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High resolution optical shaft encoder for motor speed control based
on an optical disk pick-up

Wei-Hung Yeh?
Electrical and Computer Engineering, University of Arizona, Tucson, Arizona 85721

Warren Bletscher and M. Mansuripur
Optical Sciences Center, University of Arizona, Tucson, Arizona 85721

(Received 5 May 1998; accepted for publication 29 May 1998

Using a three-beam optical pick-up from a compact disk player and a flexible, shaft-mounted
diffraction grating, we obtain information about the rotation speed and angular position of the
motor’s spindle. This information may be used for feedback to the motor for smooth operation. Due
to the small size of the focused spot and the built-in auto-focus mechanism of the optical head, the
proposed encoder can achieve submicrometer resolution. With high resolution, reliable operation,
and low-cost elements, the proposed method is suitable for rotary and linear motion control where
accurate positioning of an object is required. 1©98 American Institute of Physics.
[S0034-67488/05108-9

I. INTRODUCTION The proposed scheme enables both absolute and incremental
position sensing with submicrometer resolution.
To achieve smooth operation as well as providing posi-
tion indication, motors need a feedback signal containin
information about the rotation speed. This is usually donjl' SYSTEM CONFIGURATION
through a shaft encoder, which monitors the rotation speed. The three-beam optical pick-up
or the angular position of the motor. The shaft encoder may

b tical maanetic. or mechanical in nature. A commonl A high-resolution optical encoder must be able to ac-
€ optical, magnetc, or mechanica ature. A co _ ONYcommodate the vibration and wobble of the spindle. A three-
used motion control device for motors, the optical encbder

) L beam optical pick-up'®is a reliable device used in CD play-
uses a light-emitting diode or a laser source to generate P pick-Lip pay

- : s for following data marks along a given track. As shown
beam of light, a patterned cylinder to reflect the beam, and wing gagw W

hotodetector t itor th i f the reflected li htﬁ] Fig. 1, the module is designed to split the laser beam into
photodetector o monitor the variation of the retliected ight., oo beams, focus them on the flexible grating, and detect

The lines or spale-marks Qn'the cylinder serve as the COUNfhe reflected signals which will be used as servo signals and
'ng target; their pen(_)d s limited by the bea_m spot size. pe'data signals. The diffraction grating placed in front of the
spite the low resolution of the patterned cylinder, this dev'cqaser diode diffracts the laser beam into three beams, forming
is usually suitable for measuring the average velocity over & . ~anter spot and two secondary spots. The objective lens
relatively long period, and exhibits reasonable performancg, s focuses these beams onto the flexible grating also col-
in applications involving high-speed motors. However, this|o g them after reflection. A beamsplitter directs the re-
method does not have sufficient accuracy for monitoring th§jayeq heam toward a detector set which includes three de-
instantaneous velocity or angular position of the shaft wheRg o5 with the center one divided into four subdetedtims

the motor turns slowly. For such low-speed applications thahuad—detect()r An astigmatic lens is used to generate the

demand tight speed control and position predicti@.,  sym signal(SUM) and the focus error signdFES on the
magnetic tape drives, optical scanners, and monochromatorg,ad-detecto?=22 These signals from the quad-detector are
an encoder with very fine resolution is desirable. _used for auto-focusing and, in the case of a CD, data-reading.
A variety of optical position encoders have been studiedrye secondary detectors each generate a SUM signal, A and
to increase the resolution of the motor rotation control, usings \vhich are used to generate the tracking error siFED)
either a diffraction grating with variable pitct,or a pseu-  gerived from(A-B). The actuators on which the objective
dorandom position encodéror an interferometric position |ens is mounted use the FES and TES to maintain focus and
confcroller. Although submlcron"_neter resolution has been¢, 0w tracks in an optical disk. The pick-up is designed to
achieved, the cost and complexity of these approaches hayg,q 4 disk through its 1.2 mm thick substrate; therefore, we
limited their range of applications. In this article we describey, 54 t insert a cover glass with a thickness of 1.2 mm in

a cost-effective, reliable, high-resolution shaft encodefont of the flexible grating to eliminate spherical aberra-
implemented with a three-beam optical head from a commergy g

cially available CD player and a flexible diffraction grating. To implement the optical head in the proposed shaft en-

coder, the FES obtained from the quad-detector is used for
3Electronic mail: whyeh@ece.arizona.edu auto-focusing to ensure that the beam is continuously fo-
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FIG. 1. The module of a three-beam optical pick{dashed lingincludes © R N\/\/ @ R /\/Vv
a laser diode withh=0.78 um, a diffraction grating yielding three beams, i i

an objective lens of 0.45 NA for focusing and collecting these beams, an

astigmatic lens, and a detector set for detecting the focus error signal and the s W B W
groove-crossing signal. The design of the objective lens demands a cover

