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Abstract

This paper presents a novel design containing design
constraints and analysis of a radial-flux salient pole Eddy
current brake whereby performance characteristics and
design principles are given. In order to obtain an optimal
brake design, different design models based on different
parameters are all analyzed by using finite element method
(FEM). Eventually, an optimized radial-flux salient pole
eddy current brake design having more effective cooling
capability than that of the conventional one is purposed.
Results for the analysis are presented together with
advantages and disadvantages.
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1. Introduction

When a conductive material is exposed to a time-varying
magnetic flux, eddy currents are induced inside the material due
to the change in the magnetic flux according to Faraday’s law.
Eddy currents complete their path along the material as a loop
and they create a magnetic field opposing the applied one [1].
Furthermore, induced eddy currents deplete the mechanical
energy electrically at the rate of the product of square of the
effective value of eddy current (I2) and the resistance of the
conductive material (R) [2,3]. Besides depending on the
polarities of the two magnetic fields, they weaken each other
and a braking force is generated. The eddy current brakes are
widely used for slowing down a moving object such as a train,
roller coaster or any vehicle and also for load tests of electrical
machines. Unlike the conventional brake systems, the eddy
current brakes are frictionless and less damage crops up in the
materials used in the design of the brake [4]. Also system
response of the brake is more sustainable and less maintenance
is needed [5, 6].

Differential equations are needed to associate the input
and output data of an eddy current brake system. The
complexity of the system makes it difficult to solve this complex
mathematical formulation. Two known methods can be used to
obtain the time response of the whole system. First method is
using numerical methods such as finite-element analysis (FEA),
and the second one is to solve the system equation analytically.
In addition to these, the parametric analysis can be used for first
design stage [7, 8 and 9].

In conventional Eddy current brakes, the conductive
disc is placed in front of the magnets or electromagnets [10, 11].
This design forces the flux to complete its path axially causing

the brake to be called axial-flux design. Axial design have
several design constraints including the conductivity, thickness
and magnetic properties of the disc, length of air-gap, number of
poles and excitation current. In practice, this design has
disadvantages in cooling, since the total power dissipation inside
the disc can cause a tremendous temperature rise bringing about
changes in the electrical, magnetic and geometric properties of
the disc. These changes can affect the braking performance of
the system.

In main study, a novel design for an eddy current
brake forcing the flux to complete its path radially is
investigated. The rotor has a salient-pole design similar to the
traditional synchronous machine. Unlike the axial-flux design,
the conductive disc is placed around the rotor poles in a ring
shape. First of all, design parameters are obtained for the chosen
rated value by analytical calculations on magnetic equivalent
circuit (MEC) model. Then the design is optimized by means of
FEA. Effects of design constraints like electrical, magnetic and
geometric properties of the conductive material around the
poles, excitation current and air-gap length are all analyzed.
Contribution of using a back iron frame (carcass) around the
conductive ring is also investigated. In the novel design,
windings placed around salient poles are needed to produce the
flux while the flux travels among a cylindrically shaped
conductive material. This structure serves a better cooling
performance by the contribution of the increased cooling area
than that of the conventional eddy current brakes at the same
rated values. Having an outer conductive disc provides the
availability of additional plate-fins placement around material to
improve cooling.

In this paper, as a part of the main study, the FEA results for
two optimized designs are given. The first design does not have
a ferromagnetic cover around the conductive disc and the second
design does. The results are obtained for different angular speed
values to access the change of braking torque and total power
dissipation versus speed for each brake designs.

2. General Theory of Eddy Current Brake

Eddy current brakes are composed of a stationary magnetic
flux source like permanent magnet or electromagnet and a
conductive disc connected to a rotating mechanical energy
source. Depending on rotation, the conductive material exposed
to a time varying magnetic flux density which can be expressed
by Lenz’s law where E is electric field intensity and B is
magnetic flux density [10].
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Occurrence of electric field causes current, because of Ohm’s
law where J is current density and these currents are eddy
currents which complete their path along the material as a loop.

J=0E 2

The action between eddy currents and magnetic flux density
creates a braking force (F) and induced braking torque can be
expressed as below, where r is the radius of the disc;

F=JxB 3
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3. Finite Element Equations

Eddy current brakes include stationary poles creating the
magnetic field which are excited by excitation current or
permanent magnets and moving conducting disc. In practise
eddy current brakes have non-conducting and conducting
regions to be modelled by using magnetic scalar potential ¥ and
magnetic vector potential A where Hr is total magnetic field
intensity [10]. In non-conducting regions (5) is used.

H,=-V.$ )

This total magnetic field intensity has two components
including ¢ as reduced magnetic scalar potential and Hg as the
magnetic field intensity of source.

