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Abstract—This work shows the model of an eddy current
brake with an magneto isotropic material structure. For the
modelling of the magneto isotropic material structure made
of steel posts, a reluctance network is recommended, since a
full FEM model would require too much computation time for
optimization purposes. However, in order to map details like the
skin effect in the pins, in the reluctance model some details are
modelled with the help of fem and thus the required reluctances
are determined. The torque calculations of the model is possible
with a deviation of less than 10 % compared to an experiment.
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Fig. I.1: basic construction
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free parametrization of the conductivity and permeability of a
homogeneous material. The average conductivity of the eddy
current material for a given total thickness of the structure
can be adjusted by the number of sheets and their thickness,
while the permeability can be adjusted by the number of pins
and their thickness.
In conclusion the advantages of the eddy current brake
are
• reducing the skin effect resulting a more homogenous
heat generation
• the possibility of increasing the cooling surface
• free material parametrisation for optimising the torque
density and torque characteristics

I. I NTRODUCTION
Conventional eddy current brakes (ECB’s) are made of a
homogeneous material that moves through an inhomogeneous
primary magnetic field at a relative speed v [1] [2]. The
resulting eddy currents lead to the displacement of the
primary field and thus to the phenomenon of the skin effect
[3]. The skin effect is primarily the result of the homogeneous
material, in which each infinitely small current is coupled to
all others through a magnetic circuit with high permeability.
The skin effect can be drastically reduced by interrupting
the magnetic circuit in the active material in one direction,
so that a conductive material can still be penetrated by the
primary magnetic field. This can be realized by using pins
that only lead the magnetic field perpendicular to the surface
and the pins are surrounded by a conductive material in
which the eddy currents occur, as shown in figure I.1 and
patent [4]. This method is generally not new, since more
or less every electrical machine consists of a magnetically
conductive material which is surrounded by an electrically
conductive material. However, the pin structure enables a new
design for the cooling structure. The basic idea of how to
increase the heat-flux in the cooling fluid is to increase the
surface of the eddy current material in contact to the fluid. In
the ECB with pin structure, the surrounding material can be
divided into a number of layers so that the cooling surface
is dramatically increased. This method is particularly useful
only because the eddy current density in each sheet is nearly
the same due to the reduction of the skin effect. The setting of
the parameters of the material structure can be compared to a

II. P ROBLEM (C OMPUTATION WITH FEM)
Eddy current brakes with homogeneous active material
can be calculated using a stationary model, even if they move,
by solving Maxwell’s equations for moving conductors, as
described in [5]. When using the classic FEM method,
however, this does not work if the moving conductor has
an inhomogeneous structure, so that the Maxwell equations
have to be solved for the transient case. If this is done for
only one speed, several time steps are required until a quasisteady state is reached. For example, the calculation of the
ECB designed in [6] took 2400 time steps until the steady
state was reached with a speed of 1000 rpm and an angular
step of 0.05 degrees for each time step. This required 19
hours of CPU time with an Intel Core 2 CPU at 2.4 GHz for
a 3D-model of one pole with 109906 elements and 34100
nodes to calculate the torque for just one speed. It should be
noted that the ECB in [6] could have been calculated using
a static model due to the homogeneous active material, but
some commercial FEM software is unable to consider the
v × B term in the Maxwell equations for moving conductors
[5].
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of δ = 0.7 · 10−3 m at this frequency, this results in a number
of N3D = 156 · 103 3D tetrahedral elements for a pin. So the
number of elements in a 60° 3D model is about 50·106 . With
this number of elements and 3000 time steps, the calculation
for just one speed on a conventional PC, as used in [6], takes
several 1000 hours. With adequate resources, this time can
potentially be reduced by a factor of 100, which results in
several 10 to 100 hours for a speed, and it takes weeks to
calculate the torque speed curve for a design. It must be
pointed out that the network analyses are carried out with first
order elements. A model with second-order elements requires
a smaller number of elements with the same accuracy, but
more computing time relative to the number of elements
compared to first-order elements. The number of elements
is also an optimistic approximation, which only contains the
elements of the pins and only corresponds to a segment model
of 60°. Most pole pairs require a full model or a half segment
model with 3 or 6 times more elements. 3D FEM is therefore
not helpful for optimizing this ECB.