plate of 1.2 mm between the flexible grating and the objective lens. For
clarity the secondary beam paths are only drawn in the end of the objectivg|g 2 The flexible grating
lens and the detector set. '

flexible grating grating

which serves as a line counting target, may
contain three arrays for incremental and absolute encoders. The center array
with index marks is used to generate the index signal for reference position.
cused onto the flexible grating. The SUM signal derived’e qther'twolitripds ;Nit? cogtinu;nés %r]oot\)/les Ifl(rjetus:eg'totprtcr)]vide g{pove];
) . . . . crossing signal for detectors A and B. The black dots indicate the position o
from the quad detec_tor 1S aSS|gned to generate_ f':m md_ex S'%e focused spotga) The two secondary spots are arranged to shift(ar4
nal to carry information about the absolute position. Signalsdd multiples of 1/4 of the grating period with respect to each other to
A and B from each secondary spot obtained through théntroduce a 90° phase shift in the groove-crossing sigialDue to shaft
Secondary detectors are related to the groove crossing ,nout, the relative posmon of the secondary spots on the grating !ntr(_)duces
therefore. thev are used for monitoring the shaft rotatio the change of the phase difference between signals A and B, which is used
! y - g g_ S 2ne Mo indicate the direction and amount of the rundad. The corresponding
speed and providing the incremental position indication.  groove-crossing signal fde) shows a phase shift 6£90° between signals
A and B (the positive sign indicates signal A is leading signal @) The
B. The flexible grating corresponding groove-crossing signal oy shows a phase shift of 180°
between signals A and B.

To generate an index signal for the reference position

and the groove-crossing signal for the relative position, thenechanism of the actuatédefocus tolerance i£0.6 mnj is

flexible grating may be divided into two strips separated by a,sed to correct for the wobble in the direction parallel to the
region that contains index marks as shown in Fi@).ZThe  gptical path(the X direction in Fig. 2.

index signal read by the central spot then serves as an abso-

lute position indicator.. The output signals A and B from eachcl Experimental setup
secondary detector yield sinusoidal functions of time corre-
sponding to the position of the focused spot on the grating.  The experimental setup of the proposed system shown in
With proper alignment of the two secondary spots as illusFig. 3 comprises a motor with the flexible grating mounted
trated in Figs. £a) and Zc), signals A and B show a 90° on its shaft, and a three-beam optical pick-up designed for
phase shift between thefthe so-called “push—pull” read- CD-ROM players. The flexible grating is a commercially
out). This phase shift can be used to extract direction infor-available plastic grating with a period of 1uim, coated with
mation about the rotation and to remove the effect of moto® thin layer of gold to increase its reflectivity. Referred to
runout in the direction perpendicular to the optical patte  Fig. 1, the optical pick-up contains a laser diode operating at
Y direction in Fig. 3. Owing to shaft runout, the relative a wavelength of 0.7&m, a diffraction grating for generating
position of the two focused spots on the gratings is changed,

which implies a shift of phase between signals A and B as

illustrated in Figs. &) and 2d). The direction and the Index signal and
amount of runout is then obtained by detecting the change of Groove-crossing signal

. . . fed back to the motor
the phase shift between signals A and B. For the case illus- Optical head

trated in Fig. 2, the increase of the phase shift fré®0° to
+180° (the positive sign represents signal A is leading signal
B) indicates the shaft tilt is following the direction of the
rotation. The change of 90° in phase, equivalent to the 0.25
grating-period, can be used to extract the amount of tilt by
geometric calculation once the separation between focus 7 Flexible
spots A and B is known. In conventional optical encoders, a grating
reticle or mask is added to introduce such a phase shift.

Electronic processing of these sine waves generates zerp!'S: 3- Experimental setp of the proposed optical encoder. A three-beam
ptical head and a 1.4m period flexible grating are implemented to pro-

C_I’OSSir?g. Signal& Whi(_:h further_ increase_ the resolution, anaide the focus error signdFES and groove-crossing signébUM, A, and
yield digital signals suitable for interpolation. The auto-focusB). These signals can be fed back to the motor for controlling the rotation.
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0.12

0.10 1

0‘08__ FIG. 5. Measured groove-crossing signals for event 1 with average rotation

rate of 14 rpm(the corresponding average linear velocity is 5.9 mn¥se
abscissa is the time axis and the ordinate is the signal léaelThe time

] period of the sine waves is 2465 (the corresponding velocity is 4.6 mm/s
0.06 4 and the phase difference between signals A and B is @)*Recorded at
another point during the same revolution, the time period of the sine waves
is changed to 18@s (the corresponding velocity is 6.1 mmé&nd the phase
difference between signals A and B is shifted+d60°.

