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Abstract

The thesis investigates the displacement measurement errors of the linear encoder
and the causing factors. To achieve the thesis objectives, the theoretical and ex-
perimental research of the linear encoder behavior was performed under different
operating conditions, including thermal effects, mechanical vibration, and differ-
ent scanning speeds. Analyzed and systematized results were used to develop
methods for error compensation and offer possible technical solutions to improve
the performance of linear encoders.

The dissertation consists of an introduction, analytical literature review, dis-
cussion of the research methodology, investigation results and conclusions, and
four appended scientific articles.

The literature review systemized information about the optical linear encod-
ers and their performance. The section on research methodology presents theoret-
ical and experimental methods used to study the impact of different environmental
effects on the measurement error formation in linear encoders. The third chapter
briefly discusses the results obtained in each of the appended articles with the
intention of relating them to the overall objectives and general conclusions of the
thesis.

Based on analytical calculations, digital finite element analysis, and experi-
mental research, Article 1 determines the mathematical models of thermal errors
that are used for real-time compensation.

Article 2 presents an experimental realization of the real-time thermal and
geometric error compensation approach for an optical encoder achieved by using
a field-programmable gate array (FPGA) computing platform.

Article 3 presents the developed methodology for the estimation of linear en-
coder sub-divisional errors and the results of the experimental investigation based
on the harmonic analysis of estimated errors.

Article 4 reveals the linear encoder behavior under mechanical vibration, de-
termining the most dangerous resonant frequencies and performing the modal
analysis by using the finite element method.

The appended scientific articles were published in four peer-reviewed scien-
tific journals listed in the Clarivate Analytics Web of Science database with an
impact factor. The other four related articles are printed in scientific journals listed
in the Clarivate Analytics Web of Science database without the impact factor and
other international databases. The results of the research were presented at three
international conferences.



Reziumeé

Siame darbe tiriamos linijiniy keitikliy poslinkiy matavimo paklaidos ir jas suke-
liantys veiksniai. Siekiant iSspresti darbe keliamus uzdavinius, atliekami teoriniai
ir eksperimentiniai linijinio keitiklio elgsenos, bei matavimo paklaidy susidarymo
tyrimai vyraujant skirtingoms aplinkos salygoms, iskaitant temperatiiros poveik],
mechanines vibracijas ir skirtingg poslinkio matavimo greitj. ISanalizuoti ir susis-
teminti rezultatai panaudoti sudarant matematinius matavimo paklaidy kompen-
savimo modelius..

Disertacija sudaro jvadas, literatiiros apzvalga, tyrimo metodikos aptarimas,
rezultatai ir i§vados, bei keturi pridedami moksliniai straipsniai.

Literatiros apzvalgoje susisteminta informacija apie optinius linijinius kei-
tiklius ir jy veikimg. Tyrimo metodologijos skyriuje pristatomi teoriniai ir ekspe-
rimentiniai metodai, naudojami tiriant skirtingy aplinkos poveikiy jtakg matavimo
paklaidy susidarymui. Tre¢iame skyriuje trumpai aptariami kiekviename prideda-
mame straipsnyje gauti rezultatai, siekiant juos susieti su bendrais darbo tikslais
ir bendromis disertacijos iSvadomis.

Straipsnyje 1, remiantis analitiniais skai¢iavimais, skaitmenine baigtiniy ele-
menty analize ir eksperimentiniais tyrimais sudaromas matematinis, tiriamojo kei-
tiklio, termoelastiniy paklaidy modelis, kuris gali buti pritaikytas realaus laiko
temperatiriniy bei geometriniy paklaidy kompensavimui.

Straipsnyje 2 pristatomas praktinis realaus laiko temperatiiriniy ir geometri-
niy paklaidy kompensavimo realizavimas panaudojant standartines technologines
skaiciavimo priemones. Atlikti eksperimentiniai sukomplektuotos sistemos tyri-
mai.

Straipsnyje 3 pristatoma sukurta linijinio keitiklio metrologiniy (interpoliaci-
jos) paklaidy nustatymo ir analizés metodika, bei pateikiami eksperimentiniy ty-
rimy, paremty harmonine nustatyty periodiniy paklaidy analize, rezultatai. Gauti
rezultatai leidZia jvertinti linijinio poslinkio matavimo greicio jtakg paklaidy su-
sidarymui, bei nusakyti fizikine paklaidy prigimt;.

Straipsnyje 4 atskleidziama tiriamojo linijinio keitiklio elgsena veikiant iSo-
rinéms mechaninéms vibracijoms. Eksperimentiskai nustatyti patys pavojingiausi
rezonansiniai keitiklio dazniai, atlikta kompiuteriné modaliné analizé bei nusta-
tyta rezonansiniy dazniy jtaka matavimo paklaidos susidarymui.

Disertacijoje pristatomi straipsniai yra publikuoti keturiuose recenzuoja-
muose moksliniuose Zurnaluose jtrauktuose j Clarivate Analytics Web of Science
duomeny baze, su cituojamumo rodikliu (angl. Impact Factor). Kiti keturi moks-
liniai straipsniai susij¢ su disertacijos tema atspausdinti kituose moksliniuose zur-
naluose. Atlikty tyrimy rezultatai pristatyti trejose tarptautinése konferencijose.
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CTE - coefficient of thermal expansion;
FEM — finite element method;

FFT — fast Fourier transformation;
FPGA - field-programmable gate array;

SDE — sub-divisional (interpolation) error.
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Introduction

Problem Formulation

Optical linear encoders are usually the most reliable devices for precise displace-
ment measurement and motion control. Due to their high accuracy, resolution,
repeatability, and low price, they are used in various applications. Some examples
are manually controlled machine tools and computer numerical control (CNC)
machines (Zhao et al., 2018), automated production lines, medical or defense ap-
plications, monitoring, and fault diagnosis systems, tracking systems, and linear
positioning stages (Lee ef al., 2011) and other precision positioning applications
(Gao et al., 2015). No wonder that with such diversity of applicability, encoders
must work in a wide variety of operating conditions, which inevitably more or less
affect the performance of the measuring device. Moreover, the requirements for
these technological machines and their measuring systems are constantly increas-
ing.

The accuracy and feasibility of the technological process performed by the
machine depend on the reliability of the used measuring system. The superior per-
formance of the linear encoder is critical. Unfortunately, rather often, the occur-
ring dimensional errors of the technological process are attributed to direct strain,
mechanical vibration, or thermal effects in the machine structure, assuming that
the encoder has a small contribution to the total error (Alejandre and Artes, 2004).
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Different kinds of measuring errors caused by mechanical strain or displace-
ment, inaccurate production, thermoelastic deformation induced by thermal ef-
fects or shock, and vibration generated by an external mechanical excitation could
corrupt the declared accuracy and repeatability of the linear encoder. The size of
the dominant high-frequency sub-divisional error might even limit the highest res-
olution that could be reached. In applications where differential incremental sig-
nals of the encoder are used for motion control with direct-drive systems, the non-
linear interpolation error can result in loud noise, speed ripple, or additional heat
generation (Ye et al., 2019).

The minimization of measuring system errors and increasing high-quality re-
quirements could only be met by developing new systems that respond to modern
scientific and technical achievements, as well as improving existing measuring
devices in accordance with the fundamental principles of precision engineering.
Optical encoders and their working principles or manufacturing aspects are con-
stantly analyzed by scientists in many parts of the world. The significant contri-
bution to the design of linear encoders, the manufacturing process of glass and
stainless-steel measuring scales, and the development of encoder calibration sys-
tems is made by Lithuanian universities and scientists.

This thesis focused on the theoretical and experimental investigation of the
linear optical encoder displacement measurement error and the causing factors.
The consistent research of the encoder behavior under different operating condi-
tions, including ambient thermal effects, mechanical vibration, and different scan-
ning speeds, is necessary to understand the nature of the measuring error. Ana-
lyzed and systematized results are used to develop methods for error
compensation and offer possible technical solutions to improve the performance
of linear encoders.

Relevance of the Thesis

In optical linear encoders, the displacement measurement errors may disturb the
position estimation or the motion of the machine’s moving unit. It leads to an
impropriated technological process and sometimes could even damage the oper-
ating equipment. To avoid these consequences, close attention must be paid to the
behavior of such measuring systems under various operating conditions.

The advanced photolithography manufacturing, system assembly, and cali-
bration processes of the optical encoders are performed according to strict stand-
ards and requirements by using specialized clean and thermostable facilities and
precisely calibrated equipment. The parameters, such as the accuracy of the device
calibrated under such ideal conditions, are publicly declared. However, the impact
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of thermoelastic deformation or mechanical vibration arising in a particular appli-
cation on accuracy often remains the subject of debate. Any attempt to improve
the performance of the linear encoder requires a deep understanding of its design
and behavior. In practice, it is a challenging task because of the lack of knowledge,
which is usually the “know-how” of the manufacturer. Therefore, universal meas-
uring error estimation and analysis methodologies are needed.

On the other hand, the enhancement of accuracy at the expense of their pro-
duction precision is not always possible and, moreover, technically and econom-
ically effective. The development of the encoder that is minimally sensitive to
environmental conditions requires the most advanced scientific and technical
achievements in optics, electronics, precise mechanics, materials science, and
other fields. In this case, the measuring error minimization method as the real-
time compensation opens wide possibilities when measuring errors are calibrated,
memorized, and subtracted in the technological process.

The most optimal solution for these problems is only possible by performing
complex research on the measuring system. The identified systematic behavior of
the error could be attempted to eliminate by using compensation techniques, and
the random error component could be reduced by the proposed technical solutions.

The Object of the Research

The research object is the optical linear encoder and its measurement error for-
mation under the operating conditions. The main aspects of the research object
investigated in the thesis are:
e analysis of the formation of thermoelastic deformations under different
thermal conditions and its impact on measurement accuracy;
e analysis of the sub-divisional encoder error relation with different position
scanning velocities;
¢ analysis of the external mechanical vibration impact on the measurement
error formation and research of its minimization solutions.

The Aim of the Thesis

The thesis aimed to theoretically and experimentally investigate the measurement
error of an optical linear encoder under real operating conditions in pursuance to
develop methods and offer technical assumptions to improve the quality and per-
formance of linear displacement measurement systems.
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The Objectives of the Thesis

The following objectives were formulated to solve the stated problem and reach
the aim of the thesis:

1. Summarize the knowledge of optical linear encoders based on the
scientific and technical literature: analyze the main working principles and
different designs of the encoder; comprehend the main aspects that disturb the
measuring process; compose the measuring error budget and distinguish the main
sources of error; analyze the methods used for a theoretical encoder error
calculation and an experimental measurement error estimation; investigate the
measurement error minimization techniques and possible technical solutions.

2. Use analytical and numerical methods for the theoretical investigation of
linear encoder behavior under different operating conditions: thermal,
displacement measurement, velocity, and vibration.

2.1. Create the numerical computer model to investigate the thermal error of
the selected linear encoder caused by the thermoelastic deformations when the
device under the test is affected by external heat sources and changing ambient
temperature and develop the mathematical compensation model of the systematic
error component.

2.2. Develop the methodology for the sub-divisional encoder error estimation
and analysis under different displacement measurement velocities.

2.3. Develop the numerical computer model of the selected linear encoder to
analyze 1its resonant frequencies (eigenfrequencies) and corresponding
deformation shapes (eigenmodes).

3. Perform the experimental investigations:

3.1. Realize the practical approach for real-time geometric and thermal error
compensation and evaluate its suitability and reliability.

3.2. Practically apply the developed methodology and experimentally
investigate the periodic high-frequency error (sub-divisional) relationship with
different scanning velocities.

3.3. Perform an experimental dynamic behavior analysis of the tested optical
linear encoder under external mechanical vibrations. Link the measured
oscillations of the encoder elements with the results of the performed computer
modal analysis and determine which modes (encoder deformations) cause the
maximum response amplitude. Evaluate the effect of external mechanical
vibration on the formation of measurement error and offer technical solutions to
improve the mechanical design of the encoder.
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Research Methodology

The research methodology applied in this thesis is based on the relevant fields of
science and was assessed using the analytical review of the scientific and technical
literature.

