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Abstract: As an extension of a paper published at the 24th International Conference on Mechatronics
Technology, ICMT 2021 conference, this paper shows the concept, design method, and model of
a hybrid brake with additional validation. An eddy current brake cannot be used to decelerate a
vehicle to a standstill. However, the magnetic attraction force between the rotor and stator of an
eddy current brake can be used to generate an additional mechanical friction torque. By using a disc
spring between the rotor and stator, the eddy current brake is extended to a so-called hybrid brake. In
particular, the model and design method of the disc spring are the focus of this work. Using a system
model that includes the electromagnetic and mechanical domains, the wear reduction compared to
a conventional friction brake and the dynamic behaviour depending on the spring parameters are
investigated. Finally, a disc spring is designed in FEM with the desired force–displacement curve.
In addition, a working demonstrator of a hybrid brake is constructed, and the electromagnetic and
mechanical system models are compared with the experimental results. For the first time, it is shown
that the concept of using the magnetic attraction force between the rotor and stator of an eddy current
brake for braking to a stop is working. In a speed range of 0–7500 rpm, it is possible to generate a
torque of 100 Nm, whereby at speeds higher than 3500 rpm, the torque is generated in a wear-free
manner by eddy currents. However, in order to be valid, the model must be extended to represent
the deformation of the rotor.

Keywords: eddy current brake; friction brake; disc spring; reluctance model

1. Introduction

In the course of vehicle electrification, a large part of the braking energy to be converted
can be recovered. However, a mechanical brake is still required for safety reasons. One
reason is the need for a redundant system. Another reason is that the maximum required
braking torque cannot be achieved with the electric drive system. For example, an ordinary
electric vehicle with a mass of 1700 kg at a speed of 140 km/h requires a braking power
of 713 kW if, for safety reasons, a grip value between the tire and the road of 1.1 is fully
utilised. Thus, the required brake power for normal powered vehicles is 3 to 8 times higher
than the nominal propulsion power. One way to further reduce the use of a friction brake
subject to wear is to use a wear-free eddy current brake (ECB). However, state-of-the-art
eddy current brakes have the following disadvantages:

• Very low power density compared to friction brakes;
• Braking to a standstill is not possible.

In [1], it is shown that the disadvantage of a low power density can be compensated
for by using a magnetoisotropic material structure. This structure allows the skin effect
to be reduced and increases the free cooling area. Figure 1 shows the braking torques in
a braking process with a constant required torque Mreq and linearly decreasing speed n
when using an eddy current brake. At lower speeds, an additional mechanical friction
brake must supply the difference between the required torque and the torque of the eddy
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current brake Mec with a torque of Mfric. Combinations of eddy current brakes and friction
brakes have already been presented in other publications. In [2,3], concepts are presented
in which the eddy current brake and the friction brake operate locally and separately. In
other concepts [4,5], additional excitation poles are positioned on the brake disc to generate
eddy currents and thus a wear-free portion of the braking torque. All of these concepts
generate frictional torque via a classic brake caliper. However, the concept presented here
and in a related patent [6] uses the magnetic attraction between the rotor with exciter poles
and the stator of an eddy current brake to generate additional frictional torque, such as an
electromagnetic friction brake [7,8]. An additional actuator with power electronics or even
a hydraulic system is therefore not required. This work demonstrates, for the first time,
the use of magnetic attraction between the rotor and stator of an eddy current brake to
decelerate to a standstill. In addition to the work of [9], in this paper, measurement data for
a functional demonstrator of the hybrid brake and the validation of the model are shown.
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Figure 1. Theoretical torques of an eddy current brake with linearly decreasing speed over time and
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2. Concept of the Hybrid Brake

Figure 2a shows an exemplary cad model, and Figure 2b shows the superordinate
operating principle of the hybrid brake. The current in the excitation windings on the rotor
excites eddy currents in the stator, which generate an eddy current torque Mec during the
rotary motion.

At low speeds, the induction effect decreases sharply until, at zero speed, no braking
torque is generated by eddy currents.

