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Magnetic damping is one of the important parameters that
control the response and stability of maglev systems. An
experimental study to measure magnetic damping directly
is presented. A plate attached to a permanent magnet levi-
tated on a rotating drum was tested to investigate the effect
of various parameters, such as conductivity, gap, excitation
frequency, and oscillation amplitude, on magnetic damping.
The experimental technique is capable of measuring all of
the magnetic damping coefficients, some of which cannot be
measured indirectly.

1. Introduction

One of the key elements in controlling the dynamic
characteristics of maglev systems is magnetic damp-
ing. Two types of magnetic damping can be intro-
duced: active and passive. In the absence of any en-
hanced damping, the magnetic damping inherent in
a magnet-moving conductor system is generally re-
ferred to as intrinsic magnetic damping. Several as-
pects of magnetic damping have been studied: mag-
netic damping as a function of velocity (Moon [9],
Iwamoto et al. [7], Yamada et al. [11]); damping con-
stant as a function of frequency (Saitoh et al., 1992);
passive damping (Iwamoto et al. [7]); and the effects
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of enhanced passive and active damping on a test ve-
hicle suspended and guided by the interaction of su-
perconducting magnets interacting with a continuous
sheet guideway (Coffey [4]). It is reasonable to say that
damping characteristics under various conditions are
still not well characterized.

The oscillation of a magnetic field source near a sta-
tionary conductor normally results in damping forces
due to induced circulating currents in the conducting
body (eddy currents). However, if the field source and
conductor have a relative velocity transverse to the vi-
bration, it is possible for the translational motion to add
energy into the vibrational degree of freedom through
negative magnetic damping (Moon [9]).

A magnetic lift force, Fi, acting on a moving mag-
net over a thin-sheet conductor (thickness is A, con-
ductivity is o) with a clearance of h can be defined as
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where [ is current filament, pg is the permeability
of free space, v is the velocity normal to the current
filament and w is a characteristic velocity given by
w = 2/(uooA). For a stationary conductor, v = 0,
it is well known that the damping forces will be pro-
duced due to the creation of eddy currents in the con-
ductor. However, for a large enough velocity v, this dis-
sipative force can become destabilizing. The subject of
eddy current damping in the context of levitation prob-
lems was studied by Davis and Wilkie [5], Iwamoto
et al. [7], Moon [8], and Baiko et al. [1]. When the
levitation height varies sinusoidally, the perturbed lift
force component, F} , proportional to sinusoidal height
u(t) with respect to the original height hg is found to
be
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where the first term in Eq. (2) represents a magnetic
stiffness term and the second term, +y, represents a lin-

ear “viscous” damping proportional to the vertical ve-
locity du/dt
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When v > w, the damping can become negative from
Eq. (3).

Experiments on negative eddy current damping were
first done by Iwamoto et al. [7], and later by Moon [8§]
and summarized by Moon [9], which showed the same
tendency of Eq. (3) that the magnetic damping be-
comes negative when the velocity of the thin aluminum
conductor exceeds the characteristic velocity w.

Magnetic damping can be analyzed or measured ei-
ther directly or indirectly. It appears that most of the
past studies are based on the indirect methods. Re-
cently, a direct method was applied to a maglev sys-
tem by Chen et al. [3]. This direct method is capable
of measuring self-induced and mutual magnetic damp-
ing. In a study of maglev response, all magnetic damp-
ing must be quantified; without damping values, it is
difficult to predict the response of maglev systems.

This paper presents two series of tests designed to
quantify passive magnetic damping. The purpose was
to determine the effect of various parameters, such as
conductivity, gap, excitation amplitude, and oscilla-
tion frequency, on magnetic damping. Once magnetic
damping and stiffness are known, they can be applied
to maglev systems.

2. Experimental setup

A schematic diagram of the test setup is shown in
Fig. 1. It includes a rotating drum, shaker, force trans-
ducer, and displacement transducer. The drum is cov-
ered with an aluminum sheet, 26.99 cm in diameter,
14.61 cm wide, and 0.635 cm thick. The rotating speed
can vary from 0 to 3500 rpm with a velocity of 1 to
50 m/s. The shaker provides proper excitation force at
given frequencies, and the impedance transducer mea-
sures the displacement of the supporting bar.