H,=-V.g+H, (6)

The relation between Hg and Jg, source current density is as
shown below.
VxHg=Jg @)

The Laplacian type equation is below where L is the
permeability;

V.uvVs=0 ®)

In eddy current or conducting regions B, magnetic flux
density and E, electric field intensity can be expressed as below
where V is scalar electric potential, © is speed [6].

B=VxA ©9)
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In order to obtain an equation where V is omitted, equation 2,
10, and Ampere’s law can be used;

VxlexAzo{—aa—A—(JxVX/HV.Vj (11)
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Eq. 12 is attained by obtaining the divergence of (11).

V.o{—%—‘j—waxA+V.Vj=0 (12)

Scalar electric potential can be expressed in terms of A and @ as
in (13).

V=Aw (13)
By substituting (13) into (11),
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is obtained.

4. Design of Radial-Flux Salient-Pole Eddy Current
Brake

This paper presents a part of the main study. In the main
study, a radial-flux salient pole ECB is designed and optimized
for the targeted name plate data. The optimized design is then
analyzed for two different operating conditions. First, the design
is analyzed without a ferromagnetic cover around the conductive
ring called as back-iron. Afterwards, same design including the
cylindrical ferromagnetic cover in order to provide a smoother
path for magnetic flux is analyzed.

As mentioned in the Introduction, an unconventional design
is obtained in order to improve the cooling capabilities of ECB.
Rotating disc and stationary excitation windings exchange their
roles with each other in the novel design. The excitation
windings to be fed by DC current are placed around salient poles
to produce the actual magnetic flux and the shaft placed in the
center of the poles helps the poles to rotate. The conductive disc
is transformed into a conductive ring surrounding the rotating
poles so as to help the flux to complete its path.

In order to provide a better comparison of different designs
by authors, major design constraints such as air-gap flux density,
pole surface area, number of turns per coil, excitation current
and the thickness of the conductive disc obtained in the previous
studies [4,7] are implemented in the novel design.

It is obvious that, depending on the nature of operational
principle of the ECB, same design constraints will affect the
performance of the brake. However, the description of some
design parameters is replaced with an equivalent one depending
on the nature of axial and radial design geometry.

The initial point for the new design is the air-gap flux density
value used in the previous studies [4-7]. In order to calculate
Ampere-turn values and the mean radius magnetic flux density
in air gap pole pitch of the conductive disc is used. Length of the
path of magnetic flux inside the aluminum disc shown in Fig. 1.
is also needed to be calculated. Other design parameters are
inner, outer and mean radius of the conductive ring r;, r, and ry,,
respectively, air gap length g, number of pole pairs p, pole pitch
1, and pole shoe width d, as it can be seen in Fig. 1. Used
equations are given in (14-17) where B, is magnetic flux
density, Hy is the total magnetic field density, 14, is the path
length inside the ring , N is number of turns, i is excitation
current and p, is the magnetic permeability of air that is
assumed equal to permeability of conductive disc. Magnetic
permeability of poles and back-iron is accepted infinite in design



calculations for simplicity, but B-H curve of steel 1010 is used
during FEA.
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Fig.1. Top view of the radial — flux salient pole ECB
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Steel-1010 is used as the magnetic material for the poles and
the back-iron in the brake, aluminum 7075 is used as conductive
ring, copper is used for wiring. Optimized design parameters are
given in Table L.

Same calculations are done for the design with a back iron. In
this case, since the magnetic reluctance of a back iron is almost
zero comparing to aluminum and air-gap, total length of the
magnetic equivalent circuit is equal to sum of length of air gap
and thickness of conductive ring.

Second design to be analyzed is obtained by addition of
back-iron having an minimum thickness to prevent saturation as
seen in Fig. 2. Increase in the thickness does not have any
negative significant effect on the magnetic flux, but affects
cooling performance. Magnetic flux density increases since the
leaked flux intends to use back-iron to complete its path
resulting in an increase in the flux density of the aluminum ring.
The total flux intends to be increased by the existence of back-
iron, although the length of the magnetic path is increased
slightly depending on the thickness of back-iron.

Both designs are analyzed in the same way. Skin depth
meshed algorithm is used in the conductive ring in order to
obtain accurate results. Depending on the symmetry, only Y4 of
the real geometry is used. Simulation results are given and
compared in the next section.

