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Finite Element Analysis and Test of Damping Torque of Eddy Current
Damper for Docking Mechanism
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Abstract: An eddy current damper is considered to be most suitable for energy absorption of the docking system in
space, its damping torque is the most important for energy absorption, but there is no general method to solve the damping
torque analytically. An eddy current damper used for docking mechanism is presented in this paper, which is very similar to
a coreless permanent magnet generator. The influences of parameters of the eddy current damper on the damping torque at
the given volume are discussed. The structure, the simulation models and the test system scheme of the eddy current damp-
er are introduced firstly, and effects of number of magnetic poles, as well as conductivity, length, thickness and mean di-
ameter of the rotor on the damping torque are analyzed, finite element analysis and test are employed to perform the analy-
sis. Finally, an equation to express the relationship between the damping torque and these parameters is presented. The
discrepancies between torque values obtained by the equation and experimental test for a few prototypes are reasonable, thus
showing that the damping torque equation could help to proceed with the design of an eddy current damper for docking
mechanism.
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. space shuttle’' ">'. The development of the docking sys-

0 Introduction )
tem needs variably controlled actuators for energy ab-
The docking system is one of the most important sorption, compliance control and adjustment of a doc-

functions for the space station and the orbiter such as king interface to eliminate misalignments''*’. An eddy
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current damper is considered to be most suitable for en-
ergy absorption of the docking system in space ™).
An eddy current damper can remove energy from the
system without ever contacting the structure, which al-
lows for maintenance and lubrication free operation, its

applications include structure vibration suppression'®’,

speed reduction or braking system in vehicle"” | vi-

bration control of rotary machinery™’, and vibration i-

solation enhancement in levitation systems''®’.

For different applications, there are different con-
figurations of eddy current damper. The eddy current
damper used for docking mechanism in this paper is
very similar to a coreless permanent magnet generator.
Since the eddy current problem usually depends on the
geometry of the moving conductor and the pole shape,
there is no general method for solving its braking torque
analytically.

In this paper, the study is focus on the relation-
ship between the braking torque and the parameters of
the eddy current damper. The structure, the simulation
models and the test system scheme of the damper are
introduced first, followed by analysis on the relation-
ship of the torque with the magnetic poles number, the
influences on braking torque of conductivity, length,
thickness and mean diameter of the conductor are ana-
lyzed, finite element simulation and test are employed
to perform the analysis. The FEA software is Infolyti-
ca’s MagNet 2D and 3D. All the analysis is done for
the same volume of the eddy current dampers. Finally,
an equation to express the relationship between the bra-
king torque and the parameters is presented. The com-
parison between the torque values obtained by the e-

quation and test for a few prototypes is made.
1 Configuration, analysis model and test system

1.1 Configuration

The eddy current damper consists of two main sec-
tions: stator and rotor. Different from the stator in
[11], this stator includes permanent magnets and two
parts made of ferromagnetic material, which are inner

stator and outer stator. A few pieces of permanent mag-

net are mounted and bound on the surface of the inner
stator. The rotor includes the conductor and the shaft.
The conductor is placed in the air gap between the out-
er stator and the permanent magnets, and it is a hollow
cylinder rather than the metallic rigid core in [ 11].
Fig. 1 depicts the eddy current damper configuration.
While the shaft is rotated by other mechanism drive,
the conductor rotates in the air gap magnetic field gen-
erated by the permanent magnets, and eddy currents
form in the conductor. Interaction between induced ed-
dy currents and permanent magnet magnetic field pro-
duces a force and braking torque, which retards the ro-
tation of the mechanism and dissipates the energy sup-
plied by the mechanism.