At these low speeds, the magnetic attraction force Fnµ between the rotor and stator is
used to generate a frictional torque Mfric to brake to a stop. Since contact between the rotor
and stator is necessary for the frictional action, a spring is used to ensure that contact is not
present when the hybrid brake is not required to provide a braking torque. Since the torque
must be transmitted from the rotor to the hub and the rotor must be axially displaceable at
the same time, a diaphragm spring is used.
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3. Design Method

As with the eddy current brake, the hybrid brake is optimised for maximum wear
reduction in the event of emergency braking compared with the use of a conventional
friction brake. Since the wear of a mechanical friction brake is approximately proportional
to the converted braking energy [10], the wear reduction factor is defined as

4εw =

∫
Mec(t)2πn(t)dt∫
Mreq(t)2πn(t)dt

(1)

where Mec is the wear-free torque due to eddy currents, and Mreq is the total required
torque (see Figure 1). In the first step, the active magnetic geometry is optimised exactly
according to the method presented in [1], neglecting the additional frictional torque. At best,
a hybrid brake with this geometry can achieve the wear reduction factor from optimisation
in which the frictional torque is neglected. The friction torque Mfric of the hybrid brake
results from the normal force Fns acting on the surface with the mean radius rm and the
corresponding friction coefficient µfric.

Mfric = 2Fnsrmµfric (2)

Using a spring with a stiffness close to zero, the normal force between the surfaces
Fns corresponds to the magnetic normal force Fnµ between the rotor and stator. To give a
direct example, the torques in this case are shown in Figure 3. In this case, the maximum
excitation current results in a normal force and thus a frictional torque, which is represented
by the red dashed line. Therefore, the excitation current must be reduced until the total
torque is equal to the required torque. This means that the maximum excitation current
must also be reduced at speeds where the torque due to eddy currents is lower than the
required torque. As a result, the torque of the eddy currents is also greatly reduced, and
the wear reduction factor of the previous optimisation cannot be achieved.

Ideally, the excitation current should be set so that the torques of the eddy currents,
taking into account the boundary conditions Mec ≤ Mreq and Iex ≤ Iexmax are as high
as possible (see Figure 1). Thus, the spring mechanism must be designed to reduce the
normal force Fns so that the wear reduction is as close as possible to the value of the
previous optimisation.

In detail, this means that the spring characteristic should be optimised so that the time
until the rotor contacts the stator tcont is as long as possible so that the frictional torque is
zero in this time range, which is the first quality factor for the spring parameter analyses.
For stability reasons, the rotors should behave stably at a constant required torque. This
means that the axial velocity should be mainly in one direction, i.e., as aperiodic as possible.
An aperiodic factor is defined as a second quality parameter with
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γap =

∫ t=tcon
0 ṡdt
∫ t=tcon

0 |ṡ|dt
(3)

where ṡ is the velocity of the rotor or the first derivative of the rotor position s in Figure 4b.
The aperiodic factor is one when the rotor moves in only one direction and goes to zero
when it oscillates back and forth for a long time. Since a high impact velocity of the rotors on
the stator would result in a high peak normal force and thus a high peak mechanical torque,
which is probably higher than the required torque, the impact velocity should be as low as
possible. To provide an additional degree of freedom to meet these requirements, the hub of
the rotor has a contour against which the spring can rest during compression. This contour
can be used to influence the characteristics of the spring curve. The given parameters for
the optimisation are the allowable design space for the spring, the outer radius rspro, its
inner radius rspri, its total thickness hspr, and the allowable mechanical stress.
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0 ṡdt
∫ t=tcon

0 |ṡ|dt
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aṡ

(|δ|+ δ0)3 (6)

In reality, the elastic force is the result of the deformation of the stator and the rotor. 122

However, the deformation is represented by the overlap 4sis of solids. In the case of the 123

stop against the stator, the intersection can be expressed by 124

4sis =
|δmax − s + s0| − (δmax − s + s0)

2
(7)

as it can be seen in the figure 4b, where δmax is the maximum mechanical air-gap and s0 125

the pre-deformation of the spring. It is always 4sis ≥ 0. The second term in equation (6) 126

is the damping force. The damping force is a mixture of the damping due to a squeezed 127

flow, when the air gap becomes very small, and the damping due to the internal friction 128

of the bodies. The first damping phenomenon is described in [15]. With respect to the 129

internal friction, the damping is inherently modelled with the squeezed damping equation 130

by modifying equation 1 in [15] and choosing the parameters a and δ0 appropriately. 131

ex.
winding

Mec
(n, δ, Iex)

