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Abstract—When a code disk of a displacement sensor is
exposed to dust or other impurities, it causes distortion of
the grating moiré fringe signal, and thereby provides wrong
displacement information from the sensor. Therefore, it is
necessary to analyze the distortion in the reading due to
the stains. In this paper, multiple reading heads were used
to collect the moiré fringe signal of the sensor and were
evenly distributed on the fine code channel. Each reading
head was used to subdivide the moiré fringe signal collected
by it, calculate the signal amplitude value corresponding to
each sampling point, and analyze the stains of the code disk
corresponding to the reading head according to the signal
amplitude value. According to the stains of the code disk, the
subdivision value of each reading head was considered to
have a certain weight. It was found that when the reading head
is stained, the weight decreases, whereas when it is clean, the
weight increases. Finally, the weighted average value of the
two reading heads was taken as the final subdivision value of
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the sensor. The experimental results showed that the system provides output with high-precision displacement values
even when the moiré fringe signal was abnormal due to the local stains of the sensor’s code disk, therefore it significantly

increases the anti-stain ability of the sensor.

Index Terms— Displacement sensor, stained code disc, subdivision value, Moiré fringe.

|. INTRODUCTION

N HIGH-PRECISION displacement sensors, the grat-

ing moiré fringe subdivision technology is mostly used
to obtain displacement information [1]-[3]. Due to the
limited technical level of the current grating scribing accu-
racy, equipment manufacturing, and assembly and adjust-
ment technology, it is difficult to achieve high-precision and
high-resolution measurement using the displacement sensors
with higher-precision grating code discs. Therefore, the sub-
division technology of the photoelectric moiré fringe sig-
nal is used to improve the resolution and accuracy of the
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displacement sensors. The quality of the photoelectric moiré
fringe signal directly affects the subdivision accuracy and the
measurement accuracy of the sensor [4]-[8].

Since the displacement sensor is a moving part, it is impos-
sible to completely seal it during operation. When used in
harsh environments, the inner side of the sensor which consists
of the code disk will inevitably be exposed to dust or other
impurities. At times, when the external environment changes
violently or the cooling system is operated at full speed, the
condensation water will cause distortion of the moiré fringe
signal and increase the subdivision error. Further, when the
interpolation error is large, it leads to incorrect displacement
data output by the displacement sensor. Presently, Fourier
analysis and other methods are commonly used to measure
the waveform parameters when the moiré fringe signal is
distorted. Then, the interpolation error is calculated based
on the waveform parameters of the signal, and the error
compensation is performed in order to improve the accuracy
of the displacement sensor [9]-[15]. By this method, it is
possible to have a good effect on a stable moiré fringe signal,
however when the code disk of the sensor is locally stained,
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and the stained part passes through the sensor’s reading head,
the moiré fringe signal would change drastically. Moreover,
by using the compensation algorithm, its effect would become
insignificant, or even counterproductive.

In this work, two reading heads were used to read the fine
code information of the displacement sensor. The two reading
heads were diametrically installed at both ends of the code disk
and were used to collect the moiré fringe signals respectively.
It was found that when the code disc was clean, the signal
output from each reading head was a stable moiré fringe
signal, and the signal amplitudes corresponding to the same
subdivision points of different signal periods were consistent.
‘When there were stains on the code disk, it will leads to uneven
transmittance. The signal amplitudes corresponding to the
same subdivision points of different moiré signal periods were
different. According to the deviation between the amplitude
value of the moiré fringe signal and the standard amplitude
value, the stains of the code disk was judged, and then the
subdivision value of each reading head was considered to have
a certain weight. Then, the final subdivision angle value of the
sensor is the weighted average of the two reading heads. When
the reading head is clean at a certain position, its weight is 1,
and is 0 when it is seriously stained. When the weight is O,
this position does not participate in the final angle calculation.
By using this algorithm, serious stained reading head could be
prevented to participate in the final displacement calculation,
and could ensure that when the code disk has local stains,
the sensor could produce an output with high displacement
accuracy. As long as the code disc positions of the two reading
heads are not severely stained, the sensor could produce an
output with a high-precision displacement value.

