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bstract. This article describes an axial transient vibration and
xial excitation response of a polygonal mirror scanner rotor driven
y a flat-type brushless dc motor and supported by a passive thrust
agnetic bearing and a radial air bearing. From results of experi-
ental investigations, the following characteristics of the vibration
ave been deduced: (1) Repulsive magnetic force was induced be-

ween the rotor magnet and stator coils of the dc motor under cur-
ent passage. The force caused axial static displacement and axial
ransient vibration. (2) Because the stiffness of the thrust magnetic
earing was small, large axial vibration took place due to the axial
xcitation. (3) Two types of damper were introduced to suppress the
xial transient vibration and the axial excitation response; one was
n eddy-current damper and the other was an air damper. It was
emonstrated that the air damper was effective for reducing the
xial vibration. © 2006 Society for Imaging Science and
echnology. �DOI: 10.2352/J.ImagingSci.Technol.�2006�50:1�111��

NTRODUCTION
polygonal mirror scanner motor is used in the exposure

ubsystem of the digital electrophotographic engine to scan
he laser beam and to write latent images on the
hotoreceptor.1 The rotation of the mirror is required to be
table, constant velocity, and low vibration to realize high
mage quality without banding.2–4 It is also necessary to be
igh speed for high print speed and high resolution ma-
hines, long life, small power loss, low acoustic noise, and
ow cost. The motor shown in Figs. 1 and 2 has been devel-
ped to meet these requirements.5,6 The rotor is driven by a
at type brushless and coreless dc motor. The polygonal
irror is attached to the rotor. The rotor is supported in the

adial direction by an outer rotor type self-acting grooved
ournal air bearing7 and in the axial direction by an axially
table passive magnetic bearing. The magnetic bearing uti-
izes an axial restoring magnetic force between radially mag-
etized rotor and stator magnets.8

Two types of axial vibration take place in this motor,
ecause the stiffness and the damping of the thrust magnetic
earing were small. One is axial transient vibration of the
otor during startup operation due to the axial magnetic
epulsive force induced in the flat motor.5 It prolongs the
tartup time and in the worst case the rotor collides with a

eceived Nov. 15, 2004; accepted for publication Mar. 4, 2005.
062-3701/2006/50�1�/111/4/$20.00. s
asing in the axial direction. The other is a large axial vibra-
ion due to the external excitation. Because electrophoto-
raphic copy machines or laser printers are not always
ounted on a rigid floor, they are sometimes excited by the

oor vibration. High image quality must be maintained even
hen an external vibration force is applied to the machine.

To suppress these vibrations, we developed two types of
amper, one is an eddy-current damper8 and the other is an
ir damper. The former is a copper ring mounted near the
tator magnet as shown in the left side of Fig. 1. Eddy-
urrent caused by magnetic flux change in the ring absorbs
ibration energy and thus the copper ring performs as the

igure 1. Configuration of polygonal mirror scanner rotor driven by flat-
ype brushless dc motor and supported by axial magnetic and radial air
earing. Rated speed=340 s−1.

igure 2. Polygonal mirror scanner motor. The rotor �upper� is disas-

embled from the stator �lower�.
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ibration damper. On the other hand, the air damper utilizes
iscosity of air to restrict airflow at the small gap �3–6 �m�
f the magnetic bearing by sealing large holes in a support of
he stator magnet. The objectives of the present investigation
re to confirm performance of these dampers in order to
ealize highly reliable digital copy machines and laser print-
rs.

XIAL STIFFNESS AND DAMPING
eights were added stepwise on the center of the rotor with-

ut rotation and axial static displacement of the rotor was
easured by a laser displacement meter (Keyence, Tokyo,

K-2000) to deduce the axial static stiffness of the magnetic
earing. Figure 3 shows the result. The origin of the axial
isplacement designates a static equilibrium position of the
otor. The force was almost linear to the displacement near
he center. The deduced stiffness was 2670 N/m that corre-
ponded to the axial natural frequency of 42.4 Hz.

Next, the axial stiffness and the damping constant were
easured by the impact test method. Free vibration re-

ponses without damper, with the eddy-current damper, and
ith the air damper are shown in Fig. 4. The stiffness with-
ut damping and with the eddy-current damper coincided
o the static measurement, but was slightly increased by the
ir damper. Although the eddy-current damper was not ef-
ective, the damping effect was significantly increased by the
ir damper.