Fn¯
(n, δ, Iex)

rotorstop
limit

stop
limit
(sta-
tor)

spring

rmµf

Iex

n

uex

δFn¯

δFspr

Fns

δ

Mfric

Mtot

Fl

δ
cls

dls

cl

dl

cspr

δmax

δ

s

s0Fnµ

mr

(a) (b)

Figure 4. System model of the hybrid brake (a) and mechanical domain of the model (b)

5. Electromagnetic Model 132

The main goal of the electromagnetic model is to determine the induced eddy currents 133

and the resulting wear free torque as a function of the speed n for different excitation 134

currents Iex and magnetic air-gaps δµ [11]. In context of the hybrid brake also the normal 135

force Fnµ needs to be calculated with the electromagnetic model. The model is based on 136

the following assumptions and simplifications: 137

Figure 4. System model of the hybrid brake (a) and mechanical domain of the model (b).



Electronics 2023, 12, 2632 5 of 20

4. System Model

Figure 4a shows the block diagram of the hybrid brake system model. With the input
voltage uex, the excitation current in the excitation windings is calculated as a function of
time t with

Iex(t) =
1

Lex

∫ t

τ=0
(uex(t)− Rex Iex(t))dτ (4)

where Rex is the resistance, and Lex is the inductance of the excitation windings. The
required input voltage uex(t) is calculated in a model predictive control loop, which is not
part of this work. The torque due to eddy currents Mec as well as the magnetic normal
force Fnµ due to field coupling are described in lookup tables as a function of the excitation
current Iex, the speed n, and the magnetic air gap δµ. For this purpose, the electromagnetic
model of [11], which is extended by a co-energetic approach [12–14] to calculate the normal
force, is used.

In Figure 4b, the model of the mechanical domain of the dynamic model is shown.
The equation of the motion of the rotor with the mass mr is

d2s
dt2 =

1
mr

(
Fnµ + Fl − Fls − Fspr

)
(5)

where the forces of the stop limits are a combination of an elastic force expressed with a
stiffness c and damping force.

Fl = 4siscl +
aṡ

(|δ|+ δ0)3 (6)

In reality, the elastic force is the result of the deformation of the stator and the rotor.
However, the deformation is represented by the overlap4sis of solids. In the case of the
stop acting against the stator, the intersection can be expressed by

4sis =
|δmax − s + s0| − (δmax − s + s0)

2
(7)

as can be seen in Figure 4b, where δmax is the maximum mechanical air gap and s0 is the
predeformation of the spring. It is always 4sis ≥ 0. The second term in Equation (6) is
the damping force. The damping force is a mixture of the damping due to a squeezed
flow when the air gap becomes very small and the damping due to the internal friction
of the bodies. The first damping phenomenon is described in [15]. With respect to the
internal friction, the damping is inherently modelled with the squeezed damping equation
by modifying Equation (1) in [15] and choosing the parameters a and δ0 appropriately.

5. Electromagnetic Model

The main goal of the electromagnetic model is to determine the induced eddy currents
and the resulting wear-free torque as a function of the speed n for different excitation
currents Iex and magnetic air gaps δµ [11]. In context of the hybrid brake, the normal force
Fnµ also needs to be calculated with the electromagnetic model which is designed for the
eddy currend brake with the magneto-isotropic material structure shown in Figure 5. The
model is based on the following assumptions and simplifications:

• The model is a reluctance network;
• The model is a quasi static model;
• The magnetic circuit is modelled two-dimensionally in a pole cross-section at the mean

effective radius in order to calculate the mean eddy current across all pin columns in
the radial direction.

Because the model is quasi stationary, only the average torque M over one revolution
at a constant angular speed ω, constant excitation current Iex, and constant temperature of
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an ECB can be determined from the energy balance of the ECB, including the mechanical
power Mω, the average ohmic losses Pec in the active material as a result of the eddy
currents Iec, the average hysteresis losses Physt, and the mechanical friction losses Pf ric.
The hysteresis losses are only taken into account in the pins and mixed with eddy current
losses in the pins to compute the pin iron losses Piron.