This technology is mainly used for displacement sensors
working in harsh environment. For example, mobile radars
often working in the field, mobile measuring equipment and
measuring ships working on the ocean.

[I. CHARACTERISTICS OF THE MOIRE FRINGE SIGNAL
A. Hardware Schematic

The optical fringe formed by the superposition of the two
periodic grating patterns with similar spatial frequencies is
called moiré fringe. Moiré fringes amplify the grating based
on the precise measurement of the grating displacement [16].
At present, the grating moiré fringe signal subdivision method
is mostly used to obtain high-precision displacement data.

The displacement sensors are classified into angular dis-
placement sensors and linear displacement sensors. The angu-
lar displacement sensor uses a circular grating, whereas the
linear displacement sensor uses a linear grating. In this work,
the circular grating was used as the research object. Initially,
two reading heads were used to collect the moiré fringe
signals of the angular displacement sensor. The two reading
heads were diametrically installed at both ends of the angular
displacement sensor. Each reading head consists of four pho-
tosensitive elements. It was found that when the grating slit
was carved, the phase difference of the slit corresponding to
the four photosensitive elements was 90 degrees. Moreover,
when the sensor works, each reading head provided outputs
through the four channels of the original fine code moiré fringe
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Fig. 1. Schematic diagram of signal acquisition.

signals. The four signals were quasi sinusoidal signals with
a phase difference of 90 degrees, which were recorded as
JO, J90, J180, and J270 respectively. The phase of JO, J9O,
J180, and J270 were O degrees, 90 degrees, 180 degrees,
and 270 degrees respectively. JO and J180 enter the “+” pin
and “—” pin of the amplifier respectively, and the output
signal after differential amplification was recorded as SIN.
Similarly, J90 and J270 also enter the “4” pin and “—" pin
of the amplifier respectively, and the signal after differential
amplification was recorded as COS. The signals output by the
two reading heads were the same, which implies that each
reading head provides two amplified SIN and COS signals.
The principle of signal acquisition is shown in Fig. 1.

B. Signal Characteristics of a Clean Code Disc

The principle of the displacement sensor subdivision was
derived from the formula tanf =sinf/cosf), where 6 is the
theoretical value of the subdivision angle, sinf is the signal
SIN amplified by the difference between JO and J180 output by
the reading head, and cosé is the differentially amplified signal
COS of J90 and J270. Due to the existence of various errors,
the two signals SIN and COS after differential amplification
of the sensor were quasi-sine wave signals, which were
represented by the Fourier series as shown in (1):

o
Ua = ao+ay - sin(0+¢)+ D a; - sin(i0+ia)+0
s 1)
Up = bo+by - cos(O+¢p)+ Zbi - cos(if + ¢ip)+0e
i=2
where U, corresponds to the SIN signal of the reading head,
and U corresponds to COS, ag and by are the direct compo-
nents of the signal, which are the sources of the DC component
error; a1 and b are the amplitudes of the fundamental signals,
which are the sources of the signal amplitude error; ¢ and
¢p are the fundamental phases of U, and Up, the phase
difference of the two signals is the source of phase error;

Z a; - sin(i@ + ¢;,) and Z b; -

ofzhlgher harmonic componzents which are the sources of
harmonic component errors; and J, is the electrical noise,
which is the source of noise error.