Shaft Outer stator Conductor Permanent magnet Inner stator
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Fig.1 Configuration of the eddy current damper

1.2 Analysis model
Fig.2(a) and 2(b) give the 2D and 3D finite el-
respectively. Both models are

The 2D model shows the

ement analysis model,
built by MagNet software.
cross section configuration of the eddy current damper,
it can not indicate the end section of the eddy current
damper, so the contributions to the braking torque of
the conductor bottom and the end magnetic field are ig-
nored in the 2D simulation, which increases the dis-
crepancy between the 2D simulation value and the test
value of the braking torque for the prototype. And
when the relationship of the braking torque and the
conductor length is studied, in order to save the fabri-
cating cost of prototypes and shorten the fabricate time,
the conductor length is changed and the other parts
lengths are kept constant. The 2D model cannot reflect
the length difference between the conductor and the

other parts of the prototypes, which the 3D model can
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do. Therefore the 3D model simulates the prototype
more accurate than the 2D model, but the simulation
time of 3D model is much longer than the one of 2D
model. The discrepancies between the 2D simulation
value and the test value of the braking torque for the
prototypes of different conductor lengths are more than
those for the prototypes of different conductor materi-
als, thicknesses and mean diameters and different pole
numbers. So the 3D model is employed just for stud-
ying the influence on the braking torque of the conduc-

tor length.

Outer stator

Conductor

Permanent magnet

Inner stator

(a) 2D model

~ Codnuctor

End of shell

Shaft

Inner stator

ermanent magnet

—+~ Outer stator

(b) 3D model

(c) Air gap mesh

Fig.2 Finite element analysis model

To reduce the mesh time and improve the analysis
accuracy, two air gaps, air gap 1 being between the outer
stator and the conductor, air gap 2 between the conductor
and the permanent magnets, are divided into four layers

respectively as shown in Fig.2(c). Two layers next to the

conductor of air gap 1 and those of air gap 2 are set as the
motion. The conductor is set as the motion too. The solv-
ers employed to calculate the torque-speed curves of the
eddy current damper are 2D Transient with Motion and 3D
Transient with Motion ( constant speed) in 2D FEA and
3D FEA, respectively.
1.3 Test system

Fig.3 gives the block diagram of prototype test.
The eddy current damper is driven by a synchronous
motor instead of the real docking mechanism. A con-
verter is employed to set the speed of the synchronous
motor to 500r/min, 1000 r/min, 2000r/min to 5000
r/min with the speed interval of 500 r/min. For every
set speed, a torque-meter is used to measure the bra-
king torque of the eddy current damper as soon as the
speed-meter shows that the synchronous motor drives
the eddy current damper to the set speed. In order to
reduce the influence of the conductor temperature rise
in the eddy current damper on the braking torque, the
torque measure should be done as quickly as possible.
After the torque is measured, the synchronous motor
should be stop first, when the thermometer shows that
the conductor temperature has fallen to the ambient

temperature, the next test should be started.

AC Supply  |>| Converter |>» Synchronous motor

'

Eddy current damper

Thermometer

Torque-meter

Speed-meter

Fig.3 Block diagram of prototype test

2 Pole numbers

The prototype of 2 poles and another one of 4
poles have been made. Torque-speed curves of proto-
types are simulated by 2D FEA and tested, all of the
curves are shown in Fig.4, and the torque-speed curve
of an eddy current damper model with 6 poles is calcu-
lated by 2D FEA, the curve is also shown in Fig. 4.
The difference of all the prototypes and models is only

the pole numbers. The material, length, mean diame-
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ter and thickness of the conductor are aluminum alloy,
0.0495m, 0.0245m and 0.0008m respectively.

Fig. 4 shows that the calculated torque is larger
than the measured one at the same speed. This dis-
crepancy is due to the conductivity of the conductor va-
ries with the temperature. When the speed is slow,
since the energy dissipated is small, the conductor’ s
temperature almost keeps constant in process of test.
When the speed is fast, the conductor’ s temperature
goes up quickly, which results in decreases of both the
induced eddy currents and the torque. However, the
conductivity of the conductor keeps constant during the
2D simulation. This is why the discrepancy between
the calculated torque and the measured one at the fas-
ter speed is larger than the discrepancy between them

at the slower speed.
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Fig.4 Torque-speed curves at different pole numbers