Figure 6 shows the reluctance network with Nτm pins in one pole pitch τpm. The exci-
tation current Iex and the eddy currents ii,j in the material structure cause a magnetic flux
φi,j in each pin segment, where i is the pin index in the tangential (movement) direction,
and j is the index of the pin segment with the length4s (see right side in Figure 5b) in the
axial direction.
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The reluctance network results in the mesh equation

(
∑ Rijn

)
φmi,j −∑(φmijnRi,j,n) = −

φm(i+1,j) − φm(i−1,j)

Re2wpm
v + Iex (8)

where φmij is mesh flux of the mesh ij, which is analogous to the vector potential A in the
transient magnetic field diffusion equation [16]. Further, Rijn are the path reluctances of
one mesh ij to neighboured meshes with the flux φmijn. Corresponding to Figure 6, the sum
of the reluctances in the first term is

∑ Rijn = Rti,j + Rti,j+1 + Rai,j + Rai+1,j (9)

Re is the electric resistance of one eddy current path, and Iex is the external applied
excitation current, which only exists in the meshes with excitation windings. The first term
on the right represents the eddy currents jij as a result of the mesh flux change and is the
outcome of applying the chain rule to the flux change over time due to the speed of the
rotor v at the mean effective radius and the discretisation by the central difference, where
wpm is the distance between two adjacent pins in the direction of movement.

∂φm

∂t
=

∂φm

∂x
∂x
∂t

=
∂φm

∂x
v ≈ φmi+1,j − φmi−1,j

2wpm
v (10)

To transform Equation (8) into a system of equations that can be solved numerically,
the first term on the right side is moved to the left, and some entries of the resulting system
matrix contain v/(Re2wpm). This equation system, with the solution vector containing
the mesh fluxes, is solved iteratively considering the nonlinear magnetisation curve of the
excitation system as well of the steel pins in the magnetoisotropic material structure which,
in this case, is also a function of the frequency f = pn. The average power in joules over
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one revolution as a result of the eddy currents is computed from the resulting mesh fluxes
φm(i,j) with

Pec =




j=2bNsh/2c
∑
j=1

i=Npτ

∑
i=1

(
φm(i+1,j) − φm(i−1,j)√

Re2wpm
v

)2

+

+
i=Npτ

∑
i=1

(
φm(i+1,j=dNsh/2e) − φm(i−1,j=dNsh/2e)√

Re2wpm
v

)2(
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) (11)
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the air gap corresponding to hgl in Figure 5b.

The floor function bNsh/2c and second term of this equation consider the symmetry
boundary condition in the axial direction if the number of sheets Nsh is a odd number. Due
to the antisymmetric boundary conditions for i = 1, the mesh flux is

φm(i−1,j) = −φm(i=Npτ ,j) (12)

and for i = Npτ

φm(i+1,j) = −φm(i=1,j). (13)

From the energy balance of the eddy current brake, the average torque over one
revolution is calculated with

Mec =
Pec + Piron

2πn
(14)
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The magnetic attraction force between the rotor and stator is calculated with a co-
energy approach [12–14]. At a constant excitation current Iex and constant speed n, the
magnetic attraction force is determined with the derivative of the co-energy Wc with respect
to the magnetic air gap δµ.

Fnµ =
∂Wc(Iex, n, δµ)

∂δµ
(15)

The total co-energy is the sum of the co-energy of every domain that is penetrated by
a magnetic flux. For the flux path’s trough air, the co-energy is simply

Wc =
φ2

2
Rm, (16)

where φ is the magnetic flux penetrating the flux path which has the reluctance Rm. In flux
paths with nonlinear magnetisation curves, the co-energy is computed from the material’s
specific co-energy as a function of the flux density and the volume of the flux path.

