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Abstract: The passive electromagnetic damper has the same configuration as that of the electromagnetic bearing, but no sensors
and no closed loop control are needed. Its robustness and no-contact structure are its great advantages. When the rotor vibrates, the
electromagnetic field intensity in the air gap is altered, then fluctuating currents in the damper coils and eddy currents inside the
surface layer of rotor are created. Damping force is caused by the fluctuating currents, while retardation torque is generated by
eddy currents. The characteristics of a damper may be improved by adding an additional electrical circuit. Numerical studies
showed that damping coefficient increases with increasing static current, but decreases with increasing frequency. And the
damping coefficient of the improved damper at higher frequency is more evident than that of the original damper. Experimental
results showed that the resonant vibration around the first critical speed was obviously suppressed by both types of passive elec-

tromagnetic damper.
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INTRODUCTION

Dampers are widely used in high speed rotary
machines to improve the system stability and to sup-
press the resonant vibration around the first critical
speed. Several types of damper for rotor systems have
been proposed and studied, such as the squeeze film
damper (Hahn, 1984; EL-Shafe and Hathout, 1993),
the magnetorheological damper (Jolly et al., 1998;
Noresson et al., 2002) and the active electromagnetic
damper (Kasarda et al., 2004), etc.

Long-time research and practice found that the
damping force will be created if only static current is
supplied to electromagnetic bearing. This kind of
damper needs no sensor and no closed loop control, so
it is named as “the passive electromagnetic damper”.
Compared with the existing dampers it has the fol-
lowing advantages: a simple no-contact structure, low
cost, and higher reliability. In this paper, the fluctu-
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ating current, damping coefficient, stiffness coeffi-
cient, and the additive power losses caused by the use
of the electromagnetic damper are analyzed. Nu-
merical and experimental studies are also carried out
to show the characteristics of the damper.

WORKING PRINCIPLE OF THE PASSIVE
ELECTROMAGNETIC DAMPER

The configuration of a passive electromagnetic
damper is similar to that of a radial electromagnetic
bearing, as shown in Fig.1. While constant voltage is
supplied to each damper coil, the static current in the
coils and static magnetic field in the air gaps between
the rotor and the stator are formed. The magnetic
circuits are shown by broken lines in Fig.1. As the
rotor whirls, the thickness of the air gaps is changed,
which leads to the change of the magnetic field. As a
result the inductive currents in the coils are formed,
though these inductive currents are much weaker than
the static currents. Because the inductive current
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varies with time, it is called “the fluctuating current”
in order to distinguish it from the static current. The
fluctuating current and the rotor displacement have
the same frequency, but different phases. This phase
difference is the primary reason why the damping
force is generated.

C—ycosa
Stator

Fig.1 Structure of a passive damper

Analysis of the damping force

To simplify, the displacement in vertical direc-
tion may be supposed to be y=yoej‘”t ( is the unit of
imaginary parts) while the rotor whirls, then the
fluctuating current can be supposed to be i~

i, Assuming that the eddy current effects,

edge effects and material path reluctance are ne-
glected, the magnetic flux can be calculated by ap-
plying Ampere’s Law:

. ﬂoSN(]o_iy) (1)
2(C-ycosar)’

where o is the vacuum magnetic inductivity, /, is the
static current, S is the cross section area of a magnetic
pole, N is the number of coils, C is the static thickness
of the air gap, and a is the angle between the radial
magnetic circuit and the coordinate which intersects
the magnetic circuit, as shown in Fig.1.

The electrical loop of the damper is shown in
Fig.2 (without additional circuit in the dashed-frame).
Substituting Eq.(1) into the loop’s voltage equation,
N d—¢+R]I =U, a new differential equation can be

t
obtained:

2 d. 2
SN SN Lycosady o g iy, (2)
2C  dt 2C dr '

where R is the coil’s resistance, U is the voltage of
constant voltage source.

Eq.(2) can be divided into two parts, time inde-
pendent and time dependent. With the previous sup-
positions, y and i, the following equations are
formed:

U —1,R =0, 3)
JK i@ — K,y + R =0, (4)
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Additional circuit

Fig.2 Equivalent circuit electromagnetic damper

Solving Eq.(3) and Eq.(4) yields the static and
the fluctuating currents:

I,=U/R, (5)

i, =Ke"y, (6)

where K; is magnifying coefficient, ¢; is the phase
difference,

U,SN*I,wcosa

K = ,
C\(uySN*@)* + (2R,CY:

