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CALIBRATION OF OPTICAL DISPLACEMENT SENSOR SYSTEM

The optical displacement sensor was selected for accurate length measurement. The aim of this article is to determine the
mathematical measurement model for displacement measurement using an assembled measuring chain by calibration. The
uncertainty balance for the assembled measuring chain is determined in the next part of this article.
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Urgency of the research. In technical and scientific practice, displacement sensors are of-
ten used to measure the displacement of moving parts of equipment. Few authors will solve the
problem of measurement uncertainty in their applications at the same time. The measurement
uncertainty declares the extent to which it is possible to believe the data obtained from the
displacement measurement process using the displacement sensor. It often happens that the
measurement result has a great measurement uncertainty and thus the measurement is devalued.
Therefore, it is necessary to perform an analysis of measurement uncertainty before the actual
implementation of the sensor in the target application. The solution is intended for the field of
displacement measurement in mechatronic products, where displacement information with high
measurement uncertainty can cause product malfunction.

Target setting. Measuring lengths and displacements is one of the most common variables.
A large group of sensors measures length by direct contact with a moving object such as a
potentiometric sensor, a linear variable differential transformer sensor, a linear encoder sensor,
a magnetostrictive sensor, etc. Another group is contactless sensors such as capacitive sensor,
inductive sensor, ultrasonic sensor, optical sensor, etc. [1-8].

An optical sensor using the principle of triangulation was chosen to measure the distance.
It is a low-cost sensor with an analogue output in the form of voltage up to 5V. According to
the data sheet, this sensor has a nonlinear static characteristic. Since it is an optical sensor, this
characteristic depends on the color and quality of the reflecting surface of the sensor. The static
characteristics of the evaluated sensor will therefore be determined experimentally. The manu-
facturer of the selected tested sensor does not state the measurement uncertainty or any other
form of expression of the maximum measurement error. In this case, experimental verification
is the only way to determine the measurement uncertainty.

Analysis of existing research and publications. There are a number of different methods
for calibrating displacement sensors. Each calibration method provides a degree of calibration
uncertainty and requires certain equipment costs and the actual implementation of the calibra-
tion process [1-6].

The development of semi-autonomous metrological devices, capable of calibrating variety
of linear displacement sensors has been done, such as Linear Variable Differential Transformers
(LVDT), string potentiometers, laser displacement sensors and other. Data acquisition equip-
ment that could be used for measuring objects of various shapes and sizes are already available;
however, devices specifically tailored for the calibration of displacement sensors are not cur-
rently offered [7].

A new in situ absolute calibration method for a displacement sensor is proposed, and a
calibration system is developed. This new method is capable of determining not only the
linearity error but also the mean sensitivity (inclination of linear calibration line) on the base of
the wavelength. The new measurement system consists of a compact laser interferometer and a
previously developed in situ calibration system. The laser interferometer is used only to
determine the necessary displacement shift quantity with an integer multiple of half
wavelengths of the laser light source [8].
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Displacement measuring sensors play an essential role in all aspects of dimensional
metrology. They can be used for direct displacement measurements but more often they are part
of a measurement system. In order to achieve traceable measurements that can be related to the
meter, these sensors must be calibrated against a reference standard that is more noise- and
error-free than the sensor under test [9].

The measurement uncertainty and linearity of a bundle fibre-optic displacement sensor were
studied on a wide range of displacements using experimental and simulation approaches [10].

The mentioned methodology does not address the complex methodology of evaluation of
measurement uncertainties.

Article objective. The aim of the article is to experimentally test the selected sensor and at
the same time to solve the problem of measurement errors and measurement uncertainty. The
aim is to determine the transformation static characteristic and on its basis it is possible to create
a calibration characteristic. It is also possible to determine histograms from the set of
measurements to determine the law of probability of distribution of measured values. From the
calibration characteristic, a mathematical model is then created to determine the displacement
from the measured values of the output electrical voltage of the sensor. The resulting uncertainty
of the displacement measurement can then be determined.