The theoretical research performed in this thesis is based on the principles of
material science and continuum solid mechanics, including the topics of thermo-
mechanics and vibration of solids. The thermal behavior of the tested linear en-
coder was analyzed according to the laws of thermodynamics. The conservation
of energy allowed to solve the heat transfer problem and evaluate the predominant
temperature gradient. The calculation of introduced thermal stresses and thermal
expansion helped to identify the thermoelastic deformation, which is related to the
investigative measurement error. The dynamic behavior of the linear encoder was
determined by the analysis of its eigenfrequencies and eigenmodes. The finite el-
ement method (FEM) was used as the most suitable numerical method for solving
these partial differential equations in three space variables. The “COMSOL” Mul-
tiphysics simulation software was used for computer modeling.

The empirical data were collected during the experimental research. The tests
were performed at the Institute of Mechanical Science (VGTU) and the laboratory
facilities of JSC “Precizika Metrology.” The “Keysight 5530 laser calibration
system configured for linear measurement was used as the reference device for
the linear encoder error estimation. Measuring instruments from the companies
“Briiel & Kjeer” and “Hottiger” were used to measure the vibration parameters.
The experimental setup composed of the motorized direct-drive linear translation
stage and the servo motion controller from the JSC “STANDA” was used for the
investigation of the linear encoder’s sub-divisional errors under different scanning
speeds. The differential output signals of the encoder were recorded using data
acquisition and processing equipment based on the digital oscilloscope “Pico-
Scope 3000, All experiments were performed based on the measurement theory
to ensure the quality of measurements and minimize their uncertainty.

The reliability of the results was verified by mathematical statistics methods.
A more detailed investigation of the obtained results was made based on fast Fou-
rier transformation (FFT). The analysis of the collected data and the graphical
representation of the results were performed by using numerical computing and
advanced analytics software packages: “MATLAB”; “Statistica”; “Origin”’; “Mi-
crosoft Excel.”
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Scientific Novelty of the Thesis

During the preparation of the thesis, the following novel results for engineering
science were obtained:

1. The systematic regularities were revealed for position measurement errors
of the closed type optical linear encoders under the impact of external
environmental influences that can be subject to calculated error compensation.

2. The mathematical model of the thermal and geometric error compensation
for an optical linear encoder was developed, investigated, and applied using
technological calculation equipment.

3. The measuring technique of the sub-divisional encoder error was
proposed, and the advanced error analyzation method based on harmonic analysis
was presented.

4. The dynamic behavior of the linear encoder was determined under external
mechanical excitation, and its impact on the displacement measurement process
was estimated.

Practical Value of the Research Findings

The thesis solved a complex task, which included the necessary theoretical and
experimental research in determining, analyzing, and understanding the ongoing
processes in a linear displacement measurement system functioning under
different working conditions. Such a task involves developing methodological
and practical implementation techniques that enable solving analytical,
empirical, and numerical assignments. The obtained results are used to evaluate
the systematic behavior of the measurement error and develop the real-time
compensation approach. The proposed method is convenient and easily realized
using simple technological calculation equipment, which could be integrated into
the application or the encoder itself.

The research methods and technical solutions proposed in the thesis could be
useful for engineers and scientists working on the precise measuring systems in
their development and improvement.

The Defended Statements

1. Thermoelastic and dynamic processes of enclosed linear encoders and their
regularities could be investigated and evaluated using a complex methodology.

2. The geometrical and temperature errors of the linear encoders are recorded
and compensated in real-time using simplified parametric functions.
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3. The proposed real-time compensation approach is suitable for the
thermoelastic and geometric encoder error compensation, stating that the declared
performance of the encoder remains under different ambient temperatures.

Approval of the Research Findings

The research results were published in eight scientific publications:

four articles were printed in peer-reviewed scientific journals listed in the
Clarivate Analytics Web of Science database with an impact factor;

one article was printed in an international peer-reviewed scientific journal
listed in the Clarivate Analytics Web of Science database without an im-
pact factor;

three articles were printed in other international databases without an im-
pact factor.

The main results of the thesis are presented at the following three scien-
tific conferences:

annual national conference “Science — Future of Lithuania;”

15" international workshop on “Piezoelectric Materials and Applications
in Actuators (IWPMA),” 2018, Kobe, Japan;

16™ international workshop on “Piezoelectric Materials and Applications
in Actuators (IWPMA),” 2019, Lyon, France.

Structure of the Dissertation

The dissertation contains an introduction, analytical literature review, discussion
of research methodology, summarized investigation results and conclusions, ref-
erences, four appended scientific articles, and a summary in Lithuanian.

The dissertation consists of 145 pages, 50 displayed equations, 28 figures, 2
tables, and 36 references cited in the thesis.






Review of Optical Linear Encoders,
their Performance and Existing
Measurement Errors

Chapter 1 provides a general review of the optical linear encoders and their per-
formance and discusses the working principles and main areas of their application.
The encoder performance is objectively described by its accuracy, repeatability,
and resolution. The meaning of these parameters is described in terms of linear
encoders. Also, the chapter discusses the physical nature of the measurement er-
rors and their formation and presents the sub-divisional interpolation error within
one signal period and its determination by using the Lissajous pattern.

1.1. Linear Encoders and Their Applications

A linear encoder is a device that transforms linear mechanical motion into electri-
cal signals, which could contain information about the size of displacement, ab-
solute position, and direction of the movement. After further signal processing by
the numeric control device, this information could be used to determine the speed
and to control moving units of various technological machines or other equipment.
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There are various position measurement technologies based on different physical
phenomena, such as magnetic, inductive, capacitive, eddy current, or optical.

Magnetic linear encoders usually use a self-adhesive magnetized or a passive
variable reluctance scale. The information of the position could be sensed by using
reading heads based on the Hall Effect, sense-coils, or magnetoresistance. This
type of encoders is designed to perform in harsh environments, where high accu-
racy is not needed, e.g., packaging, woodworking, sawing, laser, or waterjet cut-
ting, automation, and assembly systems (RLS, 2020). They are capable of operat-
ing at high speed with a typical resolution from several millimeters up to 1 pm.

Inductive technology-based linear encoders are robust and tolerant of dust,
dirt, mechanical vibrations, shock, and mounting inaccuracies. The big air gaps
up to 5 mm between the scale and the reading module could be introduced. The
achievable resolution is up to 20 nm. The research presents fully integrated meas-
uring systems with straightforward fabrication and ease of application, requiring
no external light or magnetic field source (Podhraski ef al., 2016).

Capacitive encoders work by sensing the capacitance between a reading
module and scale. Similarly, with inductive technology, this measurement method
is usually used in measurement tools like digital calipers, etc. However, there are
scientific articles presenting a capacitive type of linear encoder using electrostatic
induction (Baniasadi and Modabberifar, 2016).

Optical linear encoders are the dominant type of sensors in the high-resolu-
tion market. They are insensitive to a magnetic field compared with magnetic en-
coders and have high accuracy, resolution, good repeatability, and low price. Ac-
cording to the mechanical construction, linear encoders may be enclosed or open
(exposed).

Enclosed type linear encoders have an aluminum extrusion that encloses and
protects the measuring scale and the reading head from dust, dirt, chips, or splash-
ing coolant. Such configuration measuring systems, together with a digital
readout, are used in various manually controlled machine tools (HEIDENHAIN,
2020), and more accurate versions are used in numerically controlled CNC ma-
chines (HEIDENHAIN, 2019). For typical manual control milling machines or
lathes, the display steps of 10 um or 5 um and accuracy of +10 yum per meter are
sufficient. For more precise measurement and inspection tasks, grinding or jig
boring machines, the display steps could reach 1 um, and the accuracy of 5 um
or £3 um is desirable. In modern CNC machines, those requirements could be
even higher. Because of the sealed construction and self-guided scanning carriage
along the measuring scale surface, the accuracy of such an encoder is limited by
the friction and hysteresis effects.

Open type (exposed) linear encoders consist of a measuring scale attached
straight onto the support of the application and a scanning head. The working
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principle of such a configuration system is based on noncontact reflective scan-
ning, which operates without any mechanical contact. They are used in machines
that require very high accuracy, such as PCB assembly machines, high-accuracy
machine tools, coordinate measuring machines (CMM) or other precise measuring
devices, positioning stages, etc. [HEIDENHAIN Exposed 2020].

Despite the industrial applicability, more advanced and precise optical linear
encoders are used in various scientific, medical, military, and surveillance or aer-
ospace applications.

ENCLOSED TYPE
LINEAR ENCODERS

EXPOSED TYPE
LINEAR ENCODERS

Fig. 1.1. Enclosed and exposed optical linear encoders of the company
“HEIDENHAIN”

In this dissertation, the main attention is focused on the theoretical and ex-
perimental research of an enclosed type of optical linear encoders.

1.2. Working Principles of Optical Linear
Encoders

In general, the working principle of an optical linear encoder is based on the light
detection that propagates through the interaction of moving (scanning reticle/in-
dex grating) and stationary (measuring scale) gratings. A light source, scanning
reticle, photodetectors, and all necessary electronics are integrated into the reading
head of the encoder. In enclosed linear encoders, the reading head consists of two
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parts: a housing and a scanning carriage (cursor). The housing of the reading head
is usually attached to a moving unit, while the aluminum encoder’s profile, with
an integrated glass measuring scale, is usually fixed on the rigid support of the
application. The cursor holds the scanning reticle and is preferably guided along
the surface of the glass scale. As the housing or the reading head of the encoder
are inaccurately mounted, or the motion is not perfectly straight, the flexible
spring-based suspension between the housing and the scanning carriage is re-
quired. For a proper motion transmission to the cursor, these two parts must have
a rigid contact point. Hardened or rigid stainless-steel parts like pins and grinded
plates must stay connected while the measurement is processed in both directions.
Those parts could be maintained together by using the force of extension springs,
a magnetic field of a permanent magnet, etc. A typical structure of an enclosed
optical linear encoder is shown in Fig. 1.2.

SCANNING PRINCIPLE

Photodiodes Glass scale

Scanning

rellcle
|§'~ um

LED /|
2 \‘ Glass scale
( | Scanning carriage
|

Grating

End cap
Aluminum housing

Sealing lips

Fig. 1.2. Structure of an enclosed optical linear encoder

There are two most common methods to generate an electrical signal from the
relative movement between a measuring scale grating and a reading head: imaging
and interferential. Those methods and basic electric signal generation techniques
are described in the following subsections.
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1.2.1. Imaging Optical Encoder

The optical imaging technology-based encoders consist of an infrared light source
with a collimating lens. The light beam propagates through an index grating that
transmits 50 % of the light. The transmitted light could be imaged onto a measur-
ing scale via shadow projection of the two mentioned gratings in near contact or
by an optical imaging system. When the modulated light passes both gratings, its
intensity / is sensed by the photodiode, which produces an electrical signal that is
proportional to the light intensity. If both encoder gratings have a constant inter-
val, the bar and space pattern (called Ronchi grating) are precisely aligned, and
the index grating is sharply imagined on the measuring scale, the detected light
intensity will vary triangularly with a reading head displacement, as shown in Fig.

Light Intensity, /
50%
' '
+ +
0 p 2p
Grating Displacement, x

P Motion of gratings

P

Fig. 1.3. Superposition of two precisely aligned identical Ronchi gratings

The transmitted light intensity is uniform over the grating area. Any displacement
x between two gratings will generate an intensity signal that contains a fundamen-
tal spatial frequency of 1/p plus successive harmonics of reduced amplitude (Lux-
moore and Shepherd, 1983). Such a signal could be expressed as:

21 4n
I(x) =1Iy+I,cos—(x — x’) + I,cos — (x — X”)
p p (1.1)

6m
+ 13005?(95 —xy + ..

where x’, x, X!, etc., indicate the position of the various maximum light intensi-
ties for each harmonic and are equal. Therefore, (x — x) corresponds to the dis-
placement between two gratings Ax.
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If the superimposed identical grating patterns (with the same period p) are
inclined by a small angle 6 to one another, the angular fringes (Moiré interference
patterns) are formed. The relative movement of one grating to another causes the
fringes to move in a manner that magnifies the grating displacement. In this case,
the small perpendicular motion of one grating along the other by one pitch (period
p) will make the Moiré fringe move vertically by one fringe spacing 7' (Barakaus-
kas et al., 2017). The superposition of two slightly rotated gratings and the for-
mation of the Moiré fringes are shown in Fig. 1.4.

Vertical grating
onglassscale || ? g Slightly rotated grating
on scanning reticle
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Fig. 1.4. Superposition of two slightly rotated gratings and the formation
of the Moiré fringes

When one of the gratings has a slightly different period, Vernier fringes are
seen in the superposition of the two gratings. The intensity variation of these
fringes is given by:

| It 21X 6p+1 6mx 6p+1 10mtx 6p
= cos— - — cos— " — coS————
OO Ty T op 30595, (12)

+ ..