In the system model (see Figure 4b), the electromagnetic model contains lookup tables
with precomputed values for the eddy current torque Mec and the magnetic attraction
force Fnµ as a function of the excitation current Iex, the magnetic air gap δµ, and the speed
n. Figure 7 shows the eddy current torque Mec and the normal force Fnµ as a function of
the magnetic air gap δµ and the excitation current Iex for speeds of n = 1000 min−1 and
n = 8000 min−1.
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6. Spring Model

The main task for the spring is to decrease the normal force such that the wear reduc-
tion is as high as possible under the requirement that the brake torque can be generated.
Additionally, the spring provides a reset of the axial rotor position and transfers the torque
from the rotor to the shaft. The first approach to the spring is to design it as a wave spring.
The spring lies against a tangential contour during compression, as shown in Figure 8a.
Due to the limited design space, the mean spring diameter dms, the width bs, and the
total height of the spring hstot are given. The parameters to be optimized are the spring
wavenumber Nsw, the thickness of a spring leaf hssh, and the contour radius rc.

The model is based on the Euler–Bernoulli beam theory with the governing equation
for the deflection w along the path x

EI
d4w
dx4 = q (17)
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where E is the Young’s modulus, I is the second moment of the area, and q is the specific
surface load, which is zero in this case. Due to symmetry, a spring leaf is divided over 4Nsw
quarter sections of length

Lqs =
π(dos + dis)

8Nsw
(18)

as shown in Figure 8b. Further, the model is related to the middle spring sheet. When the
spring comes into contact with the contour, the bending moment remains constant up to
the end point of the contact due to the radius of curvature rc + hstot/2.

Met =
EI

rc +
hstot

2

(19)
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Figure 8. Schematic three-dimensional geometry of the spring mechanism with a nondeflected spring
with a spring wavenumber of Nsw = 6 (a). Quarter geometry of the middle with the force F deformed
and a spring sheet with the limiting contour (b).

If the force F is given, the point at which the contact ends can be determined with

xec = Lqs −
Met2NswNs

F
(20)

Due to the strong deflection along the contour, the deflection of the free beam length
is calculated in a separate coordinate system that is rotated by the angle

ϕ = arcsin


 xec

rc +
hstot

2


 (21)

and shifted by the vector

xec; yet =

√(
rc +

hstot

2

)2
− x2

et − rc (22)

with respect to the main coordinate system. The force F acts with its component

Ffy = F cos(ϕ) (23)

in the coordinate system on a free bar of length

Lf = Lqs − ϕrc (24)
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and leads to a free deflection of

sfy =
FfyL3

f
3EI2NswNs

(25)

The reverse transformation to the main coordinate system then leads to the deflection
of the spring

s = 2{ssy cos(ϕ) + rc(1− cos(ϕ)) + Lf sin(ϕ)} (26)

7. Spring Parameter Analysis

After a transient simulation of the system model, the quality criteria are evaluated
by varying the spring parameters, each of which leads to different spring characteristics.
Figure 9 shows different design points in the space of the quality criteria.
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Figure 9. Results of the spring parameter analyses. tcon: time until contact, vimp: impact velocity, γap:
aperiodic factor. The coloured points (designs 1 to 3) are related to the spring curves in Figure 10 and
the state space trajectories in Figure 11.

For a better understanding of the system, the behaviour is analysed in detail for three
different design points. The red, green, and blue design points (design 1–3) are each a result
of spring parameters that produce the spring characteristics shown in Figure 10.

Each of these spring characteristics results in a different dynamic behaviour, illustrated
by the state trajectories in Figure 11. It is evident that design 2, with the green spring curve,
results in the lowest time to rotor contact with the stator and the highest impact velocity,
because it has the lowest stiffness and preload. Design 1, with the red spring curve, gives
the highest time to impact, a very low impact velocity, but also, a dynamic behaviour with a
high number of periodic oscillations (see Figure 11). At some point, the spring force exceeds
the magnetic attraction force, slowing the axial motion of the rotor and causing it to move
back. Design 3 offers a tradeoff between a lower time to impact and a lower oscillation
rate. In Figure 12, it is clear that designs that result in a higher time to contact also have a
higher wear reduction factor, because the frictional torque stays at zero longer. Design 1
has the highest wear reduction factor of4εw = 0.9, but also results in torque oscillations
due to the unstable motion of the rotor. Design 3 is the design with the next highest wear
reduction factor of4εw = 0.85 and an acceptable aperiodic factor of γap = 0.8. This design,
which yields the blue spring curve, will be selected to build a functional demonstrator for
future experiments. To ensure that the spring design will result in the desired spring curve
in reality, an finite element method (FEM) analysis is performed.
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Figure 12. Torques over time for the spring designs with the spring curves shown in Figure 10.