The figure formed with the SIN and COS signals as
the abscissa and ordinate is a Lissajous figure. When the

-cos(if + ¢pip) are the sum
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Fig. 2. Lissajous graph of a clean code disk. Fig. 4. Lissajous graph of a stained code disk.
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Fig. 3. Graph of subdivision value and amplitude value.

displacement sensor is installed and adjusted, the method
of observing the Lissajous figure is often used to judge the
quality of the signal. The standard Lissajous figure is a circle.
When the code disk of the sensor is clean, the moiré fringe
signal output that is obtained from the sensor is approximated
as a stable signal. The Lissajous graph formed by the two
amplified signals SIN and COS is stable, which implies that
the Lissajous graphs formed by different moiré fringe signal
periods have the same shape, as shown in Fig. 2.

When the two amplified moire fringe signals collected by
the sensing reading head at a certain position x are U, and
Upx, then the subdivision value of the position is obtained as
shown in (2):

U
0, = tan~ ' (=2 2
= tan (be) )

The amplitude value corresponding to the subdivision value
is obtained as shown in (3):

Vi = Vi Uéx + ng (3)

In different moiré fringe signal periods, when the subdivi-
sion value 4 is the same, the corresponding amplitude value V
is also fixed. As shown in Fig. 3, the number of subdivisions
of each moiré fringe signal period is 1024.

C. Signal Characteristics of a Stained Code Disk

When the encoder of the sensor is stained, the moiré fringes
obtained from the reading head of the sensor are unstable

[1l. SUBDIVISION ALGORITHM OF THE MOIRE
FRINGE SIGNAL

When the code disk is clean, assuming that the standard
vector amplitude value of the moiré fringe signal of the
displacement sensor calculated using (3) at a subdivision point
is VREF, and the actual vector amplitude value calculated at
the subdivision point is Vggpar, the amplitude error of the
signal at the subdivision point is expressed as shown in (4):

VrREAL — VREF

E=’ @)

VREF

In equation (4), when E = 0, it indicates that the amplitude
value at the subdivision point is consistent with the standard
vector amplitude value, and the code disc of the sensor is
considered clean. The larger the value, the more serious the
stain. When the signal amplitude of the moiré fringe changes
within a small range, it will not have a substantial impact on
the accuracy of the sensor, which is usually ignored. In order to
ensure that the displacement value obtained from the sensor
does not jump during the actual calculations, the allowable
range of the signal amplitude error is considered to be between
Epn and Eppax. Furthermore, when the amplitude error of a
reading head at a subdivision position is less than E sy, that
is, E < Epn, it is considered that the reading head is clean
at that position, and the weight coefficient of the reading head
is W = 1. When the amplitude error is greater than Epax,
the reading head is severely stained at this position, that is,
E > Epyax and the weight coefficient of the reading head is
W = 0. Moreover, when the amplitude error is in the middle
of the maximum and minimum values, that is, Eyy < E <
Eyax, the weight coefficient of the group of the reading heads
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Fig. 5. The flow chart of algorithm.
is expressed as shown in (5): From equation (6), it is observed that as long as the weight
Eyax — E coefficient of any group of the reading heads of the displace-
W=——"—7"— (5)  ment sensor is not zero, the displacement sensor provides an

Epyax — EmIN
If a displacement sensor has a total of n groups of reading
heads, the displacement value of the i group of reading heads
after the moiré fringe signal is subdivided is 6;, and the weight
coefficient of the reading head is W;, then the final output
displacement value of the displacement sensor is obtained as
shown in (6):

n
ZQ,‘X Wi
g="0 (6)

2. Wi

i=1

accurate correct displacement value. When a group of reading
heads is severely stained, and when the amplitude error of
all subdivision points in the whole moiré fringe signal period
of the reading head is less than Ej4x, then the reading
head is considered to move out of the stained area, and the
group of reading heads participates in the final displacement
calculations.

When the number of sensor reading heads is two, the
algorithm flow chart is shown in Fig. 5, the U, and Up; are
SIN and COS signals of reading head 1, and U,, and Up; are
signals of reading head 2.
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Fig.6. Accuracy measurement diagram of angular displacement sensor.

Fig. 7. Infrared light-emitting diode.