General overview of the system. The evaluated sensor consists of an infrared LED and a
photosensitive detector. The infrared beam is aimed at the measured object at a certain angle,
which impinges on the surface of the measured object and is reflected from it back to the surface
of the photodetector. The point of impact of the infrared beam depends on the distance of the
measured object, which results from the principle of triangulation (fig. 1). The output of the
sensor is then an analogue voltage, which corresponds to the distance of the detected object.
The range of the sensor is up to 300 mm, while at shorter distances it is possible to expect
ambiguous behaviour of the sensor. Wavelength of the infrared light emitted is (870 + 70) nm.
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Fig. 1. Triangulation principle of optical distance sensor

The measuring chain was assembled on a sliding mechanism of a linear metroscope, a
reflecting surface was placed on a stationary base of the metroscope and the sensor moved on
a linear guide of the metroscope. The relative distance between the sensor and the reflecting
surface was set using length gauge blocks.
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Fig. 2. Measurement chain for distance measurement

The systematic errors and uncertainties of the scale blocks are summarized in the graph (fig. 3).
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Fig. 3. Systematic errors and uncertainty of the used set of length gauge blocks

Twenty-five distance values set by gauge blocks were selected in the entire range of the
sensor. For each such value, ten measurements were performed under unchanged measurement
conditions, and the graph shows the mean value of the measured measurements, which is
displayed as a point in the graph (fig. 4). It can be seen from the graph that the voltage values
have a breaking point for a distance value of 30 mm. The whole range of experimentally
determined points is quite complicated. Therefore, a strategy was chosen in which the
experimental data were approximated by two functions with a switching point of 30 mm (fig. 4).
Polynomial functions were used to approximate both parts of the experimental data. For distance
measurement, such a course is disadvantageous because two different values of distance
correspond to one value of electrical voltage. This ambiguity can be a problem when processing
the measured values. From a practical point of view, it is therefore more advantageous to
implement the measuring chain so that only the measuring area from the value of 30 mm is used
for the measurement.

The stable properties and good repeatability of the measurement are also indicated by the
displayed sequence of measured values (Fig. 5), which deviate only minimally from the mean
value of the measured samples. These measured values (Fig. 6) were measured 100 times for 4
selected values of the distance of the reflecting surface from the sensor.

Furthermore, it is possible to evaluate the combined uncertainties for measuring the output
voltage of the sensor (Fig. 6), while the maximum value of this uncertainty is 0.0054V [11-18].
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Fig. 6. Combined uncertainty of measuring the output electrical voltage of the sensor when
measuring the distance from the reflecting surface

A digital multimeter was used to measure the electrical voltage, for which the manufacturer
shows the maximum permissible error of the meter:

Z oxnpior = i(0.002% _of _readvalue+0.0005% of range) (1)

If the maximum measured value and the measuring range are considered, then the maximum
permissible error of measuring the voltage with a multimeter is Z__ ;5o =20.00011V .
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The measured data sets were tested by normality tests, the results of which show that it is
possible to reject the hypothesis that the set of measured values follows the normal law of
distribution. Distribution of values in displayed histograms Fig. 7 is relatively unstable and thus
an approximation by uniform distribution will be used in terms of measurement and evaluation
of measurement uncertainties. Thus, the same probability of any deviation in the range of
measured values will be assumed. For the purpose of evaluating the measurement, no
information is available on the distribution of the probability of occurrence of deviations and
therefore there is no reason to prefer certain deviations. In the following, a uniform rectangular
distribution of the measured values will be considered.

The optimal number of class intervals for histogram formation (Fig. 7) can be obtained by
re-applying Scott's relation [19]:

R
K :3.4—;_S Ty, (2)

where Rr - range of the set of values; s - standard deviation; ny - number of measured values.
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Fig. 7. Histograms of the frequency of measured values at the sensor output

Assuming a uniform rectangular law of distribution of measured values, at the level of
significance of 0.95 when considering the coefficient of expansion, then the standard
uncertainty determined by method B is equal to:

= anﬂ = 3

Ugppior NG 0.0000641V 3)

Sampling standard deviations were used to determine the standard uncertainties determined by

Method A. The combined uncertainty was evaluated by combining the standard uncertainties

determined by Method A and Method B. The expanded uncertainty is affected by one component

of the uncertainty for which a uniform distribution is considered. A coefficient of expansion of 1.65

(0.95) was therefore used to provide a confidence level of approximately 95%. Standard

measurement uncertainty was determined in accordance with EA-4/02. The maximum expanded

uncertainty is at a distance of 85 mm of the sensor from the reflecting surface. At this point, the
expanded uncertainty of the measured voltage value at the sensor output becomes 0.0094 V.
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From the measured range of the sensor, a working area (Fig. 9) was selected that can be
used to determine the displacement of the measured object (40 to 70 mm): When choosing this
area, the expanded uncertainties of measuring the output electrical voltage of the sensor were
taken into account (2.65992; 1.67227V), the steepness of the dependence (ie the local sensitivity
of the sensor), the residual deviations from the regression mathematical model and the influence

of the optical properties of the sensor and the environment on the function of the sensor.
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Fig. 9. Calibration characteristic of the selected area from the sensor range

The calibration characteristic (Fig. 9) of this selected working area was approximated by a
regression mathematical model in the form of a second degree polynomial. The determination
index of this mathematical model (0.9999) confirms the suitability of the selected model.