8. FEM Analyses

During the design process, it was determined that the tangential contour spring
mechanism would most likely be difficult to manufacture. The final design is axisymmetric,
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and therefore, much easier to manufacture. It consists of a diaphragm spring that can
contact a radial contour of the hub. This design was not initially considered because it was
thought that such a design would have excessive mechanical stress for the required forces
for the given installation space. The stresses are high, with a value of σ = 1200 N mm−2,
but a spring steel with a tensile strength of σall = 1800 N mm−2 is used. In order to achieve
the desired spring characteristics, even with the modified design, a parameter study was
performed using the FEM model. Figure 13a shows an example of the relative mean
square deviation of the spring characteristic from the required one, which was obtained
for different contour radii rc. Figure 13b shows the spring characteristic curve of the final
spring design calculated with the FEM. The relative mean square error of this spring curve
is less than 3% compared to the desired one.
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9. Experimental Setup and Methods

The aim of the experiment was to demonstrate the operating principle and generate
data to validate the system model. Primarily, the torque M was measured at constant
speeds n for different excitation currents Iex on a dynamometer test bench. In detail,
the electromagnetic and mechanical behaviours were analysed with additional measure-
ment techniques.

9.1. Measurement Setup

Figure 14 shows a simplified CAD model of the function demonstrator with the pa-
rameters given in Table 1. The maximum mechanical air gap δmax and the predeformation
of the spring s0 are shown in Figure 4b. The entire measurement setup on a dynamometer
test bench is shown in Figure 15. To validate the electromagnetic model, the excitation
current Iex and the magnetic flux in the pole core and material structure were measured.
The excitation current was measured by the DC power supply itself, and the analogous
measured value was transmitted to the DAQ system. For correct validation of the electro-
magnetic model, it was necessary to measure the temperatures of the cooling fluid ϑin and
ϑout to estimate the temperatures of the sheets inside the material structure (see Figure 5b)
with the heat transfer model of [17]. To distinguish between the torque generated by eddy
currents and the frictional torque, the frictional torque was measured separately. For this
purpose, the brake pads were mounted on force sensors. These force sensors were bending
beam sensors with strain gauges.

To measure the magnetic flux in the material structure, seven flux probes were attached
to three flux guide elements (pins) in the material structure. Figure 16a shows the positions
of the flux probes in the material structure, and Figure 16 shows a flux probe on a flux
guiding element. The flux was measured by the induced voltage in the probes with a power
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analyser. By integrating the measured voltage over time and dividing by the number of
turns in the probes, the magnetic flux was determined in a postprocessing step.
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Figure 15. Measurement setup on the dynamometer test bed.

Since the magnetic flux and thus the eddy currents and the rotor position depend
on the magnetic air gap, δµ was measured with three laser distance sensors, as shown in
Figure 17. Since the fit of the linear guide was not perfect, a postprocessing step with three
laser sensors determined the angle γr and thus the spatial position of the rotor and the air
gap as a function of the fixed r− ϕ coordinates of the stator and time.
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9.2. Measurement of Friction Torque

To distinguish between the torque due to eddy currents and the mechanical frictional
torque, the frictional force on the brake pads was measured using the force sensors shown
in Figure 14. Figure 18 shows the resulting force signal for a speed of n = 1000 min−1 and
an excitation current of Iex = 50 A. It can be seen that the signal was most likely disturbed
by temperature effects.
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To obtain more accurate measurement results, an alternative method must be found
to distinguish between torques. One idea is to calculate the torque as a result of the eddy
currents Mec from the measured magnetic flux in the pins by using a simplified version
of Equation (11) in Equation (14). The torque calculated from the measured fluxes is
calculated using

Mecmeas =
CmeasTn

ρ20[1 + αel(ϑsh − 20°C)]

i=Nτ

∑
i=1

[(
φfp6(i+1) − φfp6(i−1)