If the difference in period varies across the area of the grating, this variation
can be presented as p(x) = xdp/p (Luxmoore and Shepherd, 1983). In this case,
the relative displacement between gratings perpendicular to the grating lines will
generate the motion of Vernier fringes by one fringe spacing but in the same di-
rection as the grating displacement. Such superimposition is shown in Fig. 1.5.
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Vernier fringes

III I | \I Motion of Moiré fringes

Motion of gratings

[

Fig. 1.5. Superposition of two gratings with slightly different periods
and formation of the Vernier fringes

For accurate displacement detection by using phase quadrature interpolation
and discerning the direction of the measurement, the optical system should be de-
signed to generate two analog sinusoidal signals with a phase shift of 90 electrical
degrees. The sharpness of the imaged grating is affected by the captured diffrac-
tion orders of the imaging system, the size and shape of the light source, and the
distance between the gratings, optical noise fluctuations due to random changes
in grating transmission or reflection over its length or by variations in light source
intensity and sensitivity of the detectors. With a proper design of the encoder read-
ing head, a sinusoidal modulation of the detector signal could be obtained (Cosijns
and Jansen, 2018).

In practice, in optical linear encoders with the same period gratings, the scan-
ning reticle (index grating) is designed with multiple grating areas that have pre-
defined offsets to obtain various phase signals. The properly aligned separate pho-
todetectors are generating sinusoidal electrical signals from four areas displaced
by n + % of the period. The schematic representation of the electrical signal for-
mation is shown in Fig. 1.6. Nearly sinusoidal signals phase-shifted by 0, 90, 180,
and 270 electrical degrees are generated.

x
Iy = a+bcos(2n5);

X w X
Iyo =a+bcos(2n—+—)=a—bsin(2n—);
p 2 p
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X X
ligo = a+bcos (27T—+7T) =a—bcos <2n—);
p p (1.3)

Loo=a+b (2 x+3”)— +bsi (2 x)
270 = @ + b cos np 5 ) =a+bsin np,

where a — is the irradiance bias, b — is the modulation depth of the signal, and x
indicates the position of the index grating (displacement inside one period). This
signal generation method is known as 4-field scanning.

Index grating Measuring scale grating

_OX=1/2p __OX=3/4p

Photo detector (x4)

Fig. 1.6. Schematic representation of electrical signal formation in optical linear
encoders with the 4-field scanning method

In optical linear encoders with Vernier fringes, the index grating is designed
on a single wide-area with a slightly different pitch grating compared to the meas-
uring scale. A segmented photodetector with specialized size pixels or a line cam-
era is used to capture the formed fringes. This scanning method causes a type of
optical filtering that allows the generation of homogeneous signals with a shape
very close to a sine wave. Compared with the 4-field method, one large scanning
area has indisputable benefits. Therefore, it is called a single-field scanning tech-
nique that is less sensitive to various contaminations. Better quality of generated
electric signals leads to a small position error within one signal period (sub-divi-
sional error), good control quality for direct drives, which means improved and
finely tuned velocity control, and high repeatability. It allows for the management
of high interpolation and achieves a resolution of 0.1 pum and finer. The signal
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amplitudes are only slightly influenced by the scanning velocity, so the electri-
cally permissible traversing speeds are high (HEIDENHAIN Single-field, 2006).
The schematic representation of the signal formation from the Vernier fringes is
shown in Fig. 1.7.

Measuring scale grating

Index grating

Array of
photo detectors Igo
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Fig. 1.7. Schematic representation of electrical signal formation in optical linear
encoders with the single-field scanning method

Despite all its advantages, the single-field scanning method requires a special
structured photosensor. The design and development of such a microtechnological
device is a challenging and expensive task.

1.2.2. Interferential Optical Encoder

With a scale period p smaller than 10 um, the diffraction effects become domi-
nant. Interferential encoders typically function with grating periods of 8 um, 4
um, and finer. They use coherent light-emitting diodes or semiconductor lasers to
generate a coherent and collimated beam of light. A step grating is used as the
measuring scale. On a flat reflective surface, 0.2 um height reflective lines are
applied. The scanning reticle is designed as a transparent phase grating with the
same period as the measuring scale. The reflected light beam is split into diffrac-
tion order m by the measuring scale. The +1 and -1 diffracted orders are combined
to interfere at the photodetectors, where sinusoidal signals with a half period of
the gratings are generated (Cosijns and Jansen, 2018).

AP(AX) = APress — APy = 2n(+1)%" - 2n(—1)%" = 4n%". (1.4)
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The generated signals are free of harmonics and could be highly interpolated
by using proper electronics. Practically, the limitation of the interpolation is lim-
ited by the noise of the electrical signal. The linear encoders with interferential
scanning are especially suited for high resolution and high accuracy applications.
Fig. 1.8 schematically represents the working principle of the interferential linear
encoder produced by the company “HEIDENHAIN.”
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Fig. 1.8. Schematic representation of the interferential scanning principle of a
“HEIDENHAIN” linear encoder

The notations in the Fig. 1.8 are: ¢ — grating period, yy — a phase shift of the
light wave when passing through the scanning reticle, 2 — a phase shift of the
light wave due to the motion X of the scale.
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1.3. Performance of Optical Linear Encoders

An optical linear encoder by itself is only a converter of mechanical displacement
into the corresponding electrical signals. For a proper interpretation of an exact
position from the encoder reading, it must work together with a subsequent elec-
tronic unit. For manually controlled machines, it could be a digital readout (DRO)
system, and for numerically controlled machine tools or other technological
equipment, specialized controller units are used.

To ensure reliable communication between these devices, the output signal
of the encoder reading is transmitted by various analog or digital interfaces (HEI-
DENHAIN Interfaces, 2019). However, the initial signal of the encoder-measured
displacement from the incremental track is always analog. Usually, there are four
nearly-sinusoidal signals phase shifted by 0, 90, 180, and 270 electrical degrees.
An early industry standard was 11 pA peak-to-peak current signals. Nowadays,
the most popular analog standard is 1 V peak-to-peak voltage signals. The biggest
advantage of analog signals is their low bandwidth, which helps to minimize elec-
tromagnetic compatibility (EMC) emission. These signals are transmitted as dif-
ferential signals to improve noise immunity. Later, these signals are driven
through the differential amplifiers, and two quadrature sine and cosine signals are
formed, as shown in Fig. 1.9.
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Fig. 1.9. Conversation of differential encoder output signals into single-ended
quadrature sine and cosine signals

Later, both signals are interpolated and digitalized to achieve higher meas-
urement resolution. The interpolation process is performed by a subsequent elec-
tronic, or it could be done inside the encoder. In this case, the output signals of
the device are two digital A and B square-wave signals. The big advantages of the
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incremental encoder signals are their high measurement accuracy, low signal la-
tency, and improved noise immunity.

The absolute optical linear encoder, in combination with an incremental
track, has another suitably encoded track. The absolute position could be traced
by using Vernier, digital code, pseudo-random code, or multiple coded tracks.
These encoders can determine an absolute position without movement or needing
to find a reference position. The position reading is transmitted by using the serial
communication protocol, such as SSI, BiSS, EnDat, DriveCliq, Panasonic,
Yaskawa, Fanuc, and others. This type of encoder typically could reach high res-
olution and high accuracy because the position is determined and transmitted on
demand rather than continuously. The performance and quality of absolute encod-
ers mainly depend on the incremental track and initial analog signal formation,
the same as in incremental encoders.

The performance of the optical linear encoder could be most appropriately
described by its main parameters: resolution, accuracy, and repeatability. The
meaning of these parameters in terms of linear encoders is described below.

1.3.1. Resolution

Resolution is the smallest positional increment that can be measured. In other
words, it is the smallest distance the encoder can measure. The higher the resolu-
tion, the more precise positioning of the moving unit can be reached, and the more
fluent motion can be generated by a closed-loop control system.

A resolution of an optical linear encoder is based on the measuring scale grat-
ing. The number of transparent and opaque lines defines the smallest measurable
distance. The most frequently used grating pitch in Moiré effect-based encoders
is 20 um. Physically it is impossible to increase the resolution of already manu-
factured encoders, but there are other methods that allow doing that.

Most of the incremental linear encoders generate two quadrature output sig-
nals, A and B. Since these signals are phase-shifted by 90 degrees, it also allows
sensing the direction of displacement. With such quadrature output, three types of
decoding, X1, X2, and X4, could be used to increase resolution. The main idea of
the decoding process is to count the different falling and rising edges of the output
signals (Decoding Principles, 2015). All three possible types of decoding are
shown in Fig. 1.10.

When a quadrature signal decoding X1 is used, the falling or rising edges of
signal A are counted. The value of one count is equal to one full period of the
measuring scale grating, and in the case of decoding X2, both the falling and rising
edges of signal A are counted. The resolution is doubled up and reaches a half
value of the measuring scale pitch. With X4 encoding, the rising and falling edges
of both signals A and B are counted, and the resolution is increased by four times.
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Thus, the optical linear encoder with a 20 um grating pitch could reach the reso-
lution of 5 um after its electrical signals are decoded by an external microcontrol-
ler and integrated into the control unit of the machine tool or digital readout de-
vice.

Quadrature signal decoding X1
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Fig. 1.10. Quadrature digital encoder output decoding X1, X2, and X4
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To reach a higher resolution, the encoder’s output signal processing called
interpolation is used. However, the electrical signals from the encoder must have
a sinusoidal shape. Each period of the sinusoidal signal could be represented in
many finer possible positions. There are a lot of different methods for sinusoidal
signal interpolation, like tracking loop, direct dual-sample-rate, direct high-sam-
ple-rate interpolators, etc. (Interpolators, 2018). Modern technologies allow sam-
pling of sinusoidal signals at a higher than Nyquist rate with a great resolution
even when the frequency of the encoder output signals is very high. Field-pro-
grammable arrays (FPGAs), together with analog electronics and noise filtering
systems, are used for practical solutions (Jenkins and Hilkerk, 2008). The resolu-
tion of up to several nanometers is available. Interpolation electronics integration
into the encoder becomes ordinary. It allows to minimize transmission path errors
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and reject noise, which is the source of interpolation error in systems where the
interpolation unit is external.

Aiming to reach the appropriate interpolation process, the quality of the en-
coder signals is essential. Sinusoidal signals gain versus speed, offset and phase
errors between sin and cosine signals, and sampling errors are limiting factors of
the accurate encoder data interpolation (Lepple, 2004). Therefore, the encoder’s
ability to generate good, undistorted signals is decisive in reaching a high resolu-

tion.

1.3.2. Accuracy

The accuracy of the encoder is the term that describes the difference between the
target position (real position value) and the position determined by the encoder.
According to ISO 5725-1 standard (accuracy of measurement methods and re-
sults), when the accuracy term is applied to sets of measurements of the same
measurand, it involves a component of systematic error and a component of ran-
dom error (ISO 5725-1 1994). In this case, the term “trueness” is used to describe
the closeness of the mean of a set of measurement results to the real value, and
the term “precision” is used to describe the closeness of agreement within a set of
results. The graphical representation of the measurement accuracy is shown in

Fig. 1.11.

Reference value
Average value

A
_..;' ) TRUENESS X
2 . >
o
e}
2
3
- PRECISION
2 < ——
a

Value

Fig. 1.11. Graphical representation of measurement accuracy according
to the ISO 5725 standard
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In the case of optical linear encoders, the trueness is accepted as the accuracy
of the encoder, and the precision is used to describe the repeatability or reproduc-
ibility of the device. In practice, the encoder accuracy measurement is a specific
procedure that requires well-calibrated equipment and a certain environmental
condition. The calibrating encoder readings are compared with a reference device
position indication, which is accepted as a real position value. Usually, a highly
accurate encoder or a laser interferometer is used as a reference.