SUM Signals

0.04
; the phase shift is-90° while the period in Fig. ®) changed
oo o5 10 15 20 25 to 180 us (the corresponding velocity is 6.1 mm/and the
phase shift ist160°. The variation of the period of the sine
Distance (um) waves corresponds to the variation of the rotation speed, the

shift in the relative phase between signals A and B indicates

FIG. 4. Simulated results of the readout sig@8UM, A, or B) for the the direction and the amount of shaft runout. Defects or dust

specific optical pick-up and the trapezoidal flexible grating used in the ex, articles gathering on the flexible grating may result in the
periment. The sinusoidal curve is related to the position of the focused spd?

on the flexible grating. variation of the amplitude of the signals as observed in Fig.
5. This can be eliminated by protecting the grating with a 1.2

the three beams, an objective lens with a numerical aperturr(Ta1m thick substrate, asis done in optical d|sk_s. .

of 0.45, and a quad-detector and two secondary detectors. To Furthfer processing IOf tr:e grr&) ve—crosisn;g s'llgrgja'ls by
gain insight into the performance of the system, we use éneans' ofa time wterva gnayz(a .) revea Sh etal eh n-
general purpose diffraction modeling softwanerracT to ormation about the rotation rate. Figure 6 shows the mea-

simulate the SUM signal¢A or B), which serve as the sured values of the instantaneous velocity versus time during

. . ; : vent 1, where the variation of the rotation speed is moni-
groove-crossing signals. Figure 4 shows the simulated SU . .

. o . . . tored while the focused spot crosses 100 grooves. During the
signal for the specific optical pick-up and the trapezoidal

flexible grating used in these experiments. Although th measurement period, the instantaneous velocity varies from

short-period flexible grating is not the optimum one for theetsﬁiutoh(stﬁe r\T/]gr]i/zit’ioin?s tshria(fljll\/(\a/\r/ﬁi%?] ?rﬁeﬁgsli i'n:or:t?/ fétaA-l-
optical pick-up, the sinusoidal curve corresponding to the’[ion qthe roposed system ac’:curatel rr?easures the instanta-
position of the focused spot on the grating shows the feasir—]eo’us ve?ocipt)y of theymotor y

ggltty of using this short-period grating as the counting tar- Figure 7 shows variations of the rotation speed for event

IIl. EXPERIMENTAL RESULT
Event 1: 14ipm, 5.9mmv's

A dc brushless motor used in magnetic tape drives was
tested with the proposed speed-monitoring scheme. In thiz
magnetic tape application, the motor runs slowiys rpm)
during fine searching for a desired track which demands tight z
control of the motor rotation. With our flexible grating, we
achieved a resolution of23 000 cycles per revolutiofct/r)
which is 46 times higher than the resolution offered by the
built-in optical encoder. Two events with different average
rotation speeds were tested for comparison: Event 1 with 14
rpm (the corresponding average linear velocity is 5.9 mm/s
and event 2 with 4 rpnithe corresponding average linear
velocity is 1.7 mm/s "o s w5 =

For event 1, Fig. 5 shows groove-crossing signals from Time (ms)
detectors A and B where the abscissa is the time axis and the

ordinate is the signal level. Recorded at two different pOiﬂtézIG' 6. Meas_ured instantaneous velocity vs time for event 1. Th_e results are
. . . . . . recorded while the focused spot crosses 100 grooves. The instantaneous
during one revolution, the period of the sine wave in Fig.velocity varies from 5.1 to 6.5 mm/s and the average is 5.7 mm/s during the

5(a) is 240 us (the corresponding velocity is 4.6 mm/@nd  measurement period.
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5.5

Instantaneous Veloc
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IV. DISCUSSION

A high-resolution optical shaft encoder is presented to
monitor the rotation behavior of the motor based on a three-
20 beam optical pick-up and a diffraction grating. By monitor-
ing the groove-crossing signal and the index signal, all infor-
mation about the instantaneous velocity, the rotation
position, and the reference position of the motor is detected
and can be used as feedback signals for motor control. With
the small size of the focused sp6t1 um) on the line-
counting target, the auto-focusing mechanism of the optical
head, and the zero-crossing detection method, submicrome-

ter resolutions are achievable. In our experiment where a 1.1
e T T T T um period grating was used, the variation of the rotation
speed and the shaft runout were monitored. With cost-
effective, reliable, and high-resolution elements, the pro-

FIG. 7. Measured instantaneous velocity vs time for event 2 with an averaggosed encoder is applicable to a wide range of motion con-
rotation rate of 4 rpm(the corresponding average linear velocity is 1.7 P

mm/9. The results are recorded while the focused spot crosses 200 groovetsr.OI and monitoring systems.
The instantaneous velocity varies from 0.22 to 2.2 mm/s and the average is
0.8 mm/s during the measurement period.
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