Table 1. Design Parameters of ECB

Parameter Quantity Value
T Vi Inner and outer radius of ring 139.5,130.5 mm
T Mean radius of ring 135 mm
g Air-gap thickness 2 mm
P Number of pole pairs 4
T, Pole Pitch 45°
d, Pole body width 35 mm
75 ¥y Inner and outer radius 149.5, 130.5 mm
W), W Back-iron and ring thickness 10,9 mm
o4 Conductivity of ring 26770000 S/m
Uy Permeability of ring 1
N Number of turns per pole 300
i Excitation current 10 4

Aluminum

Pole Shoe \

Fig.2. Top view of the radial — flux salient pole ECB with back-
iron

Fig.3. Mesh structure of the aluminum ring
5. Simulation Results

The two designs are analyzed for different speed values and
the results are combined to obtain integrated torque-speed and
total power dissipation-speed characteristics. To visualize the
benefits of the novel designs, only the results of one simulation
for each are given for the speed value of 3000 min™'. The results
are given in Fig. 4-8. Fig. 4 illustrates the distribution of
magnetic flux density on rotor.



Blteslal

2.5000e +000
1.4288e+000
61659201

4, 66706001
2.6673e-201
1.5244e-001
8. 7124002
4. 9793002
2.8458e-002
1.6264e-002
9.2954e-003
5.31250-003
3.0362e-003
1.7355¢-203
9, 9174004

Fig.4. Distribution of magnetic flux density on the surface of
pole shoes

Fig. 5 and 6 demonstrate the distribution of magnetic flux
density on the surface of the conductive ring without and with
back iron, respectively. The design with a back iron provides a
more saturated magnetic flux density than that of the one without
back-iron as explained in the previous section.
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Fig. 5. Distribution of magnetic flux density on the surface of
the conductive ring without a back-iron
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Fig. 6. Distribution of magnetic flux density on the surface of
the conductive ring with a back-iron

ILA_per_m2]

6. BOEEE +087
5.5754e+007
5. 15086+887

4, 726254887
4. 30154887
3. 87604887
3. 45298087
3.8277e+087
2. 68314087
2.1785e+287
1, 753854087
1.3292e+887
9.B452e 4086
4, BEEEE +EEE
5.53856+885

Fig.7. Eddy current vector distribution on the surface of the
conductive ring without a back-iron

Eddy current vector distributions for each design are plotted
in Fig. 7 and 8. Back-iron design is given in Fig. 8.
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Fig. 8. Eddy current vector distribution on the surface of the
conductive ring with a back-iron

Eddy current vectors are denser at the edges of the material as
expected. Nonetheless, these loop formed currents have distinct
densities with a lower leakage in the design with a back-iron and
eddy Current vectors are distributed more evenly. Since the
return paths of eddy currents are lengthened better braking torque
for the same speed is induced.

Fig. 9 and 10 includes the comparison of characteristics for
both designs. Curves in both figures are obtained by combining
the results of simulations for different speed values between 0
and 7500 min-1.

Fig. 9 shows the comparison of torque vs speed and Fig. 10
includes the comparison of total power dissipation vs speed
curves.
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Fig. 9. Braking Torque-Speed Characteristic of ECB
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Fig. 10. Total Power Dissipation-Speed Characteristic of
ECB



6. Conclusion

A novel design for a radial flux, wound excited, salient-pole
ECB is presented. Design constraints and operational quantities
are all given. A back-iron cover ring is proposed to improve the
flux density distribution among the conductive ring. Two
different types of new design are analyzed by using FEA for
different angular speed values. In order to visualize the benefits
of the designs, only results for one simulation for 3000 min™ is
displayed. Integrated torque-speed and total power dissipation-
speed curves are obtained and compared.

Since this paper presents a part of a main study, it is possible
to make comparison with the previously obtained data [4, 7]. It
can be seen that radial flux ECB provides better pull-out braking
torque for the same air-gap flux density, pole surface area,
excitation current, total number of turns, air-gap length and
conductive disc thickness.

For the comparison of the designs with and without back-iron,
it can be mentioned that the design having back-iron ring around
the conductive ring performs better than the other one for all low,
medium and high speed values. The ratio of the maximum
braking torque values of both designs is approximately 2.5 at
pull-out point. Mechanical behavior properties are improved in
the one having back-iron. Use of back-iron helps for a more even
Eddy Current distribution resulting in a better braking torque
production.

Basic disadvantage for the novel ECB design is the
difficulties for the control of braking torque around the pull-out
point. Nevertheless, better braking torque is always obtainable
when compared to axial flux ECB.

Total power dissipation is increased in the design having
back-iron. But this disadvantage can be tolerated by increasing
the cooling area without causing an increase in inertia and a
change in flux density in the conductive ring. Additional cooling
ribs can also be added.

Investigating braking torque and total power dissipation
characteristics highlights the design with a back iron
theoretically.
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