IV. EXPERIMENT

By taking a 22-bit absolute angular displacement sensor as
an example, the fine code trace of the sensor was taken as
4096 pairs of lines per cycle and the number of subdivisions
of each moiré fringe signal cycle was taken as 1024. The
corresponding angle of each fine code cycle was taken as
316.40625" and the diameter of the code disc was taken
as 160 mm. The sensor consists of two fine code reading
heads, which were installed diametrically. Each reading head
provides outputs through four channels of original fine code
signals, which were amplified using a differential amplifier
and converted into two channels of SIN and COS signals.

The accuracy measurement of the angular displacement
sensor is shown in Fig. 6. While measuring, the angular dis-
placement sensor and the regular polyhedron were connected
coaxially, and turn the sensor, the autocollimator and the
regular polyhedron were used as the angle references. The
difference between the angle displayed value of the displace-
ment sensor and the angle turned by the regular polyhedron
was considered as the static error of the displacement sensor
at the measuring point. Then, the angular displacement sensor
was continued to rotate until all the measuring points were
measured.

The infrared light-emitting diode of the displacement sensor
is shown in Fig. 7, and the photoelectric receiving tube and
the light-emitting diode are in one-to-one correspondence.

The code disk and slit of the sensor are shown in Fig. 8.
When the sensor is working, the code disk rotates synchro-
nously with the shaft system, and the slit is fixed. The code
disk and slit are made in the same way. The manufacturing
process is to evaporate a layer of chrome aluminum film
on the glass, then apply photo resist, and then cover the

(Static grating)

Code disk
(Motion grating)

Fig. 8. Code disk and slit picture.
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Fig. 9. Moiré fringe signal graph of reading head 1 and 2 when the
code disk is clean. ‘SIN1’ and ‘COS1’ are the voltage values of reading
head 1 collected when the sensor rotates. ‘SIN1’ corresponds to ‘U5’ and
‘COS1’ corresponds to ‘Up’ in equation (1). ‘SIN2’ and ‘COS2’ are the
voltage values of reading head 2.

engraved motherboard on it for exposure. Then wash off the
non photosensitive photo resist film, and then etch it with acid
or alkali solution. After etching, wash off the photosensitive
photo resist film, and then the code disk pattern is completed.

In the subdivision calculation of the sensor, the subdivision
displacement of each reading head was calculated using (2),
and the average value of the subdivision displacement of
the two reading heads was taken as the final subdivision
displacement value. The moiré fringe signals output from
reading heads 1 and 2 of the clean sensor code disc are
shown in Fig. 9, which are signal graph of three complete
periods. The resulting Lissajous graph is shown in Fig. 10,
and the corresponding amplitude graph for each subdivision
point is shown in Fig. 11. By taking the signal amplitude value
of the first subdivision period as a reference, the amplitude
error curve calculated according to (4) in the second and third
periods is shown in Fig. 12.

By considering the 0° position of the angular displacement
sensor as the research object, an autocollimator was used to
measure the error of the sensor in a subdivision period at
0° position. The error curve is shown in Fig. 13. In Fig. 13,
the starting point of the subdivision period is taken as the
origin, and the error of the origin is zero. It is observed that
when there was only reading head 1, the peak value of error
was 4.0”, the valley value was —0.2”, and the mean square
error was 1.33”. It was also observed that when only reading
head 2 was considered, the peak value of error was 1.1”, the
valley value was —7.8”, and the mean square error was 2.45".
When the data of reading head 1 and reading head 2 were
averaged, the peak value of error, the valley value, and the
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Fig. 11.  Signal amplitude graph. The amplitude value is the result
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period as the reference signal. Amplitude error is a relative value without
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mean square error were 1.3”, —3.9”, and 1.46" respectively.
For most displacement sensors, the average accuracy of two
reading heads is higher than that of a single reading head.
However, there are a few positions where the average accuracy
of the reading head is lower than that of a certain reading head
but higher than that of the worst reading head.