The calibration process is usually based on the international standard ISO
230-2. Several measurements (usually five) at relatively equally spaced positions
are taken. Collected data are analyzed statistically, and the main parameters, like
accuracy and repeatability, are estimated. The graphical representation of the uni-
directional linear encoder measurement is presented in Fig. 1.12.
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Fig. 1.12. Unidirectional accuracy and positioning repeatability according
to ISO 230-2 international standard

The symbol Si denotes the estimator for the unidirectional axis positioning
repeatability at a certain position. It is a standard uncertainty of the positioning
deviations obtained by a series of # unidirectional approaches at a certain position:
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where x;; is the actual position reached by the functional point minus the target
position and x; — is the arithmetic mean of the positioning deviations obtained
by a series of n unidirectional approaches to a certain position.
The unidirectional positioning repeatability at a certain position is noted as R;
and is calculated according to the following equation:
Ri = 451 (16)

The unidirectional positioning repeatability of a linear encoder is established
as the maximum value of the positioning repeatability at any certain position along
the encoder measuring scale:

R = max[R;]. (1.7)

The difference between the algebraic maximum and minimum of the mean
unidirectional positioning deviations at any certain position along the encoder is
accepted as the systematic positioning error:

E = max[x;] — min[x;]. (1.8)

The range derived from the combination of the mean unidirectional system-
atic positioning errors and the estimator for the unidirectional positioning repeat-
ability of a linear encoder using a coverage factor k=2 is accepted as the position-
ing error or accuracy:

A = max[x; + 25;] — min[x; — 2S;]. (1.9)

Such a calibration process is performed in a laboratory room with a stable
nominal ambient temperature 20 + 0.2 °C and minimized dynamic effects of the
surroundings.

1.3.3. Repeatability

Encoder’s ability to give the same value whenever a reading head reaches the
same position is called repeatability. It is often referred to as precision. Usually,
it is a small number specified as + resolution and is several times better than the
encoder’s accuracy. In technological machines, like in pick-and-place applica-
tions, repeatability is even more important than accuracy.

However, such a parameter as repeatability must be summed up correctly and
be considered regarding the equipment in which the linear encoder is installed. If
the machine demonstrates high repeatability, the mismatch between the measured
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value and the reference could be compensated, so the high repeatability of the
encoder is required. On the other hand, the application with poor repeatability due
to backlash in mechanical gears, friction effects, or hysteresis could not be up-
graded even by the absolutely perfect repeatability encoder.

1.4. Nature of Measurement Errors

When speaking about the measurement error, the accuracy of the linear encoder
is usually meant. This parameter is determined by (HEIDENHAIN, 2019):

o the quality of the measuring scale grating;

e the quality of the scanning process;

o the quality of the signal processing electronics;

e the error of the scanning unit guideway to the scale.

The biggest impact on the encoder’s accuracy clearly has the quality of the
measuring scale. The grating formed from transparent and opaque bars is usually
produced by photolithography. For reflective type encoders, gratings are formed
on a stainless-steel tape by using such technologies as electron beam writing (Ki-
shimoto et al, 1993; Yan et al., 2004), nanoimprint lithography (Tang et al.,
2012), etc. The quality of the scale grating and various imperfections over its
length are related to the optical noise fluctuations and electrical signal formation.
The sensitivity of displacement measurement increases with the grating fre-
quency. However, the fabrication of high-resolution gratings is a challenging task
because of the technological process and material problems. Even a small devia-
tion of the grating period affects the quality of the measurement.

The opening ratio and the form of the grating are also particularly important
and have a strong effect on electrical signals. The intensity difference between the
minimum and maximum values of the Moiré fringe pattern is the highest when
the opening ratio of the measuring scale and the scanning reticle gratings are equal
to 0.5.

The unwanted optical fluctuations could also be generated by the variation in
light source intensity and sensitivity of the photodiodes. Non-perfectly collimated
light also distorts the Moiré pattern and leads to poor contrast. The quality of the
used components and precise alignment could help to avoid these harmful side
effects.

The quality of the optical scanning process is essential to the formation of
sinusoidal shape electrical signals. The presence of unwanted higher signal har-
monics, immunity to a changing scanning speed, and various contaminants on the
scale surface highly depend on the used optical scanning technique.

The scanning unit guideway along the measurement scale should ensure an
appropriate position between the measuring scale and the scanning reticle. Any
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relative motion like changing the distance between the gratings (air gap) or a tilt
will lead to a formation of error.

One of the most important things is to ensure the high contrast of the Moiré
fringes to get the high accuracy of the measurement. In the real mechanical con-
struction of an encoder, the finite size gap between the gratings is introduced.
Because of the nonperfect collimated light and diffraction effect, which becomes
more significant in gratings with a period of 100-20 um, the variation of the gap
has a major influence on the fringe contrast (Sciammarella and Davis, 1968).

Kazuhiro Hane et al. (Hane et al., 1985) suggested using an optical configu-
ration in which the second grating is mounted with an adjusted tilt. A. Ieki et al.
(Ieki et al., 1999; Ieki et al., 2000) introduced pitch-modulated phase grating. All
these works are related to a reduction of the sensitivity to the air gap. Although
sometimes, in real applications, it is hard to realize these improvements because
they require more space and special technological solutions. Commonly, to not
lose the contrast of the Moiré fringes and get good quality signals, the air gap
between the glass scale and the scanning reticle should be around 50 um (Ye et al.,
2015).

The formation and parameters of the Moiré fringes depend on the superposi-
tion of the two gratings. As it is shown in Fig. 1.4, the scanning reticle is slightly
rotated to form a certain angle & between the gratings. Spacing T of the formed
fringes could be expressed as:

p

T=w- (1.10)

Any changes in fringe spacing lead to an inappropriate formation of electrical
signals because the photodetectors are aligned according to the location of the
fringes. Even a small angle tilt between the gratings results in large displacement
measurement errors of the encoder.

Ju-Ho Song et al. (Song et al., 1999; Song et al., 2000) represented the phase-
shifted grating to reduce tilt errors. A scanning reticle with a specially formed
grating could be used to compensate for the nonorthogonal error caused by the tilt
of the index scale.

The measuring errors of the linear encoder are usually distinct in two main
parts: the position errors over the entire measuring length and the sub-divisional
(interpolation) errors within one signal period. The first type of error refers to the
measuring scale, including the scanning unit, and is accepted as + system accu-
racy. The measurement of this error is already described in Section 1.3.2., and the
accuracy graph is shown in Fig. 1.12. The second type of error is described in the
following section.
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1.5. Sub-divisional Errors in Optical Encoders

Sub-Divisional Error (SDE) is a cyclic high-frequency error created by imperfec-
tions of the sine/cosine quadrature encoder output signals. This error appears in
the interpolated counts and does not accumulate. Also, it can be referred to as an
interpolation error. It is determined by the signal period of the encoder, the quality
of the graduation, and the optical scanning. The size of SDE typically lies at +2
% to £0.5 % of the signal period (HEIDENHAIN, 2019). It is measured in the nm
range, RMS. The graphical presentation of the interpolation error is shown in
Fig. 1.13.

The mechanical inaccuracies and misalignment between the measuring scale
and the scanning reticle are the main causes of SDE. Although, the harmonic dis-
turbances can also cause distortions in the encoder signals. This type of error is
especially important for the accuracy of positioning as well as for velocity control.
The error leads to speed ripple, loud noise, and additional heat generation, partic-
ularly in direct drives. In applications such as machine tools, the SDE may result
in the poor surface quality of the machined part (SDE, 2018).
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Fig. 1.13. Graphical representation of sub-divisional (interpolation)
linear encoder error (HEIDENHAIN, 2019)

The quality of the analog sine/cosine signals of the encoder and SDE could
be monitored by using an oscilloscope. Displayed signals in XY mode form a
circular Lissajous figure. The high accuracy linear encoder with theoretically ideal
signals will form a perfect circle. The formation of the Lissajous curve is shown
in Fig. 1.14.



28 1. REVIEW OF OPTICAL LINEAR ENCODERS, THEIR PERFORMANCE....

A Signal A

Signal B

Fig. 1.14. Formation of the Lissajous figure from the linear encoder signals:
Sine (Signal A) and Cosine (Signal B)

The signal inaccuracies will distort this figure and introduce the sub-divi-
sional error. The offset of the signals from the mean 0 V" level will offset the Lis-
sajous curve from the center point (0, 0) coordinate. The difference between the
amplitude values will produce the elliptical shape curve. If the signals are not
phase-shifted by exactly 90 degrees, the Lissajous plot will be oval. Higher signal
harmonics will shape the non-circular form curve. A more detailed explanation is
provided in the introduction part of the appended Article 3.

1.6. Conclusions of Chapter 1

The general review of linear encoders and their performance showed that the
optical encoders are the most widely used displacement measurement systems in
precision applications, featuring high accuracy, good repeatability, and fine
resolution. The optical imaging principle-based encoders are the most popular and
cover most of the industrial and scientific applications. The mechanical design of
the enclosed type of linear encoder allows it to work under harsher operating
conditions compared to exposed encoders. For this reason, an enclosed type of
optical linear encoder is chosen as the object of the complex investigation in this
dissertation.

The distinguished important aspects of the research:

1. Optical imaging encoders could be realized by using different transmitted
light imaging and electrical signal formation techniques. Each of these techniques
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has its advantages and disadvantages. Encoders operating on the principle of the
4-field scanning were chosen for the research.

2. The formation of superior quality analog electrical signals is the most
important process for an appropriate encoder performance. It is relevant to ensure
the smooth running of this process during the operation of the encoder.

3. The quality of the sinusoidal shape quadrature signals is especially
important for the interpolation process. Otherwise, the sub-divisional encoder
error appears, and the fine resolution (high interpolation rate) of the device cannot
be reached.

4. Calibration process of the linear encoder is performed under well-defined
ambient conditions. Estimated accuracy, repeatability, and other parameters are
accepted and declared. However, the meaning of these values may drastically vary
when the encoder is operating under different conditions.






Assessing Methods of Measurement
Errors Caused by Environmental
Effects

Chapter 1 provided a general review of the scientific and technical literature about
optical linear encoders. This chapter presents the theoretical and experimental re-
search methodology used to investigate the impact of the specific external factors
that cause measurement errors. In a real operating environment, linear encoders
face a variety of effects that influence their performance. This thesis investigates
thermal processes, different displacement scanning speeds, and mechanical vibra-
tions and briefly discusses the procedures used for their studies in the following
subsections.

2.1. Thermal Effects

When a linear encoder operates under the influence of internal and external heat
sources, various thermal processes inevitably affect the measurement quality. The
changing temperature has the greatest influence on the measuring scale. If the
temperature increases, the parts of the encoder expand. The initial length of the
scale becomes larger, as well as the period of the grating pattern. The moving
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reading head counts less displacement. The difference between the real and meas-
ured lengths is positive. In the case when the temperature decreases, the measuring
scale becomes shorter, and the moving reading head counts more displacement.
The difference between real and measured lengths is negative (Alejandre and Ar-
tes, 2004). Theoretically, this expansion and contraction process occurs in the
scale according to the coefficient of thermal expansion (CTE).

In practice, the thermal problem is somewhat complex. In enclosed optical
linear encoders, the measuring scale is attached to an aluminum profile by a dou-
ble-sided adhesive tape or by adhesive. The joint between these two encoder com-
ponents must be flexible because of the different CTE values of the aluminum and
the measuring scale material, which usually is glass or glass-ceramic. In differ-
ently designed linear encoders, long stainless-steel measuring scales are used to
reach measuring lengths up to 30 meters or even longer. In such an assembly of
the encoder, the actual CTE value acquires other meanings (Alejandre and Artes.
Real CTE, 2004). The measuring scale expands more because, despite the initial
CTE value, it is also stretched by an aluminum extrusion with a bigger thermal
coefficient value. Meanwhile, the extrusion by itself expands less. Moreover, the
nonlinear behavior of the CTE is noticed during the experimental research
(Alejandre and Artes, 2006). To reach and maintain a wanted CTE value and a
stable performance in a wide temperature range, the correct design of the encoder
is essential.

Despite the thermal behavior of the encoder, the mounting type and thermal
parameters of the machine support to which the encoder is attached have a great
impact too. If the aluminum profile is tightly attached to the machine surface with
a different CTE, the internal stress could be generated between the fixing bolts, as
well as torsion, bending, unbalanced loads, etc. In practice, the linear encoder is
usually fixed with only one permanent fixing point in the middle of the measuring
length. In this case, the ends of the encoder could freely expand and contract in-
dependently to the mounting surface. Other fixing bolts are tightened through
flexible parts.

