H8— p=4.1bar
0.6 —FH— p=9bar N
p =29.2 bar
—H8— p =54.2 bar
04 o
0.2 n
0 | | | | | | | |
0 5 10 15 20 25 30 35 40 45
vinm/s

Fig. 17 Coefficient of friction p,; of GJS rings versus speed v, including repetition of measurements marked with x and o
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7 Conclusion and outlook

Investigations of the magnetic hybrid brake concept
show that a high braking torque is generated, especially
in the low-speed range, even with low electrical power
(P4(1350Nm, 14A) = 106W). The dynamics of the brake
are not inferior to the state of the art of today’s hydraulic
systems, and the basic requirements on dynamics for ABS
control are met. The design of the brake meets the instal-
lation space objective of realizing a complete wheel brake
including actuation within a 10-inch drum brake space. The
mechanical complexity and number of moving parts are
significantly lower than that of similarly powerful, electric
motor-actuated drum brake concepts, which rely on multi-
stage, high-ratio transmissions.

However, the existing challenges of the concept are
evident in the strong dependence of the generated brak-
ing torque of the magnetic disc brake on the speed. After
the systematic, deterministic exclusion of influences of the
drum brake and of eddy currents or dynamic air gap changes
within the magnetic disc brake, the coefficient of friction
in combination with the effective friction radius has shown
to be the most sensitive parameter depending on the dis-
turbance variable of speed and also contact pressure. This
reveals the major development conflict in the material of
the yoke of the solenoid, which must have both favorable
flux-carrying properties and be a robust friction partner for
the rotating armature disc. Furthermore, torque fluctuations
occur over time, which can cause NVH problems in the
event of resonance.

Due to its design, the wheel brake is limited to the
medium to upper range of torques for a braking operation in
its control capability since the initial air gap must be over-
come with a medium current for application and the solenoid
hits the disc as a result of the increase in magnetic force due
to a decreasing airgap. After the solenoid has been applied,
however, the current can be reduced to subsequently set a
lower torque. The suitability of the brake is thus reduced
to vehicles that perform comfort braking predominantly by
means of an alternative system (e.g. a regenerative brake)
and use the hybrid brake for braking with higher torque
requirements in hazardous situations. An autonomous, elec-
trified shuttle could be considered as an example.

Looking ahead, further investigation into the suitability
of the brake concept linking controllability for low torques
with ride comfort is needed. Based on the test results, it
is advisable to focus development on the subsystem of the
magnetic disc brake to improve its friction behavior. Due to
the aforementioned development conflict, an investigation of
different materials or coatings to optimize the two functional
objectives of flux guidance and friction force generation is
recommended.
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