Simulate the condensate formed at the actual working site
of the sensor and drip the water into the code disk to form
stains, as shown in Fig. 14. When there was stains on the
code disk and the reading head 1 was in the stained area
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Fig. 13.  Subdivision error graph. Subdivision error is the value of a
complete moiré signal period measured by the method of Fig. 5.

Fig. 14. Code disk stain.
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Fig. 15. Experimental Lissajous figure of the stained code disk.
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Fig. 16. Subdivision error graph of the stained code disk.

on the code disk, the obtained Lissajous figure is shown in
Fig. 15. When the average value of the subdivision values
of the two reading heads was taken as the output value of
the sensor, the interpolation error of a certain period of the
sensor was calculated according to the waveform as shown in
Fig. 16, which was calculated with the subdivision zero of the
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reading head 2 as the origin, the peak value of the error, the
valley value, and the mean square error was obtained as 9.1”,
—14.1", and 7.4”. The amplitude value of the signal at the
same subdivision point was compared with the amplitude value
when it was not stained, and its amplitude and amplitude error
is shown in Fig. 17. With the further aggravation of stains, the
subdivision error of the sensor would be further aggravated,
which would directly cause the sensor to provide wrong results
and it could not be used.

From Fig. 17, it is observed that even if the reading head of
the sensor was in the heavily stained area, the amplitude error
value was very insignificant, whereas the subdivision value had
a large error, and the current data would be discarded. It is
also observed that, in the actual calculations of the system,
when the reading head entered the seriously stained area of
the code disk, the weight coefficient of the reading head was 0.
When the amplitude error obtained from the reading head in
a complete subdivision period was lesser than the maximum
allowable range, the reading head was considered to have
moved out of the severely stained area of the code disk, and
the weight coefficient of the reading head was greater than 0.
Assuming that Eyyax = 0.2 and Epjy = 0.1, according
to (6), when the reading head entered the stained area of the
code disk from the clean area, the calculated subdivision error
curve is shown in Fig. 18. When the sensor was rotated, the
displacement value obtained from the sensor was continuous
displacement data, and the maximum subdivision error was
the maximum error of the reading head 2 which was not in
the stained area. It was found that when this algorithm was
not used, with the increase of stains, the error of the sensor
became larger and eventually lead to the wrong code of the

sensor. When this algorithm was used, when the code disk
of the sensor was stained locally, the sensor was found to
maintain high output accuracy.

It is difficult to quantify the degree of stains on various
code discs. In actual use, different stain thresholds need to
be set according to the stain condition to make the system
work normally. For example, when the system is used for
radar tracking the target, when the code disk is stained, the
error of the sensor will be relatively large, and the target may
not be tracked effectively. At this time, the appropriate stain
threshold can be set as needed to make the tracking effect meet
the requirements. Deformation of the encoder disc, geometric
eccentricity, and jitter caused by temperature drift can all lead
to a decrease in sensor accuracy. However, since a certain
margin is reserved in advance, the change in accuracy is within
the design range and does not affect the normal operation of
the sensor.

V. CONCLUSION

In this work, two opposite diameter mounted reading heads
were used to collect the fine code moiré fringe signals of
angular displacement sensors, and the subdivision displace-
ment value and corresponding amplitude value were calculated
in order to judge whether the code disk at the corresponding
position of the reading head was stained. Based on the severity
of stains, a certain weight was assigned to the subdivision
displacement value, and the weighted average of the subdivi-
sion values of the two reading heads was obtained as the final
subdivision displacement value. It was found that, when the
code disc of the sensor was locally stained, it results in a large
subdivision error. This method was found to enable the sensor
to provide a highly precise displacement value. In this paper,
without adding any hardware, we only rely on the algorithm
to reduce the error caused by the stain of the code disk, so as
to increase the ability of the displacement sensor to adapt to
the harsh environment.
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