The force transducer used to measure the total force
is shown in Fig. 2(a). The magnet, 2.54 x 5.08 X
0.318 cm, is connected with copper brackets to an alu-
minum plate, 5.0 x 7.6 x 0.8 cm, and then supported
by an aluminum bar, 2.64 cm wide, 22.86 cm long,
and 1.27 cm thick (Fig. 2(b)). The aluminum bar is at-
tached to the shaker at one end and to the magnet and
aluminum plate at the other. One set of strain gauges
is placed on the smaller section of the aluminum bar
to measure the force due to the excitation at other end.
The general principle in the experimental setup to mea-
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Fig. 1. Schematic diagram of test setup.

sure motion-dependent magnetic forces is the same as
that for motion-dependent fluid forces (Chen et al. [2]).

Without magnetic field, the force transducer is cal-
ibrated by a dynamic method. The supporting bar is
fairly rigid with a natural frequency of >100 Hz. For
a given excitation frequency f and amplitude ug, im-
posed on the supporting bar by the shaker, we can
calculate the inertia force of the magnet, aluminum
plate, and support structure Fp. A typical result is given
by Fo/up = 0.83837 f2:0098, Theoretically, the inertia
force should be proportional to the square of the exci-
tation frequency. The measured power of f, 2.0098, is
very close to 2. The calibration constant of the force
transducer can be calculated from the inertia force, dis-
placement, and strain gauge reading. The force trans-
ducer measures the total force with a sensitivity of
~1 v for 120 g of force acting on the middle of the
magnet and damping plate.

The error resulting from this method of calibration
is very small. The frequency range of interest is below
6 Hz while the natural frequency of the supporting bar
is above 100 Hz. The error due to the phase difference
between the displacement and measured force (includ-
ing inertia force and damping force) is practically zero
because of very small frequency ratios, smaller than
0.05 (Harris and Crede [6]). The error of the power of
frequency f, to which Fy/ug is proportional, is less
than 0.5%.

3. Test cases and data analysis
The detailed arrangement of the magnet and alu-

minum plate is shown in Fig. 2(b). Two cases were
tested.
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Fig. 2. Force transducer and magnet support: (a) overview, (b) active
element.

Case A: Magnet and pure aluminum plate.

A 5.0 x 7.6 x 0.8 cm aluminum plate, with a purity
of 99.999%, was attached to the magnet. The gaps be-
tween aluminum plate and magnet, a, and aluminum
plate and rotating drum, b, were set at various values.
Five tests were performed:

Al a=1mm, b=3mm;
A2 a=1mm, b=>5.5mm;
A3 a=6mm, b=3mm;

A4 a=35mm, b=55mm;
A5 a = 1 mm, b =8 mm.

Case B: Magnet and ordinary aluminum plate.

An aluminum plate (6061-T6), 5.0 x 7.6 x 0.8 cm,
was attached to the magnet. Three tests were per-
formed.

Bl a=1mm, b=3mm;
B2 a=1mm, b=5.5mm;
B3 a=6mm, b=3mm.

In each test, the shaker provided an excitation at a
given frequency with a specific amplitude. The dis-
placement of the aluminum support, measured by the
displacement transducer, and the forces consisting of
the inertia force of the active element (magnet, alu-
minum plate, copper bracket, and aluminum support
below the strain gauges) and magnetic force, measured
by the strain gauges, were measured simultaneously.
The RMS magnitude of displacement and force, as
well as the phase angle between them at the excita-
tion frequency, were obtained. Magnetic stiffness and
damping can be calculated from these data. Each test
was performed at several excitation frequencies for the
whole range of rotating velocities.

The measured dynamic force is given as follows:

2
v pdu (4)

Fe_me—r_
e at

where w is the displacement, m is the mass of the ac-
tive element, and C' and K are, respectively, the damp-
ing coefficient and stiffness to be determined. Note that
m should also include magnetic mass. However, be-
cause the excitation frequency of maglev is fairly low,
the magnetic mass will be very small and is negligible
(Iwamoto et al. [7]).