2CR,

@, = arctg———

1SN0

Usually the damper’s structure is symmetrical, so
every magnetic pole’s parameter, the number of coils,
the coil’s resistance, the air gaps’ static thickness are
the same, and while it is working, the damper coils in
the same direction usually are connected to the same
constant voltage source, so the static currents are equal.
As the rotor is whirling, the phase of the rotor dis-
placement for the up and down electromagnet poles
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has a difference of @, so it can be obtained from Eq.(6)
that the fluctuating currents in the two electromagnet
coils have a phase difference of © too. Then, the radial
electromagnetic attraction forces between the vertical
electromagnet poles and the rotor can be calculated by
Eq.(7) with Maxwell’s stress tensor:

(I, —i,) Uy +i,)
(C—-ycosa)® (C+ycosa)’ |

(N

o 1,SN* cosa
! 4

Since the displacement y is only a tiny amount
compared with air gaps’ static thickness C, and the
fluctuating current i, is also a tiny amount compared
with static current /o, the force F, can be expanded
with Taylor series at the point (3=0, i,=0). When
higher order elements are ignored, the linear expres-
sion of F), is:

F=-joK y—-K;y-K,y, ®)
where
_ 2u,°S’N*I R cos’a
© " C[(4,SN*®)’ +(2RC)’]

4’ SN°IPe’cos’a
Y Cl(SN @) + 2RCYY
K —- yOSNzlojcosza.
C

It is easy to understand by Eq.(8) that K, and K4
are the damping coefficient and the stiffness coeffi-
cient respectively caused by the fluctuating current,
while K is a negative stiffness coefficient similar to
that of the electromagnetic bearing, which is inde-
pendent from the fluctuating current.

Improvement

According to the calculation formula of K, it can
be seen that the damping coefficient is directly pro-
portional to the square of static current. Unfortunately,
the static current cannot be increased infinitely be-
cause the magnetic flux density in the magnetic me-
dium will be saturated. On the other hand, the prob-
lems of retardation torque, additional power loss, heat
generation will become more serious and the reduc-
tion of system stiffness will deteriorate sharply.

To improve the damping characteristic of the
passive electromagnetic damper at the fixed static
current, the new method of adding an additional cir-
cuit is put forward, shown by dashed-frame in Fig.2.
L, and R, are respectively the equivalent inductance
and resistance of the damper coil. R, and C, are the
additional capacitance and resistance. Analyzing this
electrical circuit by the same method as shown above,
formulas for calculating damping and stiffness coef-
ficients are deduced as follows:

K, =2(14,SN*I,cosa)’ (R +R,+R R, C; )
JC[(14,SN*@+2CR R,C, )’ )
+(2R,C+2R,C — 14,SN’R,C,")*1},
K,=(u,SN’I,wcos &)’ (1, SN*+14,SN* 0’ R; C

—2CR;C))/{C[(14,SN* @ +2CR R,C,w)*  (10)
+(2R,C+2R,C — 1,SN’R,C,0* )1},
K,=— 1,SN*1’cos’a/C’. (11)

Analysis of additive power loss

When an unlaminated rotor rotates in a passive
electromagnetic damper, eddy currents are caused to
flow inside the conducting material of the rotor.
These eddy currents change the magnetic field of the
passive damper and, therefore, the forces on the rotor
depend on the eddy currents. In addition to the radial
force, a tangential force acts on the rotor. It needs to
be clarified that the effect of the eddy currents on the
radial force is smaller, so it is ignored when analyzing
the damping effect in the foregoing part.

The tangential force causes a retardation torque
that has already been measured in many magnetic
bearing systems. The existence of the retardation
torque results in the changing of the rotating speed,
the additive power loss, the heating of the rotor and
other problems. For proper designing of a passive
electromagnetic damper the tangential force must be
considered.

The analytical model deduced by Ahrens and
Kucera (1996) may be used to calculate the magnetic
fields and tangential force F'. This analytical solution
has some advantages compared with numerical re-
sults achieved by finite element analysis because it
gives a better insight into the problem. Furthermore,
numerical calculations often do not succeed.

Then the additive power loss may be obtained:
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P=Fro, (12)

where r is the rotor radius.

NUMERICAL STUDIES

The rotor system with passive electromagnetic
damper used in numerical and experimental studies is
shown in Fig.3. The shaft is supported by two roller
bearings, and the disc surrounded by the damper is
mounted in the middle of the shaft. The rotor is driven
by direct current gearshift electromotor through a
flexible coupling. The shaft diameter is 11 mm, and
the distance between the two bearings is 410 mm. The
damper is designed with 8 magnet poles and 4 inde-
pendent coils (up, down, left and right), as shown in
Fig.1. The parameters of the damper are listed in
Table 1.