2.1.1. Research Task of the Thermoelastic
Deformation in a Linear Encoder

The selected optical linear encoder under investigation consists of:

— Stainless-steel tape with a laser engraved measuring scale on it;

— Encoder housing. An aluminum extrusion profile is used as a base for
fastening the measuring scale and its tensioning mechanism. Such a hous-
ing protects the scale and the reading head from environmental pollution:
dust, chips, an emulsion used in the operation of machine tools, etc.
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— Tensioning mechanism. Used for proper stainless-steel tape pretension.

— Reading head. 1t carries all the optical and electronic components and en-

sures the operation of the encoder.

As the temperature of the steel tape changes, it lengthens or contracts. Such
temperature deformations along the scale have a direct effect on the formation of
measuring errors. The main object of the study is a simplified unit consisting of
an aluminum housing and steel tape embedded in it, as shown in Fig.2.1.

Stainless-steel Tape

Encoder Housing

Fig. 2.1. Cross-section of the simplified encoder housing model under investigation

The steel measuring tape must be inserted into the cavity provided in the
housing without restriction so that it is only held in its entire length and the surface
with the raster track open and easily accessible to the scanning head. When the
steel tape is inserted into the housing, one end is rigidly attached to the housing.
For the measuring scale on it to function properly, the measuring tape must be
tensioned with a certain force. This requires a special tensioning mechanism. It is
based on a spring of appropriate stiffness, which causes tension. Such a mecha-
nism must also prevent the tape from being overstretched. As the longitudinal di-
mensions of the tape change during this process, the scale formed by a laser during
its manufacture has a smaller step. The measuring scale for one meter must be
stretched by 10 um. After a proper tensioning procedure, the stretched (elongated)
tape is rigidly attached to the aluminum housing. Since the aluminum housing has
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a higher coefficient of expansion (~ 23 pm/umK) than the stainless-steel measur-
ing tape (~ 10 um/pmK), it is necessary to evaluate the temperature deformations
of such an assembled unit and their influence on the measurement accuracy.

2.1.2. Calculation of the Tension Force
on the Measuring scale

The one-meter-long tape is designed to be tensioned to 10 um. To do this, the free
end of the tape is pulled by a force F of a certain size.

A—H A-A
i Stainless-steel Tape

AT

LLLLS LS

A L A

Fig. 2.2. Tensioning scheme of the stainless-steel measuring scale

Because the geometry of a steel tape is simple and its cross-sectional area
does not change along the scale, the required tensile force can be determined using
simple mechanical equations for the materials. The scale is made of steel AISI
420.

FL

AL = —.
EA

2.1)

Where: AL — absolute tape elongation (10 um); E — Young’s modulus
(190 GPa); A — cross-sectional area of tape (7.5 mm2); L — initial tape length
(1 m).

The required tensile force is given by the formula:

_ALEA (1-107°)-(190-10%) - (7.5-107)

L
The tension strength condition is described by:

=1425N. (2.2)

F
o =2 < 0ra. 23)

where: 0 — stress in the cross-section of the tape; omax — normal allowable
stress (1700-1900 MPa);
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[14,25 |
g = W =19 MPa < Omax- (2.4)
The strength condition is met. The tensile force F determined in the following
calculations can be used as a boundary condition for estimating stresses and tem-
perature deformations.

2.1.3. Simplified Mathematical Model of Temperature
Deformations

As the measurement accuracy of the linear encoder is mainly influenced by the
temperature deformations in the longitudinal direction of the measuring scale, in
the simplest case, the system of aluminum housing and steel tape can be consid-
ered as a system consisting of two beams.

L
\
N
\
N | Encoder Housing | E
N OF—
Ly
N | Stainless-steel Tape | ©
h L

Fig. 2.3. Simplified representation of the aluminum housing and measuring scale
as a system consisting of two beams

Since neither the cross-sectional area of the aluminum housing nor the cross-
sectional area of the steel tape or the material properties (Young’s modulus)
changes along the system, the longitudinal deformations of these individual com-
ponents at ambient temperature are calculated according to the following formu-
las:

Longitudinal deformations of the aluminum housing:

oy L4

ALl = + 0(1L1AT1. (25)

1
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Longitudinal deformations of the stainless-steel tape:

gL,

ALZ = + a’szATz. (26)

2

Where: o1; 02 — stresses in the cross-sections of the aluminum housing and
the stainless-steel tape; al; a2 — coefficients of linear thermal expansion; AT1;
AT2 — temperature difference.

The elongation/contraction of a common system is a combination of the ther-
mal expansion of the individual comprising components. Considering the differ-
ent cross-sectional areas, material properties (Young’s modulus and coefficient of
thermal expansion), acting temperatures and possible additional external forces,
the elongation AL in the longitudinal direction of the total assembled stainless-
steel measuring scale, and the aluminum housing assembly is defined as:

oL = ME@AT, + A, EyayATy) + F
(A1E1/Ly) + (AzE,/Ly)

2.7)

The force F in Equation (2.2) can be treated as a boundary condition if the
assembled system is subjected to external forces. In the case of a linear displace-
ment measuring system, this force can be understood as the temperature expansion
of the object’s surface on which the encoder is mounted. For example, a machine
tool frame made of cast iron with a thermal coefficient of linear expansion of 10.4
um/umK will expand or contract less than the aluminum housing, which will
cause additional external forces to affect the condition of the encoder itself.

In the elements of the general system, internal forces are created by the action
of external forces. The measure of the intensity of such forces is stress. The
stresses in the individual elements are defined by the following formulas:

Stress acting on the aluminum housing:

L
AT, — AT, (1) = (FLo/LiAsEy)

1+ (A4E Ly /ALE>Ly)

(2.8)
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Stress acting on the stainless-steel tape:

L
AT, =~ @ ATy (1) = (FL1/LoAsEy)
1+ (AzE;L, /A EqLy)

o, = —E, (2.9)

Such a simplified mathematical model for the calculation of temperature de-
formations can estimate the total thermal elongation or contraction of a system at
a constant temperature operating uniformly over the entire length of the system.

2.1.4. Influence of Measuring Scale Prestressing

The primary tensioning of the stainless-steel measuring scale F2 and the attach-
ment of the pretensioned scale to the aluminum housing create a force F1 in the
opposite direction, which compresses the aluminum housing. The force calculated
by Equation (2.2) to tension a steel tape of one-meter length by the required 10
um is equal to 14.25 N. A force of the same magnitude (only in the opposite di-
rection) acts on the aluminum housing. Visually, this is illustrated in Figure 2.4.

|F1| = |F]. (2.10)

Fi

—]

©

P

Fig. 2.4. Forces acting on the aluminum housing and the stainless-steel tape system re-
sult from the initial tension of the measuring scale

The shortening of the one-meter-long housing under the action of this force
is calculated to evaluate such a force acting on the aluminum profile. Equation
(2.1) is used. Housing is made of aluminum (Al Mg Si 0.5 (6060)):

FL —14,25-1

AL = — =
EA~ (70-10°)(0,113362)

=1,796- 107°m = —0,0018 um.  (2.11)
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Where: E — Young’s modulus (70 GPa); A — cross-sectional area of tape
(113362 mm?); L — initial aluminum housing length (1 m).

The stress o occurring in the cross-section of the aluminum housing under
the action of the initial force F1 of the prestressed stainless-steel measuring tape:

IF] 2 o57p 2.12
774 To113zez * (2.12)

Since the shortening of the aluminum profile is an inadvertently small value
(0.0018 um) and the resulting stress is small in order and does not have a signifi-
cant effect, the initial prestress of the stainless-steel tape effect on the aluminum
profile can be eliminated by simplifying the calculations.

Temperatures below 20 °C have a greater influence on the calculations. At
these temperatures, and as the aluminum housing shortens, the steel measuring
tape will not only shrink to its magnitude of linear thermal expansion but will also
relax to its initial magnitude of 10 pum.

2.1.5. Spatial Thermoelastic Task

Because the thermal and elastic processes occurring in real conditions are com-
plex, the simplified mathematical model discussed earlier is not accurate in pre-
cisely determining the behavior of the system. A spatial model of elasticity theory
is used to obtain a higher precision answer. It requires a system of 15 equations to
obtain the values needed to study the system.

Equilibrium equations (Navier’s equations):

Stress is a measure of the intensity of the internal forces acting on the body.
Differential equilibrium equations are found to describe their state, which is found
using Newton’s second law. To solve static problems, there are no material prop-
erties and displacements of the object under study in the equilibrium equations,
except when extreme conditions (internal forces X, Y, Z) are included in the equa-
tions.

00, 0Ty, 0Ty, 0%u
90x x=plY. 2.13
ax "oy "oz T Pa @.13)
ot do Jt 2y

Xy Xy Xy (2.14)

ax oy " az ' T Paz
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2
0T, 0Ty N dao, b= pa_w.
dx dy 0z ot?

These differential equilibrium equations make it possible to determine with
simple operations exactly which external surface forces {p} and external volumet-
ric forces {X, ¥, Z} cause a stress state characterized by stresses {o.

(2.15)

Geometrical equations (Cauchy’s equations):

The relationship between the displacements of a deformed test object and the
resulting deformations depends on the geometry of the body and the chosen coor-
dinate system. Force-causing deformations and material properties are not in-
cluded in the geometric equations. Six equations for geometric deformation and
displacement coherence:

Linear strain equations:

& i e (2.16)
dv
. <”+Wdy) v _ov, 2.17)
Y dy dy’
adw
. =(W+Edz)_‘”=3_w (2.18)
z dz 0z
Angular strain (shear) equations:
<u+a—ud )—u ov
N Y +(”+ﬁdx)‘”=6_u+6_v_ (2.19)
Xy dy dx oy 0ox’
Ju ow
, =(u+5dz)—u+(w+ﬁdx)—w=a_u+a_wl (2.20)
Xz dz dx 0z ox’
( +0_vd)_ <W+a—wdy>—w
_\VTe¥) 7V dy _Ov ow (2.21)

Vyz = dz + &y =zt ey
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Yxy = Vyxi Vxz = Vzxs  Vyz = Vzy (2.22)
Physical equations (Hooke's equations):

Since the components of the system in question are homogeneous and iso-
tropic, the relationships between stresses and strains can be expressed. The phys-
ical equations derived from Hooke’s law express the dependence of stresses and
strains on the properties of the material.

Linear strain equations:

1

&=y [0, — u(oy + 0,)] + adT; (2.23)
1

&y = z [ay — u(o, + JZ)] + aAT; (2.24)
1

&=y [0, — u(oy + 0)] + adT. (2.25)

Angular strain (shear) equations:

Ty 2(1+ u)rxy_

iy = = (2.26)
T 2(1+ w1

Vxz = % = Eﬂ_xz ; (2.27)
T 21+ wt

Vyz = % =—= Ly (2.28)

Temperature field equation:

To calculate the temperature stresses in the object under consideration, the
distribution of temperature fields in the material must be determined first. In sta-
tionary systems, if the temperature and deformation do not change over time, the
temperature distribution in an object can be determined independently of the de-
formation distribution in that object. In this way, the temperature distribution be-
comes a known quantity in solving the physical deformation equations.
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Temperature transfer in solids is defined by the formula:

aT
C,——V-(kVT) = Q. 2.29
Where: p — material density (kg/m®); Cp — heat capacity (J/(kgK)); k — thermal
conductivity (W/(mK)); O — heat source (W/m3).

In stationary systems, the first term of the equation (2.29) is zero.

2.1.6. Modeling Temperature Fields and
Deformations by using the Finite Element Method

The temperature field and error modeling is performed by using the finite element
method (FEM) in the COMSOL Multiphysics software environment. A simplified
3D model of the aluminum profile and stainless-steel measuring tape of the en-
coder is developed. This model is then decomposed into finite tetrahedral ele-
ments. Such a fragmented linear encoder model is shown in Figure 2.5.

Encoder Housing

Stainless-steel Tape

Fig. 2.5. Simplified 3D model of the linear encoder housing and the measuring tape di-
vided into finite elements

The modeled thermo-mechanical task consists of the simulation of tempera-
ture fields and the modeling of mechanical deformations under the influence of
the found temperature gradients. The first part of the problem is solved using the
Heat Transfer in Solids mathematical package. Longitudinal deformations of the
stainless-steel tape, which cause direct measurement errors in the encoder, are
found by using the Solid Mechanics package. Combining these two tasks into a
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common Multiphysics problem helps to find the right solution. With the help of
computer modeling, the distribution of deformations (temperature expansion)
along the stainless-steel measuring tape under different temperature gradients
could be found.