The active material of the ECB in this work consists of
approximately 2000 to 3000 steel pins and the rotor rotates
at a maximum speed of approximately 10000 rpm with a
number of pole pairs between 5 and 12. During a transient
simulation, the rotor should not move over more than a
quarter of a pin on the outer circumference per time step.
So with a outer diameter of dm = 0.3m and a pin diameter
of dpin = 4 · 10−3 m the allowed angle step for one time step
should not be greater than 0.7 degrees. Assuming about the
same time to reach the steady state condition as in [6] the
number of time steps will be about 3000. Also the mesh at
the outer surface region of one pin has to be very fine due
to the skin effect. When using a skin mesh, in which the pin
is discretized in the radial direction with N shells (see figure
III.5(b)), then the inner shell radius of the nth element is

rin

(1)

107

and the outer shell radius is the inner radius of the next
element rin+1 . The number of elements of a pin can be
approximated by the sum of the elements over all N shells
of the pin. A 3D tetrahedral element of size rin+1 − rin has
a volume of approximately

relative L2 error eL2 B25

100

(rin+1 − rin )3 √
2kα
(2)
12
where kα is a factor that takes into account that some angles
between element edges are smaller than 60°. For this reason,
an element is up to four times larger, and a factor of kα = 4
is used. Every shell n with the volume Vshn of a half pin
includes
Vtetn =
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Fig. II.1: Relative L2 error of the flux density and number of
tetrahedral 3D elements of one pin for different numbers of radial
mesh layers at a frequency of f = 116.6Hz and 1166.6Hz.

3D elements. Where Lpin /2 is the length of one half pin
due to model symmetry. Finally the total Number of 3D
tetrahedral elements of a pin is
N3D =

eL B25 (116.6Hz)
2
eL B26 (1166.6Hz)
2

Number of 3D-Elements N3D

(n − 1)dpin
2N δ
dpin 1 − e
=
dpin
2
−
1 − e 2δ
−

III. M ODEL

(4)
A. Modelling Method

In a mesh study of the pin sub-model in section III
the L2 error for different numbers of mesh layers in radial
direction is approximated for different frequencies and thus
for different skin depths. The following figure II.1 shows
the resulting relative L2 error of flux density for different
numbers of radial layers compared to 25 layers. With a frequency of f = 116.6Hz and a skin depth of δ = 2.3 · 10−3 m,
there is a relative error of less than 10 % after 7 radial
layers. This number of layers together with the skin depth of
δ = 2.3 · 10−3 meter results in approximately N3D = 7000
3D tetrahedral elements for a pin and in a minimal number
5 million elements for a 60 °segment model of the ECB. At
a frequency of f = 1166.6Hz (n = 10000min−1 , p = 7) the
error is less than 10% after 11 radial layers. With a skin depth

The main goal of the model is to compute the ECB’s
torque speed curve for a given geometry and excitation
current. The average torque M over one revolution at constant
angular speed ω, constant excitation current Iex and constant
temperature of an ECB can be determined from the energy
balance of the ECB, including the mechanical power M ω,
the average ohmic losses in the active material as a result of
the eddy currents P eddy , the average hysteresis losses P hyst
and the mechanical friction losses P fric . In the ECB of this
work, the hysteresis losses are only taken into account in the
pins and mixed with eddy current losses in the pins to the
pin iron losses P piron .
The model is based on the following assumptions and
simplifications
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the model is a reluctance-network
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.
In order to model the details such as the field repression
in the steel pins, the reluctance model contains the results
of three sub-models. In the first, the pin model, the complex
average relative permeability of a pin is calculated depending
on the field strength and the frequency. The second model is
used to calculate air reluctances and the third to calculate the
electrical resistance of the eddy current path between two
pins.

of the inner and outer planes are also the same.
r
d2o + d2i
dm =
2

•
•

τpm
bt

hy

bgs /2

ws

hmat /2

4s

δmin

hgs

hp
lecb /2

The ECB is a rotating double-sided axial flux ECB with
an outer diameter of do and the length lecb , as shown in III.1.
The two rotors consist of 2p poles with excitation windings
and the back iron. The stator with an isotropic material
structure, as shown in Figure I.1, is located between the two
rotors. Figure III.2 shows the geometric parameters of the
poles and the isotropic material structure according to detail
(a) in Figure III.1.