Fig.3 Jeffcott rotor system

Table 1 Parameters of the damper

Parameters Value
Rotor radius (r) 43.3 mm
Coil turns (N) 720
Air gap (C) 0.65 mm
Pole area (S) 100 mm?
Coil resistance (R) 29Q
Additional resistance (R,) 50Q
Additional capacitance (C) 120 uF

The characteristics of the passive electromag-
netic damper are first studied by numerical calcula-
tion. The calculated damping and stiffness coeffi-
cients depending on the static currents are shown in
Figs.4 and 5, respectively, by which the whirl fre-
quency is 95 Hz. It can be seen that the curve for the

damping coefficient K is a parabola with increasing
static current and that the damping coefficient of the
improved passive damper is more evident than that of
the passive damper without additional circuit. The
stiffness coefficient, K,=K4+K,, is always negative and
the absolute value of K, increases with increasing static
current. The critical speed of a rotor system will be
reduced because of this negative stiffness.
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Fig.4 Damping coefficient vs static current
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Fig.5 Stiffness coefficient vs static current

Fig.6 presents the relationship between the
damping coefficient and the whirl frequency, and the
effect of varying capacitance on the damping coeffi-
cient. It can be seen that the damping coefficient de-
creases rapidly with increasing whirl frequency if
there is no additional circuit. So the passive electro-
magnetic damper is suitable only for rotor systems
with lower rotating speeds. But for relatively higher
rotating speeds, the damping coefficient can be in-
creased by adding an additional circuit. For example,
the damping coefficient at 90 Hz may be increased by
about 43% with both a capacitance of 120 pF and 80
pF. At 150 Hz it may be increased by 33% with a
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capacitance of 120 uF, 52% with a capacitance of 80
pF and 84% with 40 pF, respectively. The calculation
results also showed that the damping effect may be
further enhanced by increasing additional resistance
R,. For different application the damping coefficient
can be optimized for a special rotating speed by se-
lecting suitable R, and C.
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Fig.6 Damping coefficient vs whirl frequency

Fig.7 shows the curves of the additive power loss
caused by retardation torque. It could be inferred that
the additive power loss increases rapidly with in-
creasing static current, particularly in unlaminated
rotors working at high rotating speeds whose power
loss is very big and cannot be ignored.
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Fig.7 Additive power loss vs whirl frequency
EXPERIMENTS

In order to demonstrate the effect of the passive

electromagnetic damper, experiments are also carried
out on the rotor system shown in Fig.3.

The electrical currents flowing through the coils
and the displacement of the disc are first measured
and analyzed by FFT in order to testify the existence
of the fluctuating current when the rotor is rotating.
The results are shown in Figs.8 and 9. During the
measurement, the rotating speed was 4248 r/min and
only the lower coil is working. The static current in
the lower coil is 0.51 A. One can find that there really
exists a fluctuating current and that both fluctuating
current and disc displacement have the same fre-
quency. This result proves that the fluctuating current
is caused by rotor vibration and that its previous as-
sumption is correct.
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Experiments for the unbalance responses of the
rotor at different frequencies were carried out after-
wards. Four coils work together and the static current
in each coil is 0.45 A. Fig.10 shows the Bode plots of
the rotor system, from which it can be seen that the
resonance amplitude is suppressed by the passive
damper to less than 25% of the original one. It can be
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clearly seen also that the improved damper has better
damping effects. The peak of the system without
damper appears at 101 Hz, while the peak of the
system with damper appears at about 96 Hz. This
phenomenon may be explained as follows: There is a
negative stiffness introduced by the passive electro-
magnetic damper. This additional negative stiffness
results in a reduction of the system stiffness. There-
fore the natural frequency of the system with damper
becomes lower.
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Fig.10 Unbalance responses of the rotor system

CONCLUSION

The change of the air gaps between the stator and
the rotor leads to the change of the magnetic field of
the damper. As a result fluctuating currents in the
damper coils are generated and consequently damp-
ing forces on the rotor are formed. But the damping
effects decrease rapidly with increasing frequency, so
it is only suitable for the rotor working at lower fre-
quencies. To improve the damping characteristic of
the passive damper at relatively higher frequencies, a
new method of adding an additional circuit is put for-

ward. Experimental results showed that the use of
both passive electromagnetic dampers can reduce
vibration and allows passage through critical speed.
The improved damper has better damping effects. For
proper designing of a passive electromagnetic damper
the parameters should be optimized for a special
frequency range.

Passive electromagnetic damper has the advan-
tages of a simple no-contact structure, low cost and
higher reliability. If a rotor is unlaminated, the exis-
tence of the retardation torque will cause additive
power loss, heat generation and other problems. Too
large static currents will cause also undesired reduc-
tion of system stiffness and the change of the critical
speed.
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