XIAL VIBRATION DURING START-UP OPERATION
he axial vibration was measured by the laser displacement
eter by the same method described in Ref. 5. Figure 5

hows the measured transient vibration during startup op-
ration. The characteristics of the vibration were as follows:

t the Beginning of Startup Operation
hen the motor current, about 0.5 A, was applied, the rotor

tarted to rotate. The axial lumped repulsive force was ap-
lied by the flat motor to the rotor and simultaneously the
otor was displaced statically in the upwards direction.5

uring Startup Operation
he axial lumped force induced not only the axial static

5

Figure 3. Axial static stiffness of magnetic bearing.
isplacement but also the axial transient vibration. The a

12
igure 4. Free vibration responses without damper, with eddy-current
igure 5. Transient motor current and vibration response during speed-up

nd rated operation.
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easured frequency of the vibration was 43.0 Hz without
amper or with the eddy-current damper, and it was 44.5 Hz
ith the air damper. These corresponded to the 2745 and
939 N/m axial stiffness, respectively. These dynamically
erived values of stiffness during the startup operation were
bout 100 N/m higher than those measured by the impact
ests. The increment corresponded to the stiffness due to the
urrent passage, because the restoring force was induced be-
ween the motor stator and rotor.5 It was clearly demon-
trated that the air damper was effective for suppressing the
ransient vibration, although the eddy-current damper was
ot effective, as expected from the result of the impact test.

ust before and after Rated Speed
large hunting of the current was observed just before and

fter the rotor speed fell in the rated speed �340 s−1� and this
nduced a large transient vibration.5 The air damper was also
ffective against this vibration. Because the motor current
as very low, 0.05 A, the axial stiffness was not increased by

he motor and therefore the frequency of the transient vi-
ration was almost the same as without rotation.

XIAL EXCITATION RESPONSE
n axial excitation test was performed with a setup shown in
ig. 6. The motor and the laser displacement meter were
ounted on a magnetic shaker (Shinken, Tokyo, G-2005D)

nd excited with the sine wave of constant acceleration,
–3 m/s2, at the rated speed of the motor. The frequency of
he sine wave was swept up from 30 to 50 Hz and then swept
own to 30 Hz at the rate of ±0.33 Hz/s. The acceleration
as measured by an accelerometer (PCB, New York,
53B52).

Figure 7 shows axial excitation responses without
amper, with the eddy current, and with the air damper at

he rated speed in case of the sweep-up scheme of accelera-
ion frequency and 1 m/s2 constant acceleration. Calcula-
ion was based on a simple linear system model with one-
egree-of-freedom and the effective stiffness and damping
oefficient derived by the impact test method. It was con-
rmed that the stiffness, and therefore the resonant fre-
uency, was increased by the air damper, and that the air
amper was effective for suppressing the axial excitation re-
ponse. However, the agreement between calculation and

easurement is not satisfactory. Two reasons were assumed
or this discrepancy. One is due to the substantially high
weep-up rate of the excitation frequency, and the other is
onlinearity of the stiffness. Figures 8 and 9 show these ef-

Figure 6. Experimental setup of axial excitation test.
ects. Figure 8 shows axial excitation responses with the air o

. Imaging Sci. Technol. 50�1�/Jan.-Feb. 2006
amper at the rated speed in case of the sweep-up scheme of
cceleration frequency and 1, 2, and 3 m/s2 acceleration,
nd Fig. 9 shows the responses in case of sweep-down. Com-
aring Fig. 8 with Fig. 9 we can see that although the non-

inearity was small, a substantial hysteresis was observed
hich caused the discrepancy.

Finally, the temperature rise on adapting the air damper
as measured, as the airflow in the stator housing was re-

tricted by the seal of the air damper, and therefore there was
risk of unacceptable temperature rise. However, the actual

emperature rise in the motor housing was very small, only
°, as shown in Fig. 10. There is adequate margin for the
eliability and durability of the motor such as with insulation

igure 7. Axial excitation responses without damper, with eddy current,
nd with air damper at the rated speed in case of 0.33 Hz/s sweep-up
ate and 1 m/s2 acceleration.

igure 8. Axial excitation responses with air damper at the rated speed
n case of 0.33 Hz/s sweep-up rate.

igure 9. Axial excitation responses with air damper at the rated speed
n case of −0.33 Hz/s sweep-down rate.
f the motor coil.
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ONCLUDING REMARKS
xial transient vibration and axial excitation response were

nvestigated on a polygonal mirror scanner rotor driven by a
at-type brushless dc motor and supported by a passive

hrust magnetic bearing and a radial air bearing. Because the
tiffness of the thrust magnetic bearing was small, large axial
ibration occurred due to axial force. To suppress the axial
ibration, two types of damper were introduced; one was an
ddy-current damper, and the other was an air damper. It
as demonstrated that the air damper effectively reduced the

xial vibration, although the eddy-current damper showed
nly a small effect. Although the air damper had a risk of
nacceptable temperature rise due to the sealing of the

igure 10. Temperature rise without and with air damper in stator
ousing.
14
irflow in the housing, it proved to be satisfactorily small. In
onclusion, the air damper, which is simple and cost effec-
ive, is proposed as an axial damper of the motor.
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