Based on regression analysis, a second degree polynomial in the form of:

y=a+b-x+c-x’ 4)

then it is possible to determine a matrix of estimates of the parameters of the regression
dependence model:

176.35511
a=(A4)' 4"t =| —84.39384 (5)
12.45803
The covariance matrix of the vector of model parameter estimates has the form:
U, =6*(4"4)" (6)
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where the selective residual variance has the value: 6° =0.017909253 V.
After substituting it is possible to obtain a covariance matrix:
6.07710 —5.70027 1.30614
U,=|-5.70027 537278 —-1.23663 (7)
1.30614 —1.23663 0.28592

The elements in the diagonal of the covariance matrix are the squares of the standard
uncertainties of the model parameters (regression coefficients):

u, ; =-5.70027mnt/V

a=176.35511mm u, =2.46518mm
b =-84.39384mm/V u; =2.31793mm/V ;. =-1.23663mnt/V°
& =12.45803mm/V> u, =0.53471mm/V* u, . =1.30614mm’/V?

To determine the uncertainty of measuring x, it is necessary to apply the law of uncertainty
propagation [17] to the model (y = a + bx +cx’):
potom neistota vystupnej veli€iny v obecnom tvare je:
ui =(u, + xzu}? +x*ul)+(b+2x-¢) ul +2-(x- U, ;+ xzud,6 + x3u};,5) (8)

wherein the output variable y in this case of the calibration characteristic will be the measured
distance of the sensor from the reflecting surface. It is possible to substitute the values of the
output electrical voltage of the sensor for the input value x. From these values, it is then possible
to determine the uncertainty determined by method A of the measured distance values.

It is then possible to determine the combined uncertainties (Fig. 10) for measuring the
displacement with the sensor. If the sensor is used in a range of values (from 40 mm to 65 mm),
the combined uncertainty value will be below 0.16 mm.

0.18

0.16 -
0.14 -

0.12 4
0.1
0.08 -
0.06 -
0.04 -
0.02 -
0 -+ T T T T \ \
40 45 50 55 60 65 70

Measured distance of the sensor from the reflecting surface
(mm)

Combined displacement
measurement uncertainties (mm)

Fig. 10. Combined uncertainties for sensor displacement measurement

Conclusions. Experimental analysis of the tested sensor showed that the built measuring
chain with this sensor has a combined measurement uncertainty of at most 0.16 mm. Tests of
repeatability of measurement and subsequent graphical histograms showed that the probability
of distribution of measured values is governed by the uniform law of distribution of values. In
this paper, a mathematical model of the calibration characteristic was also obtained from the
experimental data, which can be used to determine the displacement value from the values of
the measured output electrical voltage of the sensor. This mathematical model has a practical
use, because we can implement it directly into the computer system for data processing and, in
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addition, we have measurement uncertainty. The resulting measurement uncertainty can be
further improved by selecting another meter to measure the output voltage at the sensor output.
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KAJIIBPYBAHHS CUCTEMH OIITUYHOI'O JATYUKA NEPEMIIIEHHS

YV mexuiuniii i nayxositi npaxmuyi damyuxy nepemiujeHHs Yacmo SUKOPUCTNOBYIOMbCA Ol BUMIPIOBAHHS IMIWEHHS PYXOMUX
yacmum obnadnanns. Ix ModICHa BUKOPUCIOBYEAMLL OIS NPAMUX BUMIDIOBAHD IMIUYEHHS, aie YaChlille 6OHU € YACTIUHOIO CUCTEMLL
sumiprosanns. Hesusnauenicms umipiosanis 6UsHAYAe CMyninb 00CMOGIPHOCHI OAHUX, WO OMPUMAHT 8 Npoyeci UMIPIOBAHHS 3
BUKOPUCIAHHAM 0amyuKa. Bracniook eenuxoi noxubku pe3ynomam sumipiogants 3ueyimiocmucs. Tomy neobXiono euxonamu ananiz
HeGU3HAYEHOCTI BUMIPIOBAHHS 00 PAKMUUHO20 BNPOBAOICEHHS OamuuKa 8 yinbosutl dooamok. Omoice, po36s3ysana 3a0aia npus-
Hauena 01 001acmi GUMIPIOBAHHS 3VIUEHHS 8 MEXAMPOHHUX 8Upobax, Oe inghopmayisa Npo 3milyeHHs 3 UCOKOIO HeBUSHAUEHICMIO
BUMIPIOBAHHS HEOONYCIUMA.