dpm

wpm

s

B. Geometry

Fig. III.2: Geometrical parameters of one pole cross section

wp
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(5)
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(a) real pin pattern

(b) model pin pattern

Fig. III.3: Transformation from the real pin pattern parameters,
corresponding to figure IV.1 to the model pin pattern parameters.

sheets
detail (a)
Fig. III.1: CAD model of the rotational axial flux ECB: Detail (a)
shows one half pole cross section in the tangential-axial plane at
the middle effective radius corresponding to III.2

The resulting model pole pitch τpm in figure III.3(b) refers
to the average diameter dm and the total area of the structure
in the model must match the real surface. Hence the width
of the model structure is

.
The isotropic material structure consists of Ns perforated
sheets with a thickness of s, which are penetrated by a large
number of steel pins with a diameter of dp . Coolant flows
between the sheets in channels of thickness sc = 4s and the
structure is fixed and sealed with epoxy adhesive of thickness
hep . In practice, the pins are arranged in the radial plane, as
shown in Figure III.3(a), which corresponds to figure IV.1.
In the model, the real pin pattern is converted into a
rectangular model pin pattern, which is shown in III.3(b).
Assuming a homogeneous magnetic tension, the 2D reluctance model refers to the mean diameter dm , whereby the
inner and outer planar planes are the same, so that the force

bm =

π(d2o − d2i )
8pτpm

(6)

The model is calculated with an integer number of pins
under one pole Nτ m with a resulting model pin distance wpm .
%
$s
2
kp 4τpm
τpm
Nτ m =
; wpm =
(7)
2
πdp
Nτ m
C. Reluctance Network an Equation System
Figure III.4 shows the reluctance network with Nτ m pins
in one pole pitch τpm . The excitation current Iex and the eddy
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currents ii,j in the material structure causing 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 length 4s (see right side in figure III.2) in
axial direction.

at the mean effective radius and the discretization by central
difference, where wpm is the distance between two adjacent
pins in the direction of movement.
∂φm ∂x
∂φm
φmi+1,j − φmi−1,j
∂φm
=
=
v≈
v
∂t
∂x ∂t
∂x
2wpm

(10)

To transform the equation (8) into a system of equations that
can be solved numerically, the first therm of the right side is
turned to the left, and some entries of the resulting system
matrix contain v/(Re 2wpm ).
−Iex

+Iex

D. Pin Reluctances
Since the steel pins in the reluctance network are modelled as flux tubes with a homogeneous magnetic flux density,
the field repression in the pins is considered by an average
relative permeability as a function of the amplitude of the
field strength Ĥ and the frequency as a result of a harmonic
analysis. Due to the harmonic analyses, the average relative
permeability is complex and is defined with

Rai+1,j

Rai,j

Rti,j
ji,j

µr =

Rti,j+1

The reluctance network results in the mesh equation

X
Rijn φmi,j −
(φmijn Ri,j,n ) =

=−

φm(i+1,j) − φm(i−1,j)
v + Iex
Re 2wpm

Ĥµ0 πd2p

(11)

where φpm is resulting total complex magnetic flux in the pin.
An analytic solution of the field repression in a solid cylinder
of constant permeability in a axial time harmonic field is
given in [7]. However because of the non linear material
behaviour of the pins, the total magnetic flux as a function
of the frequency and the magnitude of the field strength Ĥ is
evaluated with the following FEM model. The FEM model
is a quasi-static harmonic model that uses the method in [8]
to account for non-linearities in the harmonic analysis. Due
to the rotational symmetry, a pin is modelled in 2D in the
radial axial plane (r, z), as shown in Figure III.5(a). Without
showing it here, the result is a classic characteristic of the
complex middle relative permeability as a function of the
frequency for different field strength amplitudes as shown in
[9]. In order to estimate the necessary number of elements for
a 3D-model, the 2D model is also used for a mesh study in
which the L2 error [10] is determined for a different number
of radial layers N . Figure III.6 shows the real part of the
flux density over the radius r of the pin at a frequency of
f = 1166Hz for different numbers of radial network layers. It
can be seen that the result, with increasing number of radial
layers, approaches that with N = 25 radial layers, which
comes very close to the exact solution. The L2 error norm
for N = 1..24 is approximated with the result of the flux
density B with N = 25 layers with
R
(B25 − BN )2 dΩ
eL2 B25 = Ω R
(12)
B 2 dΩ
Ω 25