0.7

0.6 N
= 05
E - 4 e 2p=
= 0.4
£ ——2p=4
a 0.3 f e 2P=2.
2 02} i T
=l

0.1 VAR A W et o \.

0.1

0 20 40 60 80

Distance /mm

Fig.5 Air gap flux density at different pole numbers

Compare the torque values obtained with 2D FEA
of eddy current dampers for different pole numbers, it
is found that the torque of 4 poles eddy current damper
is the greatest, and the one of 2 poles eddy current

damper is the smallest. Fig.5 shows that the peak val-

ue of air gap flux density of 4 poles is the greatest, and
the one of 2 poles is the smallest. But table 1 shows
the average air gap flux density of 6 poles is the lar-
gest. The air gap flux density waveforms shape of dif-
ferent pole numbers are not the same, which means
there are different harmonics components. The harmon-
ic analysis results of the air gap flux density waveforms
are given in table 2, which show the fundamental fre-
quency component value of the air gap flux density of 4
poles is the largest, the one of 2 poles is the smallest.
Therefore the torque value at different pole numbers is
related with the fundamental frequency component val-

ue of the air gap flux density.

Table 1 Average air gap flux density Bav of different
pole numbers 2p
2p 2 4 6
Bav /T 0.3968 0.4779 0.4848

Table 2 Harmonic values of air gap flux density

Harmonic order 2p=2 2p =4 2p=6
1 0.57530 0.68944 0. 66868
2 0 0.00034 0.00017
3 0.06477 0.08707 0.07911
4 0 0.00026 0.00018
5 0.05591 0.03564 0.03031
6 0 0.00010 0.00017
7 0.07873 0.06170 0.05537

3 Conductivity

The larger the conductivity is, the greater the ed-
dy currents and the braking torque are. The electrical
conductivity of the material is simply defined as iso-
tropic and constant in 2D FEA. For the prototypes, the
poles number is 4, and the length, mean diameter and
thickness of the conductor are 0.0495m, 0.0245m and
0. 0008m respectively. While conductor materials are
copper alloy and aluminum alloy, the torque-speed
curves of test and 2D FEA are illustrated in Fig. 6. It
shows the torque of copper alloy conductor is larger
than the one of aluminum alloy conductor at the same
speed. Table 3 gives the electrical conductivity o of

copper alloy and aluminum alloy. There are also dis-
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crepancies between the test curves and the calculation
one. For the copper alloy conductor, the calculation
torque is less than the test one, while for the aluminum
alloy conductor it is larger than the test one. This is
likely due to the error between the ideal conductivity

and the real conductivity of the material.
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Fig. 6 Torque-speed curves for different conductor material

Table 3 Conductivity g of conductor material

Material Copper alloy Aluminum alloy

o (107 S/m) 3.248 1.734

4 Conductor length

The induced voltage of the conductor increases
linearly with the conductor length, so the eddy currents
and the braking torque are proportional to the conduc-
tor length. To save the fabricating cost of prototypes,
only three prototypes are made, which conductor’ s
length is 0.0495 m, 0.04 m and 0.018 m respective-
ly, but all of them shared the same 4 poles stator. And
the material, mean diameter and thickness of the con-
ductor are aluminum alloy, 0.0245m and 0. 0008 m re-
spectively. In 2D model of MagNet, the length in axis
direction of all the parts for the eddy current damper
are assumed as the same, so the 3D model shown in
Fig.2 (b) is also employed to calculate the torque-
speed curve.