Three-dimensional models of aluminum housing and a measuring scale in-
clude materials with specific mechanical (density, Young’s modulus, Poisson’s
ratio) and temperature (thermal conductivity, heat capacity, expansion coefficient)
parameters. The values of these parameters are given in Table 2.1.

Table 2.1. Mechanical and temperature parameters of materials used in computer model-
ing

Encoder Parts

Parameter : -
Housing Measuring Scale

Material Aluminum Stainless-steel
(A1 6060) (AISI 420)

Density, [kg/m?] 2700 7700

Young’s Modulus,

[GPa] 70 190

Poisson’s Ratio 0,33 0,28

Thermal Conductivity,

[W/mK] 210 30

Heat Capacity,

[V/keK] 900 480

CTE, [1/K] 23 10

For visual data display, one end of the aluminum housing and the stainless-
steel measuring tape assembly are rigidly fixed (Fixed Constraint function is
used). Displacements in the direction transverse to the encoder are also limited.
The Roller function used is placed on the mounting surface of the encoder hous-
ing. Such boundary conditions, which determine the mounting of the device under
real conditions, are shown in Fig.2.6.

The Prescribed Displacement function is used to model the initial tension of
the measuring tape, which is used to indicate the initial displacement of the tape
end of the 10 um. Functions are used to implement the distribution of the consid-
ered temperature fields. The desired distribution of temperature fields over the
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entire length of the encoder is then described by using Analytics or Interpolation

functions.
Roller Constraint

Fig. 2.6. Boundary conditions of the task: rigid fixation Fixed Constraint (left); surface
limiting displacements across the aluminum housing Roller Constraint (right)

More detailed discussions about the thermal processes in measuring systems,
thermal problem minimization methods, computer modeling based on FEM, and
the benefits of computational error compensation techniques are presented in the
appended scientific articles 1 and 2.

2.2, Effect of Different Scanning Speeds

The effect of different displacement scanning speeds appears to be the distortion
of the analog converter output signals. This is due to the response of the used
electrical components or the undesired relative motion between the optical com-
ponents as the measuring scale and the scanning reticle. A distortion of the elec-
trical signals, such as a reduced amplitude, offset from zero background, phase
shift, or distorted shape, causes metrological (sub-divisional) errors in the en-
coder. These errors are periodic and occur in each period of the scanned measure-
ment scale.

A convenient way to observe such errors is to analyze the Lissajous curve
consisting of the two-analog encoder signals, A and B, phase-shifted by 90 elec-
trical degrees.

2.2.1. Analysis of the Lissajous Curve by Using Arctangent
Algorithm

The 2-argument arctangent function atan2(y, x) is defined as the angle in the Eu-
clidean plane. It is given in radians, between the positive x-axis and the ray to the
point (x, ) # (0, 0). The function returns a single angle value © such that -z < O
<.
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x)

x O=atan2(y,x)

Fig. 2.7. Schematic atan2(y, x) function representation

If the x > 0, the given angle is:

0 = atan2(y,x) = arctan (};I) (2.30)

However, if x < 0, the given angle shows the direction opposite to the correct
angle value. The value of =7 must be added to ©:

arctan (%) lf x> 0'

arctan (%) +qp Yx<Oandy=0,

arctan(%)—n ifx<0andy <0,

atan2(y,x) = (2.31)

n if x=0andy >0,

2
n ifx=0andy <0,

2
undefined if x=0andy = 0.

Applying the arctangent algorithm to the analysis of the Lissajous curve, the
values x and y correspond to the relative voltage values S4 and S of the electrical
signals A and B of the linear encoder under study. One full revolution of the Lis-
sajous curve (360 electrical degrees) corresponds to the period p of the measuring
scale. Using the arctangent algorithm, it is easy to determine the relative position
Xposition inside the period:

Xposition = ﬂarctan (S—A) (2.32)
position 2T SB . .
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Such determination of the values of the internal period positions makes it
possible to compare the magnitude of the displacement with the more accurate
reference measure to determine the sub-divisional error of the encoder.

2.2.2. Constant Scanning Speed as a Reference for SDE
Measurement

To evaluate the effect of different scanning speeds on the formation of the SDE
error, the accuracy of the encoder must be measured at certain constant speeds by
using a high-precision reference and all the necessary metrological equipment ca-
pable of performing calculations at high speed. It is somewhat difficult to realize
this by practical means.

A different practical method for determining SDE errors at different position
scanning speeds was realized during the experimental research of this work. This
method is based on a constant-speed test and does not require a high precision
reference. The reading head of the tested encoder was driven at different constant
speeds, and the electrical output signals were recorded by using a digital oscillo-
scope. Because of the high sampling frequency, analog encoder signals were rep-
resented as a group of discrete points. The relative position values inside one grat-
ing period were calculated by applying the arctangent algorithm presented in the
previous subsection by putting these discrete points of A and B signals into Equa-
tion (2.32).

Assuming that scanning speed is constant and knowing the used sampling
rate that must be selected by considering the Nyquist—Shannon sampling theorem
and the acceptable size of the sample, it is easy to compose the theoretically “true”
position values at these points. For example, if the scanning speed is 100 mm/s,
the grating period of the tested encoder is 20 pm, and the sampling frequency is
250 MHz, there are 50 000 sampling points per period. The first point corresponds
to a zero-position value, and the last one (50 000) corresponds to 20 pm. All other
points increase with a step of 0.0004 um. Then, the calculated values according to
the arctangent algorithm could be compared with theoretically determined “true”
position values. The differences are accepted as metrological linear encoder errors
inside one grating period. To obtain statistically reliable results, this procedure
must be repeated for several periods or several separate measurements, and the
average value must be used.

The accuracy of this methodology highly depends on the stability of the scan-
ning speed and the precision of the used equipment. However, it is completely
suitable to determine the magnitude level of the error and to notice its trend.
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2.2.3. Harmonic Analysis of the SDE Curve

Because these errors are cyclic, their harmonic analysis could help to define what
kind of signal imperfections cause them. Sub-divisional error curve representation
as the superposition of basic waves (harmonics) can be helpful in analyzing and
identifying the physical nature of the SDE. The first harmonic of the curve is a
result of a non-zero background level of the A and B signals. The second harmonic
could be caused by unequal amplitudes or a phase shift. Third and higher harmon-
ics are the result of high-order distortions of the electric signals. Usually, they are
caused by diffractive effects in optical light modulation processes.

Thus, an error decomposed into harmonics can be mathematically expressed:

n 2
6(x) = Z (Aicos (?n ix + goi)> +é&, for0<x<np. (2.33)
i=1

Where d(x) denotes the SDE inside one period of the encoder grating, 4; and
piindicate the amplitude and the phase of the harmonic, and x denotes the relative
position inside a period p. The number of the harmonic is marked as n, and ¢
indicates the random error.

2.3. Mechanical Vibration Effect

External mechanical vibration is unavoidable in most applications. It is usually
caused by an unbalanced motor, performed technological processes such as metal
cutting or pick-and-place procedures, driving systems, etc. The elements of the
linear encoder affected by these external excitations start to oscillate. The most
dangerous motion is the lateral movement of the scanning carriage along the
measuring scale. This type of motion will generate a continuously changing en-
coder reading around a particular position. In practice, the size of this oscillation
is not big and is usually smaller than the period of the measuring scale. Neverthe-
less, this jumping of the position deteriorates the measurement repeatability and
disturbs the interpolation process, because the analog signal of the encoder be-
comes more distorted.

The most dangerous scenario may happen if the frequency of these excita-
tions matches with the natural frequencies of the encoder components. In this case,
the amplitude of the vibration could significantly increase and damage the encoder
or a whole application.

The dynamical behavior of the linear encoder depends on its stiffness and
design. Scientific research shows that the scanning principle of the encoder may
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increase its resistance to mechanical excitation (Lopez et al. 2012). Single-field
type imaging optical encoders are less sensitive to oscillations compared to four-
field electric output generation methods. Other research discusses the different
mounting type influence on a measuring error formation (Lopez et al. 2011).

2.3.1. Finite Element Method for Mechanical Vibration Analysis

The finite element method is a numerical method for engineering design and anal-
ysis. It is a commonly used method for investigating the influence of mechanical
vibrations, determining resonant frequencies, and performing modal analysis of
the structure. The results of the application of the finite element method in mod-
eling and analysis largely depend on the applied calculation and modeling proce-
dures. Regardless of the scope of the method, digital modeling in use requires
complete information about the space under consideration and its elements (ge-
ometry, elements, boundary conditions, loads, etc.).

2.3.2. Numerical Model of the Linear Encoder

The model under consideration depicts the elastic oscillations of the encoder’s
structural components. The dynamic equilibrium equation of one structural ele-
ment is written in the form:

[Me1{U°} + [Ke]{U°} = {R°} + {P°}. (2.34)

Where: [K€] = fve [[BIT[D][B]dV — the stiffness matrix of the element;
[M€] = p [, [[N]"[N]dV — the mass matrix of the element; [B] — the matrix
linking the displacements of the nodes with the deformations in the volume of the
element. It is a function of the coordinates x, y, z and is obtained by differentiating

the matrix of shape functions; [N] — the matrix of shape functions of the element;
[D] — the stiffness constants of the material; {P¢} = [ . [[N]"{b}dV — the vec-

tor of node forces of the element due to the distributed volume forces; {b} =
0 . . )

{—pg}' p — material density; g — free-fall acceleration; {R¢} — node force vec-

tor due to interelement interaction forces; V¢— the volume of the element.

When the element equations are assembled into a structural equation, their
shape remains analogous to that of the element Equation (2.32). In solving the
problem of elastic oscillations, the base of the encoder housing is considered
fixed.
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Eigenfrequency analysis:

Eigenfrequencies or natural frequencies are certain discrete frequencies at
which a system is prone to vibrate. The non-damped natural oscillations of the
encoder components are described by its dynamic equation with a zero right-hand
vector:

[MI{U} + [K]{U} = 0. (2.35)

Obviously, {U} = 0 is a solution to this equation that describes the state of
the seriousness of an undeformed structure. However, this solution is not the only
one. If there are other, non-zero, periodic solutions {U(t)} = 0, that satisfy this
equation, they determine the natural oscillations of the structure (those that are
possible without the action of external forces). These periodic solutions can be
searched for in this form:

{U} = {U}cos(wb). (2.36)

Differentiating the expression Equation (2.34) twice and writing it to the start-
ing Equation (2.33), we get the algebraic matrix equation:

([K] — w?[M]D{T} = {0}. (2.37)

Non-zero solutions can be obtained only when the matrix of coefficients of
Equation (2.35) is degenerate:

det([K] — w?[M]) = 0. (2.38)

The values need to be found for the angular frequencies w of the oscillations
to satisfy the algebraic Equation (2.36). This is a nonlinear equation of degree ,
where 7 is the number of degrees of freedom of construction.

In the general case, the n-th degree algebraic Equation (2.36) has n roots w,,
Wy, ..., Wy, Which are called the eigenvalues of Equation (2.35) or, in other words,
the eigenfrequencies of the oscillations of the structure described by the Equation
(2.33). If [K] and [M] were any, the eigenvalues ®;, could be both real and com-
plex. In reality, however, matrices of structures are always symmetric and posi-
tively defined, and as evidenced by matrix theory, their true meanings are always
real and positive.

Writing any value of w; in Equation (2.35) and solving it results in a non-zero
vector {ﬁ (i)}, describing the amplitudes of the vibrations of the structure. Since at
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value w = w; the matrix of system coefficients is degenerate, the value of the vec-
tor {U (i)} is not the only one. It is determined by the accuracy of a constant mul-
tiplier and determines the relative amplitudes of the nodes in the structure. Thus,
by successively entering the real values w;, w,, ..., w, in Equation (2.35), we
would obtain the corresponding vectors {ﬁ W o>, .0 (i)}, called eigenvectors.

The other more detailed aspects and the vibration-influenced error estimation
methodology are presented in the appended article 4.

2.4. Conclusions of Chapter 2

The research methodology presented in this chapter includes theoretical and
experimental research. The discussed methods are tailored to each of the three
different studies of environmental effects: thermal, the effect of different scanning
speeds, and mechanical vibrations.

1. The theoretical research performed in this work is based on the principles
of material science and continuum solid mechanics, including the topics of
thermo-mechanics and vibration of solids.

2. The finite element method is chosen to study the effects of temperature and
mechanical vibrations. The modeling of introduced thermal stresses and thermal
expansion helps to identify the thermoelastic deformation, which is related to the
investigative measurement error. The dynamic behavior of the linear encoder is
determined by the analysis of its eigenfrequencies and eigenmodes.