Jlna eumiprosanma éiocmani 6y o6panutl ONMUYHUI OGMUUK, AKUL BUKOPUCIIOBYE NPUHYUN MPIaHeYIAYIl ma Mae HeniHiiuHy
cmamuuny xapakmepucmuky. OcKinbKu ye onmuyHull 0am4ux, 1020 XapaKmepucmuka 3a1edlcums 8i0 Konbopy i AKOCHi HOBEPXHI,
5Ky KOHMPONIOE OAMHUUK.

Memoro cmammi € excnepumeHmanbHa nepesipka ONMUIHO20 OamMH4UKA 3MieHHsl | OOHOYACHO BUpileHHs npobiemMu NOXUOKU
BUMIPIOBAHHS | HEBUZHAYEHOCMI GUMIPIOBAHHS. 3a80anis pobomu NOAAN0 8 MOMY, W00 GUSHAYUMU CINATNUYHY XAPAKIMEPUCIUKY
nepemsoperHs CUSHa, i 3 Hei cmeopumu Kanuopysanvbhy xapakmepucmuky. Busnaueno eicmoepamu 3 6ubipxu sumiprosans 0ns 6u-
3HAYEHHS 3aKOHY PO3NOOLTY UMOGIPHOCI GUMIPAHUX 3HaUeHb. Ha ocHosi KaniOpysanbHOi Xapakmepucmuxy Cmeopeno Mamemanmu-
UHY MOOEb OISl GUSHAUEHHSL 3IMIUYEHHsL N0 GUMIPSHUM 3HAUEHHAM BUXIOHOI elekmpuyHoi nanpyau damuuka. Buznaueno pezynomyiouy
HeGU3HAYEHICMb GUMIPIOBANHS 3MIWeHHs. Y cmammi He 00CTiOJICYBABCs 6NIUE MEMNEPamypU HABKOTUUHBO20 cepedosUlyd HA pe-
3)ILMAM SUMIPIOBAHHS, A MAKOIC He O0CTIOANCYBABCS BNIUG KOTbOPY KOHMPONbOBAHOI NOBEPXHI UABGTEHO20 00 €KY, 3MIiLYeHHS AKO20
sumiprocmucs. Egpexm aminu naxuny nogepxmi gusgnenozo o 'ckmy, ujo 8iobusac npominb 0amuuxa, makodic He docniodcysascs. On-
MUYHUT OamYUK 3vilyeHHs 0y8 00paHuii Onsl MOYHO20 GUMIPIOBANHS O08ICUHIL.

Excnepumenmanshuti ananiz mecmoganoeo 0amuuxa nokasas, wjo nooyoo8aHuil BUMIpIOBANLHULL TAHYIOZ 3 YUM OAMYUKOM MAE
cymapmny noxubxy umipiogans e oinvuie 0,16 mm. Tecmu noemopiosanocmi UMIpIOBaHs i NOOANLUIUX SPAiuHUX 2iCmOepam NoKa-
3anu, w0 UMOBIpHICMb PO3NOOINY BUMIPAHUX 3HAUEHb NIONOPSAOKOBYEMBbCS EOUHOMY 3aKOHY po3nodiny 3navens. Mamemamuuna mo-
Oenb Kaniopy8anbHOI XapaKmepucmuKy maxodic 6y1a OmpumMana 3 eKCnepuUMeHmManbHUX OaHUx, sIKi MOJICYmyb Oymu UKOPpUCAHi Oisl
BU3HAYEHHS BENUNUHU 3MILYEHHs 31 3HAUEHb BUMIPAHOT BUXIOHOT enekmpuuHoi Hanpyau oamuuka. Ompumana MamemamuiHa Mooeis
Mae npakmuiHe 3acmocy8anis, OCKiIbKU Modice 6ymu peanizosana 6e3nocepeonbo 68 Komn ' tomepHiil cucmemi 06pooKu 0anux 3 8ioo-
MOI0 HeBU3HAUEHICIO BUMIPIOBAHHA. Pe3ynbmyioyuy noxubxy 6UMIpIo8anHs MOJICHA 000AMKO80 NOTINUIUMY, BUOPABU THUIULL BUMI-
Pro8ay 07151 BUSHAYEHHS BUXIOHOT Hanpyeu Ha 8UX00T OamuUKA.

Knrwouoei cnosa: nesusnauenicms sUMIPIOBAHHS, nepeMilyerHs, NoXuoKa, Kaniop, HadiluHicmb.
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