Fig. III.4: 2-D reluctance network. Air reluctances white, steel
reluctances grey, and airgap reluctances light grey cause they include
the pin reluctances next to the airgap.

X

4φpm

(8)

where φmij is mesh flux of the mesh ij which is the analogy
to the vector potential A in the transient magnetic field
diffusion equation [5]. Further Rijn are the path reluctances
of one mesh ij to neighboured meshes with the flux φmijn .
Corresponding to figure III.4 the sum of the Reluctances in
the first therm is
X
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

where Ω is the calculation domain. The result of the error
mesh study was already shown in figure II.1 in section II.
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BC:periodic
(a) FEM-Model of the pin

(b) mesh with N = 10
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Fig. III.5: 2D FEM model of one pin. Model with boundary
conditions (BC) left and right mesh with N = 10 radial layers
corresponding to equation (1).
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reluctance
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Fig. III.7: FEM models to calculate the path resistance of the eddy
currents (a) and the reluctance between neighboured pins (b). All
walls with zero normal flux or current BC except of those with the
boundary conditions shown in the picture.

0.4
0.6
2r/dp

0.8

dimensionless resistance factor

1

Re∗ =

Fig. III.6: Real part of the flux density in one pin at f = 1166Hz
for different numbers of radial mesh layers N .

1) Resistance of the Eddy Current Path: The resistance
of the eddy current path between two pins depends on the
sheet thickness s, the conductivity σ and the pin fill factor
kp . Since the model refers to the middle row of pins, the
resistance of the eddy current paths Re in equation (8) is
1
R∗ (kp )
σs kn s

(15)

which is shown in figure III.8 as a function of the pin filling
factor with the solid red line. For a pin filling factor of kp = 0
the resistance factor is R∗ = 1. The Russell and Norsworthy
factor kn [11] is a correction factor that takes into account
the finite width bm , which would have to be infinite for an
exact solution of the 2D model. With the parameters in this
work kn is


2τpm
πbm
kn = 1 −
tanh
.
(16)
πbm
2τpm

E. Air Reluctances and Path Resistance

Re =

Re
Rekp0

2) Neighboured Pin Air Reluctance: Since the reluctance
between the pins is the same with or without eddy currents
in the sheets, it can be calculated by solving the Laplace
equation for the scalar magnetic potential ψ that can be
applied in current free areas [12]. Therefore, the reluctance
between pins in the tangential direction is calculated using the
model shown in Figure III.7(a). As a boundary condition, a
scalar magnetic potential ψ is applied to each boundary of the
pins. As with the path resistance calculation, the reluctance
depends only on the length of a pin element ∆s and the
pin fill factor, and the potential difference is set to one.
Therefore, the value of the reluctance between adjacent pins
is the reverse value of the magnetic flux between the pins.
∗
Hence the reluctance factor Rmnp
is

(13)

where R∗ is a dimensionless resistance factor due to the
barrier of the pins and kn is the Russell and Norsworthy
factor [11]. The resistance factor is calculated with the 2DFEM model shown in III.7(b). It is the smallest model to
compare the resistance of a perforated sheet with the pin
filling factor kp to a non perforated sheet. A non perforated
sheet with kp = 0 in this model has a resistance of
r
3
4
(14)
Rekp0 =
0.5sσs
With the potential difference of 4φ = 1V (see the potential
boundary’s φ = 1V and φ = 0V in figure III.7(b) ) the
value of the resulting total current at the boundary with φ =
0V or φ = 1V automatically will be the inverse value of
the resistance Re . The division of the so evaluated resistance
with the resistance of the non perforated sheet result in the

∗
Rmnp
=

Rmnp
= Rmnp µ0 ∆s
Rmnp0

(17)

3) Air Gap Reluctance: The reluctance of the air gap
depends primarily on the air gap δ and the cross section of a
pin. Due to flux fringing at the edges of the pin, the resulting
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Fig. III.8: Dimensionless resistance of the eddy current path Re∗
and dimensionless reluctance between adjacent pins as a function
of the pin filling factor kp .