)2
+

(
φfp4(i+1) − φfp4(i−1)

)2
+
(

φfp2(i+1) − φfp2(i−1)

)2
] (27)

where φfp2,φfp4 and φfp6 are the measured fluxes in the pins measured with the field coils
shown in Figure 16, Nτ is the number of equidistant data points under a pair of poles, and
CmeasT is a constant. The constant CmeasT with units of m is determined with a measured
torque and fluxes of a measurement where no contact occurs between the rotor and stator,
and the total measured torque is the torque as a result of eddy currents and iron losses.
The temperature of the plates ϑsh is approximated with the measured power and the inlet
and outlet temperatures of the cooling water (see Figure 15) using the Nusselt correlation
in [17]. To test this method, a measurement was made with the spring mechanism locked
and a magnetic air gap of δµ = 1.3 mm, so that all measured torques were the result of
eddy currents and could, in principle, be calculated using Equation (27). Figure 19 shows
the measured torques and the torques calculated with the measured flux in the material
structure at different speeds and excitation currents. Up to a speed of n = 6500 min−1, the
error between the torque calculated with the measured magnetic fluxes and the directly
measured torque was less than 10%. The large difference at speeds above n = 6500 min−1

was most likely due to deformation of the rotor due to centrifugal forces (see discussion).
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Figure 19. Measured torques and torques calculated with the measured flux in the material structure
at different speeds and excitation currents.

10. Results
10.1. Stationary Electromagnetic Validation

The first step of validation was to compare the calculated primary magnetic field with
the experimental measurements. Figure 20a shows the predicted and measured flux density
in the pole core (see Figure 16b) for different excitation currents at a constant air gap of
δµ = 0.5 mm and the error between measurement and prediction. In addition, the validity
was evaluated with respect to the steady-state field at a constant current for different air
gaps. Figure 20b shows the measured and predicted flux densities in the pole core and in
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the centre steel pin, measured with flux probe 6 (see Figure 16), and the error between the
measurement and prediction. It can be seen that the maximum error between the prediction
and measurement is 0.1 Tesla, which is less than 10% of the measured maximum value of
1.6 Tesla.
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Figure 20. Measured and predicted flux densities in the pole core Bpc at δµ = 0.5mm for different
excitation currents (a) and the measured and predicted flux densities in the pole core and in the steel
pins at Iex = 90A for different air gaps (b).

10.2. Stationary Validation Membrane Spring

To validate the submodel of the membrane spring, the force–displacement curve
of different springs was measured on a tensile testing machine. Figure 21a shows the
force–displacement curve of the spring chosen for the experiment as a result of a FEM
analysis and as a result of an experiment. The dashed line shows the result of the FEM
analysis where only the spring sheets are deformable to save the computing time. This FEM
result differs strongly from that of the experiment over the entire range of displacement.A
much better result is given by the FEM analysis where the contour bush and the shaft are
implemented as deformable parts as well (see Figure 21b). Because of the deformation of
the shaft nut, the spring sheet package is bent around a resulting contact point. This results
in a less stiff behaviour compared to that shown in the FEM analysis with solid contour
bush and shaft nut.
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Figure 21. Force–displacement curves of the membrane spring as a result of the FEM analysis and
experiment (a) and deformed spring mechanism as a result of a FEM analysis (b).
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10.3. Measurement Results and Validation of the Overall System

The main goal of the measurement was the evaluation of wear free torque as a result
of induced eddy-currents and the friction torque. Figure 22 shows the experimentally
evaluated proportion of torque due to eddy currents in the space of torque and speed. It can
be seen that the higher the speed, the higher the portion of wear-free eddy current torque.
Because of the higher excitation current and, therefore, the higher magnetic attraction force,
the mechanical portion increases with the torque at low speeds. At speeds of higher than
3500 rpm, the torque is delivered wear-free.
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Figure 22. Map of the experimentally evaluated proportion of torque due to eddy currents in the
space of torque and speed.