Fig. 7 shows the torque-speed curves of proto-
types with different conductor length. Fig. 8 gives the
torque-conductor length curves while the speed is

3500r/min. It can be found that the discrepancy be-
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Fig.7 Torque-speed curves for different conductor length

tween the calculated torque by 3D FEA and the test
torque is less than the one between the calculated
torque by 2D FEA and the test torque. And all of the
curves indicate that the braking torque is proportional

to the conductor length.
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Fig.8 Torque-conductor length curve at 3500r/min

5 Conductor thickness

Sharifaddin and Kourosh'™'! proposed that in the
presence of a time varying magnetic field the current
density in conductor varies exponentially inward from
the surface. The distance h in which the current density
decreases to 1/e of its surface value is called the nomi-
nal depth of penetration that is given by the relation

h= |22 (1)
wp
Where p is the resistivity of the conductor in ohm-meter,
and w is the absolute permeability of the conductor.

For the aluminum alloy conductor, p is 5. 767 x
10 *Qm, w is 12.567 x 10 "H/m , according to e-
quation(1), A is 13. 24mm while w is 523. 599 rad/s
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(5000r/min). As for the prototypes studied in this pa-
per, the conductor thickness is less than Imm, so the
influence of skin effect on braking torque can be ig-
nored.

To analyze the influence of the conductor thick-
ness on braking torque, the thickness of the conductor
is changed by changing its inner and outer diameters
and keeping its mean diameter and the sizes of both
stators and the permanent magnets constant. Therefore
when the thickness of the conductor is enlarged, the air
gap length is shortened. For the prototypes studied
here, the poles number is 4, and the material, length
and mean diameter of the conductor are aluminum al-
loy, 0.0495m, and 0.0245m respectively.

Fig. 9 gives the torque-conductor thickness curve
calculated by 2D FEA while speed is 3500r/min. It
clearly indicates the greater the conductor thickness is,

the greater the torque is.
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Fig.9 Torque-conductor thickness curve at 3500r/min

6 Conductor mean diameter

The conductor mean diameter D, is defined as e-
quation (2).

Dco + Dci

D
om )

(2)

Where D, is the outer diameter of the conductor,
and D is the inner diameter of the conductor.

There are two ways to change the conductor mean
diameter, one changing its inner and outer diameter and
keep the sizes of permanent magnets and outer stator con-
stant, another changing its inner and outer diameter and

the size of permanent magnets and outer stator. The com-

mon of the two ways is to keep the conductor thickness
constant. The difference is that the air gap length is var-
ied for the former, while it is constant for the latter. For
the prototypes studied here, the poles number is 4, and
the material, and length of the conductor are aluminum
alloy and 0.0495m respectively.

A. The air gap length is varied

When the conductor inner diameter and outer di-
ameter are enlarged with the same value to enlarge the
mean diameter, the thickness of the conductor, the si-
zes of the outer stator and permanent magnet are kept
constant, therefore, the length of air gap 1 became
shorter, while the length of air gap 2 became longer,
which is shown in Fig. 10(b).

Line 1 in Fig. 12 is the torque-conductor mean di-
ameter curve obtained with 2D FEA at speed of 35001/

min.

Air gap 1

Air gap 2

Y /
\ F
/

(b) D,,=0.024m

(a) D, =0.0245m

Fig. 10  Part of the 2D model with different mean diameter

and air gap length

B. The air gap length is constant

As the conductor inner diameter and outer diame-
ter are enlarged with the same value, at the same time
the inner diameter of the outer stator and the outer di-
ameter of permanent magnet are enlarged, then the
length of both air gaps and the length in radial direc-
tion of permanent magnet are kept constant, which
means the length in radial direction of the outer stator
is shortened and the length in radial direction of the in-
ner stator is enlarged, which is shown in Fig. 11(b).

Line 2 in Fig. 12 is the torque-conductor mean di-
ameter curve obtained with 2D FEA at speed of 35001/

min.
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Fig. 11 Part of the 2D model with different mean diameter

and same air gap length

Fig. 12 shows that the bigger the conductor mean
diameter is, the larger the braking torque is. And the
increase magnitude of the braking torque with the con-
ductor mean diameter for the varied air gap length is

far less than the one for the constant air gap length.
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Fig. 12 Torque-conductor mean diameter curve at 3500r/ min

7 Braking torque equation

Sharifaddin and Kourosh''! introduced that eddy
current brakes employ complicated mathematical rela-
tions in operation caused by factors like skin effect,
nonlinearity of property of magnetic materials, unpre-
dictability in path of induced current, end effect and
thermal effects and variation in conductivity due to
temperature variation. Therefore, they presented the
torque equation (3) for an ideal situation.