3. The experimental research consists of the composition of the required
experimental setups and appropriate collection of data and its processing by
mathematical-statistical methods.

4. Arctangent algorithm implementation in experimental research
calculations helps to evaluate the sub-divisional error under different scanning
speeds, while the Harmonic analysis and the fast Fourier transformation (FFT)
enable a proper analysis and interpretation of these encoder errors.






Results and Conclusions of
Theoretical and Experimental
Research of the Measurement Errors
Formation in Optical Linear Encoders

This part presents a summary of the findings of appended articles 1-4 in a com-
mon context. The intention is to relate the results of the papers to the overall thesis
objectives. The research on each different environmental factor that determines
the encoder’s measurement error is presented in separate publications. A theoret-
ical investigation of geometrical and thermal errors and the development of their
compensation algorithm are presented in Article 1. The practical realization of the
developed real-time compensation and performed experimental research are pre-
sented in Article 2. Article 3 presents an experimental study of the sub-divisional
error at different displacement scanning speeds. The effect of mechanical vibra-
tions on the measurement errors of the encoder is investigated and presented in
Article 4. The general conclusions of the dissertation are also presented.
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3.1. Investigation Results of Article 1

Article 1 presents the analysis of geometric and thermal errors of the linear en-
coder for real-time compensation. To get a better understanding of the prevailing
problem, the thermal processes ongoing in measuring systems and the thermal
error reduction methods are discussed. An enclosed type of optical linear encoder
is used as the research object. The finite element method (FEM)-based computer
modeling of emerging temperature fields and introduced thermal errors is per-
formed. The obtained results reveal the systematic behavior of the thermal error
while the encoder is working under constant thermal sources and changing ambi-
ent temperature. This allowed the development of a mathematical model for meas-
uring error compensation. The proposed mathematical compensation model is
based on the approximation of geometric and thermoelastic encoder errors by sim-
ple parametric functions and the calculation of the systematic linear errors accord-
ing to ambient temperature variations. The two-dimensional function is the basis
for the calculation of the compensation value 4.

A(q, T) = F(q) + F;(q@) + F, (AT, q). (3.1

Its arguments are the displacement ¢ and the temperature value 7 measured
in one specially selected point of the encoder profile, which best describes the
average temperature variation. Fy (g) is the approximation function of the deter-
mined geometrical error; Fy,(q) is the thermoelastic error approximation function
when the thermal gradient along the linear encoder scale is steady, and ambient
temperature is stable; F, (AT, g) is the thermal error constituent that expresses a
linear deformation of the measuring scale under the changing ambient tempera-
ture.

E, (AT: CI) = Qcorrected " AT " q- (3.2)

Where: acorrected is the corrected coefficient of linear thermal expansion of
the measuring scale (determined by analyzing the interaction between the alumi-
num housing and the stainless-steel measuring scale); A7 is the ambient tempera-
ture T difference from nominal 7, (AT = T, — T), and ¢ is the measured displace-
ment (linear position).

The visual representation of the total linear encoder error analyzed in Article
1 could be introduced as a 3D plot, as shown in Fig. 3.1.
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Fig. 3.1. Dependence of the compensated error on the measured displacement size and
ambient temperature

Such a method could be realized by using simple standard calculation equip-

ment that could be used as a subsequent electronics unit or be integrated into the
encoder.

3.2. Investigation Results of Article 2

Article 2 presents the thermal and geometric error compensation approach for an
optical linear encoder. In the previous article (Article 1), the developed mathe-
matical model was realized by using a field-programmable gate array (FPGA)
computing platform. The principal block diagram of the composed encoder posi-
tion compensation setup is presented in Fig. 3.2.
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Fig. 3.2. Block diagram of the compensation setup with a field-programmable gate array
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The calculation of a two-dimensional compensation function and the real-
time correction of the linear encoder position readings are performed during the
experimental research. The thermal behavior of the enclosed linear encoder is in-
vestigated under four different ambient temperatures. Determined encoder accu-
racy at 20 £ 0.2 °C temperature (measurement is performed in the thermostable
laboratory room) is accepted as the non-compensated nominal accuracy of the en-
coder. The parametric function approximating this average position curve is de-
rived and is used as the base for the further thermal and geometric error compen-
sation value calculation. Comparative graphs of the non-compensated and
compensated displacement position errors are given in Fig.3.3.
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Fig. 3.3. Compensated linear encoder average accuracy graphs (red line/right Y-axis
units) with corresponding uncompensated error values (black line/left Y-axis units), at
different ambient temperatures: (a) at 22.6 °C; (b) at 25.3 °C; (¢) at 17.8 °C

The results of the experiments show that the introduced thermal error could
be significantly reduced up to 98 %. Moreover, the optimization method of the
compensation algorithm is discussed. It is based on a calculation of the real coef-
ficient of thermal expansion (CTE) value from the experimental data. A concise
comparison of the results is given in Table 3.1.
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Table 3.1. Investigation results of the experimental temperature error compensation

Ambient Temperature

Parameter
17.8 °C 20°C 22.6°C 25.3°C

Average accuracy of
non-compensated +30.08 +2.20 +37.74 +75.09
encoder [um]

Average accuracy of
compensated +1.52 +1.08 +1.62 +1.95
encoder [um]

Theoretical
encoder accuracy
with
experimentally esti-
mated CTE value
[um]

+1.42 - +1.46 +1.48

The proposed selection of simply approximating functions and hardware en-
sure an appropriate calculation speed for a real-time application.

3.3. Investigation Results of Article 3

Article 3 presents the experimental investigation of linear encoder sub-divisional
errors under different scanning speeds. In the beginning, the metrological process
of optical encoders and the importance of the sub-divisional errors (SDE) are de-
scribed. The methodology based on a constant-speed test is developed to investi-
gate the influence of different scanning speeds on the SDE formation. During the
performed tests, the reading head of the investigated linear encoder is driven at
constant speeds from 100 mm/s to 1100 mm/s. The quadrature analog output sig-
nals of the encoder are recorded, and the approximate SDE values and the trend
are estimated by adapting the arctangent algorithm (atan2). The statistical linear
regression analysis shows the linear relationship between the magnitude of the
SDE and the traversing velocity of the reading head (R-squared = 0.8581). Calcu-
lated total error values are plotted into one graph presented in Fig. 3.4.
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For a more detailed investigation, the harmonic analysis based on the fast
Fourier transformation (FFT) is performed. The sub-divisional error determined
at each constant speed is decomposed into separate harmonic components. The
first three harmonics make up the bulk of the error and could define the nature of
its formation. The biggest part of the SDE forms the second harmonic. It directly
correlates to a scanning velocity and is caused by the occurring difference between
the quadrature signal amplitudes or the increasing phase shift. The dependency
graph of the three first harmonics and scanning speed is provided in Fig.3.5.
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The integration of less speed-sensitive single-field optical signal formation
method or external signal monitoring and conditioning electronics are suggested
as possible technical solutions to minimize this type of error. Another proposed
method is computational compensation. The multivariable function could be de-
rived after the extra processing of the experimental investigation data. The func-
tion could describe the approximated SDE value at a relative position inside the
period of the measuring scale at any traversing velocity and could be used as a
compensation value in real-time applications.

3.4. Investigation Results of Article 4

Article 4 presents the dynamic behavior analysis of the optical linear encoder un-
der mechanical vibrations. The reading head and the aluminum profile of the en-
closed type of linear encoder are mounted on the electrodynamic shaker in a fixed
position during all experimental research. The additional unwanted motion of the
scanning carriage along the measuring scale is the point of interest in this work.
The shaker generates the known magnitude of the external mechanical excitation,
while the piezoelectric accelerometers are used to estimate the dynamic response
of the reading head and the aluminum extrusion. Recorded incremental analog
encoder signals help to define the generated measuring error value by using the
arctangent algorithm (atan2) and visually analyzing the corresponding arcs of the
Lissajous curves. Firstly, the encoder’s response to the sine sweep vibration test
is received. The main resonant frequencies of the encoder are determined. Later,
the shaker generates a discrete sine vibration of up to 2000 Hz with a step of
100 Hz, including the previously determined natural frequencies. This way, the
dynamic response values (in the range up to 2000 Hz) of the reading head and the
encoder extrusion become known. The finite element method (FEM)-based modal
analysis of the digital 3D encoder model is performed. On that basis, the peak
dynamic response values are related to the corresponding mode shapes of the en-
coder elements. Theoretically, the biggest error may appear due to a high ampli-
tude motion of one of the encoder components: scanning carriage or measuring
scale. Consequently, the differences in the determined response amplitude values
are calculated and plotted in a graph (Fig.3.6).
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Fig. 3.6. Graph of differences between response amplitude values of the reading head
and the aluminum extrusion

The results show potentially the most dangerous frequencies, which could
generate displacement measurement errors. The determined measuring error val-
ues at these frequencies reach up to ~11 wm, which is a significant size compared
to a measuring scale period of 40 um. Electrical signals are recorded during the
displacement measurement process to see how external mechanical excitation af-
fects its performance. An example, the Lissajous curve of the working encoder
under 815.5 Hz excitation is shown in Fig.3.7.
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-
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S

-
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Fig. 3.7. Lissajous curve of a working encoder under 815.5 Hz external mechanical
excitation: solid red line — Lissajous curve of the tested encoder;
dashed black line — ideal circular curve
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The nature of the determined error could be related to a specific modal swell
type motion shape of the aluminum extrusion or the measuring scale, as well as
various motions of the scanning head. Possible technical solutions are proposed
for vibration error minimization, such as harder stretching of the stainless-steel
measuring scale or the additional mechanical pin integration. The introduced anal-
ysis for dynamic linear encoder behavior could be widely applied to various en-
gineering areas, including the design of precision applications or linear encoders.

3.5. General Conclusions

The problems of varied optical linear encoder behavior under real operating con-
ditions were solved in terms of theoretical and experimental investigation. The
following results were obtained:

1. The review of scientific and technical literature shows that the effect of
real ambient conditions, such as thermal effects, mechanical vibration, various
deformations, and displacements, has a significant impact on the formation of the
measuring error. The revealed problem exposed the need for new reliable methods
to deal with it. There is no comprehensive research on a linear encoder sub-divi-
sional error formation under the dynamic effect of varying scanning speed.

2. The performed analytical and numerical research of linear encoder behav-
ior under different operating conditions resulted in the following scientific con-
clusions:

2.1. The systematic regularities of the thermoelastic deformation were no-
ticed, allowing to create preconditions to develop the introduced thermal error
compensation model and realize it by simple technical means. The mathematical
model adapted for real-time computational compensation was developed.

2.2. The methodology for the sub-divisional linear encoder error estimation
at various scanning speeds was developed. The method allows to determine the
prevailing trend of the interpolation error and analyze it with no need for a high-
precision reference encoder or other metrological equipment.

2.3. Digital modal analysis of the linear encoder was performed. The resonant
frequencies (eigenfrequencies) and modal shapes (eigenmodes) were determined
to investigate the nature of the mechanical components’ vibration.

3. The performed experimental research on the linear encoder allowed for
these scientific conclusions:

3.1. The developed mathematical model is suitable for the geometric and
thermoelastic error computational compensation for the enclosed type of linear
encoders. The performed tests showed that the error could be minimized by 98 %.
The realized compensation approach based on the field-programmable gate array
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(FPGA) calculation platform demonstrated adequate computational speed perfor-
mance and suitability for a real-time application.

3.2. The experimental investigation of the sub-divisional linear encoder error
revealed the linear correlation between the SDE value and the scanning speed. As
the traversing velocity of the encoder’s reading head increased, the sub-divisional
error magnitude increased. The second harmonic made up the bulk of the error
value and could be interpreted as the phase shift or as an increasing difference
between the amplitudes of the analog encoder signals.

3.3. The performed experimental research of the dynamic tested linear en-
coder behavior under the mechanical sinusoidal vibration (according to IEC/EN
60068-2 standard) showed the formation of the measuring error, which reached
up to ~11 um. The error formation was directly related to the swell type of motion
of the stainless-steel measuring scale and aluminum profile, as well as to various
motions of the scanning carriage.

The dissertation presented a complex methodology that can be applied to
study the temperature and dynamic errors of enclosed linear encoders. The pre-
sented examples on the mathematical description of the identified errors and prac-
tical implementation of real-time error compensation can be integrated into the
new generation of measurement systems or help to investigate and improve exist-
ing linear encoders.