The validation of the overall system was performed step-by-step. First, the electromag-
netic model used to calculate the torque of eddy currents was validated with the measured
air gap, which means by neglecting the spring model. Figure 23 shows the relative error of
the predicted to the experimentally measured eddy current torque4Merr,ec in the space of
torque and speed. Most of the data points show a relative error of lower than 10%. However,
there are relatively high errors for an excitation current of Iex = 10 A and Iex = 20 A in the
speed range of n = 4000 min−1 to n = 7500 min−1. Additionally, in the lower-speed region
at excitation currents of Iex = 30 A to Iex = 50 A, there are relatively large errors. The
reason for the errors in the low-torque region are most likely a result of frictional torques in
the test bed. At all other measured points, it is assumed that the errors are mostly a result
of the fact that the air gap is not homogenous in the radial direction, and the air gap is only
measured at a radius of r = 0.1 m when the outer radius of the poles is ro = 0.125 m.

In Figure 24, the air gap over speed is shown, where the colours show the correspond-
ing calculated normal force. At a low excitation current and, therefore, a low magnetic
attraction force, the measured air gap increases at high speeds. This means that the rotor
becomes deformed in the axial direction by centrifugal forces such that the air gaps are inho-
mogeneous in the radial direction (see discussion). Therefore, it also becomes deformed as
a result of the magnetic attraction force but in the other direction. Hence, the air gap along
the radius during measurement is unknown, except at the radius, where the laser distance
sensors are positioned. The deformation of the rotor not only results in an unknown air
gap but also strongly affects the overall system behaviour.
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Figure 23. Map of the relative errors in the predicted and experimentally evaluated torques due to
eddy currents in the space of torque and speed for different excitation currents.
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Figure 24. Map of the simulated normal force with the measured magnetic air gap and speed for
different excitation currents.

For a certain reduction in the air gap, a significantly lower attraction force is necessary
than in theory. Figure 25 shows the magnetic attraction force calculated with the measured
air gap over the measured air gap, where the black curve is the measured spring curve.
Because of the predeformation of the membrane spring, which is s0 = 0.65 mm, in theory,
there should be no reduction in the air gap up to a magnetic attraction force of FNµ = 3000 N.
However, because of the rotor deformation, the air gap decreases immediately with an
increase in the magnetic normal force.



Electronics 2023, 12, 2632 19 of 20

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

·10−3

0

0.2

0.4

0.6

0.8

1

1.2
·104

δµ0 = 1.3mm s0 = 0.65mm

F = 3000N

spring curve

air-gap in m

m
ag

.
no

rm
al

fo
rc

e
in

N

1000

2000

3000

4000

5000

6000

7000

sp
ee

d
in

m
in

−
1

n

Figure 25. Simulated normal force with the measured magnetic air gap and speed.

11. Discussion

In this work, the model and design method of a hybrid brake were presented. Finally,
a working demonstrator was tested. Most importantly, the results show that it is possible to
use the magnetic attraction of an eddy current brake to brake to a stop at very low speeds.
The spring that enables the axial movement of the rotors was optimised for high wear
reduction as well as stable dynamic behaviour. Due to the friction in the bushing, no axial
vibrations were detected or measured during the tests. Therefore, it should be possible
to use a spring design that leads to a higher wear reduction, which was assumed in the
design process to lead to strong vibrations (see design 1 in the spring parameter analysis
section). The wear reduction has not yet been analysed because the torque–speed map has
not yet been fully measured. Furthermore, the measurement data show strong deformation
of the rotor, so the air gap is inhomogeneous along the radius. The validation of the
subsystems was successful. Both the electromagnetic model for calculating the primary
magnetic flux and the FEM model of the spring deviate from the experimental results by
less than 10%. The proposed method for calculating the eddy current moment from the
measured magnetic fluxes was also successfully tested. The final validation of the overall
system was only partially possible due to the deformation of the rotor, which resulted in an
inhomogeneous air gap. Even if the air gap had been measured at more points, validation
of the model would also not have been possible, because the electromagnetic model is a
two-dimensional model. Therefore, the electromagnetic model must be extended to a three-
dimensional model, and the laser distance sensors should be positioned at different radial
locations for complete model validation. Since the material structure of the active element
is probably not suitable for mass production, the magneto-isotropic material structure must
be improved in terms of it’s cost-effective manufacturability.
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