1
T = %7331{4&0 (3)

At the equation (3) w is angular speed of the ro-
tor, B, is magnetic intensity of the stator in air gap at
zero speed, L is rotor length, R is radius of the rotor

and p is resistivity of the rotor.

According to equation (3) and based on the anal-
ysis presented above, the torque of our eddy current
damper for an ideal situation should be calculated by e-

quation (4).

D
BLo[ (—

T=2
4 2

D_ +h
= "oB Lol (= —

L

P
cy 4 Dcm_hc4

z SO - (PR (4)

At the equation (4) h, is the rotor thickness. The
physical properties of the prototypes are listed in Table 4.
Table 4 Physical properties of the prototypes

Value
Property
No. 1 No.2 No.3 No. 4
o /(107S/m) 3.248 3.248 1.734 1.734
B, /T 0.5753 0. 6894 0.5753 0. 6894
L/m 0. 0495 0.04 0. 0495 0.04
D, /m 0. 0245 0. 0245 0.0245 0.0245
h, /m 0.0008 0.0008 0.0008 0.0008

The conductors of prototype 1 and prototype 2 are
made of copper alloy, while those of prototype 3 and pro-
totype 4 are made of aluminum alloy. The conductor
length and the pole numbers of prototype 1 and prototype
3 are the same, 0.0495m of length and 2 poles respec-
tively, while those of the rest are the same, 0. 04m of
length and 4 poles respectively. Fig. 13 shows the torque
values obtained with equation (4) and tested.

Fig. 13 indicates that the torque calculated is
greater than the test one for the prototypes of copper al-
loy conductor and for the prototype of aluminum alloy
conductor with 4 poles stator when the speed is faster
than 3000r/min, while the torque calculated is less
than the test one for the prototype of aluminum alloy
conductor with 2 poles stator, and for the prototype of
aluminum alloy conductor with 4 poles stator when the

speed is slower than 3000r/min.
8 Conclusions

At the given volume of the eddy current damper,
the comparisons between the torque-speed curves of the
eddy current damper with different pole numbers indi-
cate that the pole numbers’ influence on the torque is

decided by the fundamental frequency component value
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Fig. 13 Torque-speed curves calculated and tested

of the air gap flux density rather than the pole numbers
itself. The analysis of the torque-speed curves for the
eddy current damper with different conductor material ,
length, thickness and mean diameter indicate that the
braking torque is proportional to the conductivity of the
conductor material and the conductor length, and the
greater the thickness and mean diameter of the conduc-
tor are, the greater braking torque of the eddy current
damper is. The relationships of braking torque and the
parameters can be expressed as equation (4) for an i-
deal situation. Of all the conductor geometry parame-
ters shown in equation (4 ), the contribution to the
braking torque of the mean diameter is much more than
the one of the length. In order to reach a higher air gap
flux density, the thickness of the conductor is very
small compared to the length and diameter, its value is
less than 1 millimeter generally, so its influence on the

braking torque is also the smallest. Equation (4) and

the values of each physical property show that the con-
tribution to the braking torque of the air gap flux densi-
ty is much more than those of the conductor geometry
parameters, and the influence on the braking torque of
the conductivity is the most important. However, the
weight of the eddy current damper used for the docking
mechanism should be reduced to the minimum for the
given braking torque, so the conductor material should
be selected not only by the conductivity and also by the
densities.

Although equation (4) does not take account of
the armature reaction, end effect, nonlinearity of prop-
erty of magnetic materials, etc, the discrepancy be-
tween the torque obtained with equation (4) and the
one tested for the prototypes show it is helpful to pro-
ceed with the design of an eddy current damper for

docking mechanism.
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