If we let the RMS values of the displacement and
force be dy and fy, respectively, and the phase angle
between the two be ¢, C' and K are given by

C = fosin(¢)/(wdp),

fo
do

K =mw? —

cos(¢), )

where w is the circular frequency of oscillations.
Magnetic damping and stiffness are calculated from
Eqgs (5).

4. Experimental results

Typical results are presented in Figs 3 and 4 for
test A5, with the excitation frequency equal to 6 Hz.
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Fig. 3. Displacement, total force, and magnetic force as a function of time at an excitation of 6 Hz, test AS.

In Fig. 3, the time histories of displacement, measured
force, and magnetic force at three different velocities,
0, 4.8, and 16.5 m/s, are given. The measured force
includes inertia and magnetic force (i.e., measured
force = inertia force + magnetic force). The magnetic
force was determined by subtracting the inertia force
from the measured force. The inertia force was out of
phase with the displacement, while the magnetic force
was approximately in phase with displacement. In this
case, inertia force and magnetic force were of approx-
imately the same magnitude (Chen et al. [3]). There-
fore, the measured force became fairly small. The mea-
sured force was approximately in phase with the dis-
placement when the speed was 0 and 4.8 m/s, whereas
it was out of phase with the displacement when the
speed was 16.5 m/s. The transition occurred near the
characteristic speed of the aluminum sheet on the ro-
tating drum.

Figure 4 shows the RMS displacement of the sup-
port bar, RMS force measured by the strain gauge, and
the phase angle between the two as a function of veloc-
ity. These data were obtained from the time histories of
the displacement of the support bar and the measured
force shown in Fig. 3. Magnetic damping and stiff-
ness were calculated from Eqs (5). The RMS displace-
ment decreased slightly with increasing velocity for a
fixed input to the shaker. The measured RMS force
changed significantly with velocity. Magnetic stiffness
increased, while magnetic damping decreased with ve-
locity. In this case, the magnetic damping was positive.

Tests at 2, 4, and 6 Hz were conducted for the whole
range of rotating velocities for all test cases. The iner-

tia force, which is proportional to the square of the ex-
citation frequency, was reduced at 2 and 4 Hz; the mea-
sured force was mainly attributed to magnetic force.
For different excitation frequencies, the drastic change
of phase angle between displacement and measured
force also changed with excitation frequencies.

Figures 5 and 6 show the magnetic damping and
stiffness for various tests as a function of velocity
at three excitation frequencies. The following general
characteristics were noted:

e Magnetic damping decreased with velocity at low
velocity. At zero velocity, it was always positive.
Once the velocity exceeded the characteristic ve-
locity, its value showed a tendency to increase
slightly with the velocity. The experimental re-
sults give the same curve tendency of Eq. (3) as
plotted in Ref. of Moon [8] due to eddy current
damping effects.

e Magnetic stiffness increased with velocity. At
high velocities, its values were almost indepen-
dent of velocity.

e Magnetic stiffness was independent of excitation
frequency, whereas magnetic damping depended
on excitation frequency, with its value increasing
slightly with excitation frequency.

By comparing magnetic damping and stiffness of
various cases, we can understand the effects of various
parameters which may affect the eddy current damping
(also see Eq. (3)).
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Fig. 4. RMS displacement and force, phase angle, and magnetic damping and stiffness excited at 6 Hz, test AS.
4.1. Conductivity e Magnetic stiffness was about the same for various
) excitation frequencies in both test series. The pu-
Tests A1-A3 correspond to tests B1-B3; the dif- . . . .
. . . rity of the aluminum plate did not affect magnetic
ference is the aluminum plate. In series A, the pu- G
stiffness.

rity of the plate was 99.999% with the conductivity =
61% IACS; in series B, it was 6061-T6 with the
conductivity = 55% IACS. From Figs 5 and 6, the fol- the same. In these two tests, the aluminum plate
lowing characteristics were noted: was 5.5 mm from the drum. However, when the

e Magnetic damping for tests A2 and B2 were about
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Fig. 5. Magnetic damping and stiffness for series A tests (continued on the next page).

gap was 3 mm, in tests Al, A3, Bl, and B3,
magnetic damping values of the series A tests
were larger than those of the series B tests; hence
the aluminum plate with higher purity provided
greater damping.