4δ
kmδ
µ0 πd2p

10−2
10−1
100
dimensionless air-gap width δ/dp

Fig. III.10: Air gap reluctance factor kmδ as a function of the
dimensionless air gap δ ∗ = δ/dp for different pin filling factors
kp , calculated with the FEM model in shown in figure III.9.

reluctance is multiplied by an air gap reluctance factor kmδ .
Rmδ = Rmδ0 kmδ =

kp = 0.3

IV. E XPERIMENTAL VALIDATION
To validate the 2D reluctance model, a magneto isotropic
material structure, as described in this work, is built into a test
ECB, as shown in IV.1. The torque-speed curve is measured
on a test bench at constant speeds up to n = 2500min−1
for various excitation currents, as shown in figure IV.2 with
the marked dash-dotted lines. In addition, the mean magnetic
flux density is measured in a pin at the air gap next to
the mean effective diameter using a flux probe. During the
measurement the material structure is cooled with water and
the temperature at about 50°to 80°.

(18)

The air gap reluctance factor is calculated using the FEM
model in figure III.9, with the air gap reluctance being
determined in the same way as the adjacent pin reluctance
or path resistance.
ψ = 0A

air
µr = 1

do

/2

pin
µr = 10000

di /2

ψ = 1A
Fig. III.9: FEM-Models to calculate the air gap reluctance. All walls
with zero normal flux boundary conditions, except of those with the
boundary conditions shown in the picture.

Fig. IV.1: Pin structure in the test ECB corresponding to figure
III.3(a)

Without eddy currents, there is no flow from one pin to
an adjacent pin directly under a pole. So there is a normal
boundary condition around a pin with zero flux density to the
neighbouring pins in a 60 ° pattern. This pattern corresponds
to a circle to a good approximation and the reluctance of
the air gap is calculated in the cylindrical model in 2D with
the boundary conditions shown in figure III.9. The result is
displayed in III.10. With high pin fill factors kp , the flux
fringing becomes smaller and the air gap reluctance factor
for all air gaps is close to one. With small pin fill factors, the
flux fringing increases with increasing air gap and therefore
the air gap reluctance factor decreases.

.
In figure IV.2 it can be seen that the predicted torque
curves (solid lines) are very close to the measured torque
curves. The maximum deviation is less than 10%. Figure IV.3
shows the measured and predicted flux density over a pole
distance τp . For low frequencies, the flux density in the top of
a pin is also predictable with a small error. With increasing
speed, the average error over a pole pitch increases to 20%
at n = 2500min−1 . The error is likely to result from the fact
that the field repression in the pins also effects the air gap
reluctance, hence the error depends on the frequency.
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20A (2D)
30A (2D)

torque [N m]

60

and pin reluctance should be calculated in a combined FEM
model as a function of the frequency and the field strength
amplitude to make sure the model is also valid at speeds of
about 10000 rpm.

10A (meas)
20A (meas)
30A (meas)
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Fig. IV.2: Predicted and measured torque speed curves for different
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Fig. IV.3: Predicted and measured flux density in the top of one pin
next to the air gap for different speeds n
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V. C ONCLUSION
In this work it was shown why a reluctance network is
required to calculate this type of ECB. Using a 3D-FEM
model it would take weeks to months to calculate the torquespeed curve for just one design. The 2D reluctance network
enables the calculation of the torque-speed curve with 12 data
points with an error of less than 10% in about 40 seconds
using an Intel Core i7-5600 CPU at 2.6 GHz. So the model
can be used to optimize this type of ECB. Due to the fact that
the error of the predicted flux density in the top of the pins
next to the air gap increases with frequency, the model should
be improved with a more detailed pin and or air gap model.
Due to the field suppression in the pin, the air gap reluctance
is also a function of the frequency. Therefore, the air gap
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