4.2. Gap

e In tests A3—AS, the gap between the magnet and
drum was kept constant, while the gap between
the aluminum and the drum was varied from 3
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to 5.5 to 8 mm. Magnetic stiffnesses for the vari-
ous gaps were approximately the same. However,
magnetic damping values depended on the gap.
As the aluminum plate was moved closer to the
drum, magnetic damping increased. The magnetic
damping values for the 3- and 5.5-mm gaps were
larger than those for the 8-mm gap.

e Intests Al and A3, or tests A2 and A4, the gap be-
tween the aluminum and drum was fixed while the
gap between the magnet and the aluminum plate
was varied. We can also compare the magnetic
damping values for the two sets of tests. When
the magnet was further away from the drum, mag-
netic stiffness decreased and magnetic damping
increased.

4.3. Frequency

The effect of excitation frequency on magnetic
damping and stiffness is presented in Fig. 7 for 4.8 m/s.

Other velocities were also tested. Magnetic stiffness
was practically independent of frequency, whereas
magnetic damping increased slightly with frequency.

4.4. Excitation amplitude

The magnetic stiffness and damping for test B3 as
a function of excitation amplitude at several velocities
were measured. Regardless of the velocity, excitation
amplitude affects neither magnetic stiffness nor damp-
ing in the parameter range tested. This means that a
linear theory can be used if the displacement is small.

5. Applications to maglev

Once maglev damping and stiffness are known, they
can be applied to vehicle dynamics. For example, con-
sider a maglev vehicle, with mass m, moving on a
guideway. The equation of motion is
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where m is the total mass of the vehicle; C is struc-
tural damping; C' is magnetic damping, including aero-
dynamic damping; K is magnetic stiffness; and ¢(t) is
external excitation.

The natural oscillation frequency and modal damp-
ing ratio are, respectively,
G+ C

L E
S 2rVm’ 2VKm

For a given vehicle, C' and K depend on clearance and
velocity. With the data obtained in this experiment, we

f (N
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can analyze the system characteristics. For example,
magnetic damping and stiffness obtained in tests Al,
A2, and AS can be used to simulate a vehicle with a
passive damping plate levitated on a guideway. Mag-
netic damping and stiffness depend on clearance b (see
Fig. 2(b)) and oscillation frequency f. From Fig. 5, we
can obtain C' and K at 37.6 m/s as follows:

b=1mm,
K =814.89+4.187 f +0.219 f2,
C = —1.494+0.199 f + 0.001 £2,

b=5.5mm,
K =603.824+3.293 f — 0.118 f2, )
C = —-0.109 — 0.282 f + 0.05 f2,

b =8 mm,

K =439.544+2.03 f — 0.257 f2,
C =0.129 — 0.177 f + 0.034 f2.

From Eqs (7) and (8), and from the static mag-
netic force, we can calculate the natural frequency and
modal damping ratio as a function of b. Furthermore,
the response of a maglev system can be predicted from
Eq. (6) for a given excitation q(t).

6. Closing remarks

A direct method was used to measure magnetic
damping and stiffness during two series of tests. The
effects of conductivity, gap, excitation amplitude, and
excitation frequency which are related to the eddy cur-
rent damping were investigated.

Once magnetic damping and stiffness are known, the
dynamic response of maglev systems can be predicted.
In addition, a passive damping plate can be introduced
to improve ride quality and control stability. Other con-
trol techniques that are based on the characteristics of
magnetic forces can also be applied to maglev.

The described technique will be very useful for mea-
suring magnetic damping and stiffness coefficients of
prototypes and will provide the necessary elements
for predicting maglev response and controlling maglev
systems.
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