In the future, the work presented in this thesis can be continued by applying
specific technical solutions and performing experimental research, e.g.:

1. The mathematical model for the thermal error computational compensa-
tion could be improved by applying more advanced mathematical approximation
methods. The dynamically changing impact of external heat sources and ambient
temperature might be evaluated and added as a correcting value in the compensa-
tion algorithm.

2. During the performed experimental research (Article 3), mapped and ap-
proximated sub-divisional errors at different scanning speeds could be used as a
multivariable function for positioning error compensation. It could be integrated
into the advanced thermal error compensation algorithm to get a less sensitive
linear encoder not only to thermal effects but also to a varying scanning speed.

3. A set of technical solutions could be added to the tested linear encoder to
minimize the impact of mechanical vibration. Harder stretched stainless steel
measuring tape or additional pins for measuring scale pressure in specific points
could increase the stiffness and make the natural frequency of the encoder ele-
ments higher. The integration of single-field optical scanning methods could make
the measuring system less sensitive to an external mechanical excitation as well
as to changing traversing velocity.
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Most of these improvements require changes in the mechanical design and
technological manufacturing process of the linear encoder. Either way, more de-
tailed theoretical and experimental investigation is needed.
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Thermal errors that cause temperature deformations is one of the main factors that influence the accuracy
of precision machines. Displacement measuring systems are used in robotics, precision machine tools
and other technological equipment, where exist abundant heat sources. The accuracy of linear encoder
is affected by both: thermal sources and the changing external ambient temperature. Therefore, thermo-
elastic deformations occurring due to the changes in the ambient temperature is an important factor
that should be estimated in the process of machine operation. This article presents a study on the ther-
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mal errors of optical linear encoder. Compensation of thermal errors is considered a more convenient,
effective and economical way in comparisen to the ways of thermal error handling and reduction. On
the basis of analytic calculations, digital FEM analysis and experimental research, the models of thermal
errors that are used for the real-time compensation are determined. The methodology of thermal error

compensation, which could be easily realized in a linear encoder itself is presented in the article.

© 2019 Elsevier B.V. All rights reserved

1. Introduction

Requirements for technological machines and their measuring
systems are constantly increasing. The enhancement of accuracy
at the expense of their production precision is not always possible
and, moreover, technically and economically effective. The calcu-
lated error compensation opens up wide po: ies, when errors
are calibrated, memorised and subtracted in the technological pro-
cess [1-5]. Thisis applied to particularly complicated technological
machines that incorporate measurement systems [3,6].

The errors of precision measurement devices can be divided into
several groups as follows [5,7]: geometric and kinematic errors;
thermal errors; errors driven by force in the operation process and
other errors that occur due to the mantling of measuring systems

One of the main reasons of errors is the thermo-elastic defor-
mation of the measuring system that appears due to thermal error,
i.e. thermal processes and changes in temperature. In general, two
types of heat sources exist in precision measurement systems:
internal and external [9,10]. Internal heat sources [10-13] refer to

* Corresponding author.
E-mail addresses: donatas gurauskis@vgtu.lt (D. Gurauskis),
arturas.kilikevicius@vgtult (A, Kilikevigius), sergejus.borodinas@vgtult
{S. Borodinas), albinas kaspa vatult (A, Kas paraitis).

https://doi.org/10.1016/j.5n.2019.06.055
0924-4247/© 2019 Elsevier BV. All rights reserved.

the heat produced in the process of machine operation; heat result-
ing from the friction of turn points; and heat produced by motors.
External heat sources include shifts in ambient temperature; solar
and internal radiation.

Different methods are proposed to reduce thermal errors that
can be grouped into three categories [14,15].

a)Avoidance of thermal errors, This strategy is based on the avoid-
ance of possible thermal deformations by choosing an appropriate
design and materials of construction elements that have the same
or very close coefficients of heat expansion in frame details.

b) Control of thermal phenomena. Another way of reducing ther-
mal errors is the control of heat transfer in precision measurement
systems or avoidance of uneven temperature distribution.

¢) Compensation of thermal errors. Compensation of thermal
errors is a process when an error is corrected by introducing
correction coefficients. Comparing to other two methods, compen-
sation of thermal errors is a more convenient and economical way
[5,11,15]. Besides, such model of compensation can be introduced
at any stage of encoder design, exposition or mantling [16].

Real-time compensation of thermal errors has several main
aspects: analysis, testing, modelling and realisation of compensa-
tion [5,9,11,14]. Analysis, testing and computer modelling is the
basis and y work for c ion. In a general case,
the process of thermal error compensation [4,5,17,18] is to analyse
and study the distribution of temperature and thermal errorsin an
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encoder in theoretical, digital and experimental ways; to create the
models of thermal errors that most often describe the relationship
between temperature and thermal errors on the basis of analysis
or experimental results [19]; to predict thermal errors in accor-
dance with the model, and on the basis of the predicted data, to
correct the result of the encoder readings [6,9,18,20], Hysteresis
between temperature and thermal deformation can influence the
accuracy of the model of thermal errors. A dynamic model and its
evaluation [17,21,22] is used to reduce the influence of hysteresis.
As far as linear encoders are concerned, it is possible to perform
asimple correction when temperature is standard (20°C) and the
coefficient of the expansion of aluminum profile, as well as glass
and steel measurement scales are known. Non-isothermal situa-
tions (when temperature increases or decreases with reference to
standard temperature) demand a more complex processing of the
data, when mutual effect of glass or steel and aluminum should be
measured.

The present article analyses errors of the optical linear mea-
suring system and their compensation in real-time exploitation
conditions. The compensation of the so-called geometric errors is
solved approximating their calibrating data by parametric func-
tions [5,11,17,23]. Thermal processes, which occur in measuring
systems being affected by thermal gradients of the environ-
ment and depending on time, thermal deformation and error, are
analysed. An empirical method of geomefric and thermal error
compensation is proposed that is easy to realise.

2. Thermal processes in measuring systems

Even mechatronic equipment of especially high quality used
in industry inevitably encounter with different factors that neg-
atively affect the exploitation of the machine or its systems and
condition different geometric and thermal errors. The latter are
especially topical as machine elements being affected by temper-
ature changes start to expand or shrink and can cause harmful
deformations of the mechanism. Thermal errors in precision sys-
tems that influence the deformation of machine elements and other
errors make approximately 40-70 % of the total of errors. This type
errors are hardly predictable, since temperature fields are con-
stantly changing depending on the regime of machine operation
and environmental conditions.

Automated robotic systems, CNC machining centres, coordinate
measuring machines, and similar mechanisms perform tech-
nological machining, transportation or measurement processes
structurally are most often composed of three main parts [8,24]:

1 The object. Inthetechnological process, anelement orits template
is processed, transported or measured.

2 Machine construction. The frame of the machine which supports
the whole construction and combines individual parts of the sys-
tem.

3 Measuring systems. An integrated measuring system creating a
feedback, which helps to control actuators and perform precision
movements.

Since optical linear encoders, as other measuring systems, are
integrated in technological machines, the thermal sources and
other harmful factors affecting them should be analysed by evalu-
ating the whole mechatronic system.

The following internal and external sources of thermal errors
are distinguished in such automated systems:

1 Heat released during the machining process. The heat generated
during the cutting process by the numerical control centre or

INTERNAL EXTERNAL
HEAT SOURCE HEAT SOURCE
[ HEAT FLOW |

Conduction  Convection  Radiation

vy v

Temp. gradients |

(static effect) (dynamic effect)

Temp. variation |

Uniform temperature

(Either than 20°C)

Non — uniform
temperature

IMEASURING SYSTEM
(Linear encoder)

TOTAL
THERMAL ERROR

Fg. 1. Thermal effects of integrated measuring system.

machining a part by the machine tool has a direct effect on the
accuracy of the product as well as on the machine itself.

2 Heat generated by the equipment (machine). Relative movements
between different elements of the machine cause heat release
in the contact zones. Such heat sources can potentially include
bearings; gears and hydraulic oil; various actuators and clutches;
guides; pumps and motors. Heat can also be generated by elec-
tronic components or other external heat sources,

3 Cooling-heating systems. Some mechatronic devices have inte-
grated cooling or heating systems that directly affect tempera-
ture phenomena(e.g. cooling emulsion during metal processing;
electronic component fans, etc. ).

4 Influence of the working room. The temperature of premises (room,
workshop, thermo-stable laboratories, etc.) where technological
machine is located.

5 Operator’s influence. The heatis generated and transmitted by the
operator during the contact with the device.

6 Thermal influence of the previous environment. A sudden change
in the environment of the element, the machine, or its system
is dominated by temperature gradients for some time until the
settled temperature is reached.

According to the diagram of the thermal effects prevailing in
machine tools developed by R Ramesh et al. [8], auniversal blocked
scheme has been devised, which reveals the formation of thermal
errors ofintegrated measuring systemsin mechatronic devices. The
scheme is presented in Fig. 1.

The heat flow generated by internal and external tempera-
ture sources is transmitted by thermal conductivity, convection
and radiation techniques and forms appropriate temperature fields
prevailing in the technological installation, including measuring
systems. The resulting temperature fields can be homogeneous, i.e.
have a constant temperature value, If such a settled temperature
value differs from the standard 20°C, all elements of the machine
and measuring system will expand or shrink evenly, depending on
their temperature expansion coefficients. Otherwise, temperature
gradients start prevailing, which spread different temperatures
unevenly. With variable temperature sources or cooling systems
integrated in the mechanism, temperature gradients can change
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Aluminum
Extrusion

_ Measuring scale

Fig. 2. The 3D model of linear encoder profile and measuring scale divided into finite elements.

dynamically over time. In this case, hysteresis effects have a signif-
icant impact.

Since photoelectric linearencoders are the most commonly used
displacement measuring systems, understanding of the underlying
thermal processes and analysing errors is particularly relevant.

Due to different thermal expansion coefficients and mount-
ing methods, grating of the linear encoder and aluminum housing
expands or contracts differently. These processes induce defor-
mations that have direct influence on a displacement measuring
accuracy. So thermal errors in linear encoders must be carefully
considered.

In typical applications, the thermal behaviour of the linear
encoder should match the one of the machine or measured objects.
When temperature changes, it must expand or contract in a
reproducible manner. On the other hand, in applications of nano-
technology, even a small change in the elements’ geometry is
crucial. In this case, one of the possible solutions to avoid the
influence of temperature changes is to use special materials with
minimal thermal expansion coefficients (a glass-ceramic with the
expansion coefficient of 0 £0,1.10-° K-' ). Another way todeal with
thermal errors is compensation. The main idea of this method is to
monitor the amount of inaccuracy and compensateit electronically.

Since thermal processes in applications as linear encoders are
complicated because of constantly volatile thermal gradients and
deviations of thermal coefficients of materials, errors of the mea-
suring system are not repeatable or systematic. That is why it is
hard to manage a proper compensation action. But in some cases,
where thermal conditions do not change drastically, it would be
very convenient to have a linear encoder which compensates its
thermal errors in real-time.

3. C modelling of
errors in linear encoder

fields and thermal

Temperature field and thermal error modelling is done by using
the finite element method in the *COMSOL Multiphysics™ envi-
ronment. A simplified 3D model of linear encoder's aluminum
extrusion together with stainless-steel measuring scale is created.
Later, this model is divided into finite tetrahedron elements. This
fragmented linear encoder model is shown in Fig. 2.

The modelled thermo-mechanical task consists of the sim-
ulation of temperature fields and modelling of mechanical
deformations under the influence of found temperature gradients.
The first part of the task is solved by using the mathematical pack-
age “Heat transfer in solids”, The longitudinal stainless-steel tape
temperature deformations have adirect influence on encoder mea-

bl
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Fig. 3. Total displacement along aluminum extrusion at different uniform ambient
temperatures.

surement accuracy. Such expansion or contraction of the measuring
scale is the point of intertest in this work and are found by using
the “Solid Mechanics” package. Combining these two tasks into a
common “Multiphysics” task, the right solution is achieved.

3.1. Uniform ambient temperature effect. Deterimination of
corrected coefficient of linear thermal expansion

Analysed optical linear encoder's fragment is composed of 1-
meter long aluminum extrusion and a built-in stainless-steel tape
with a measuring scale engraved by laser. The linear thermal
expansion coefficient of aluminum profile is «=23 pm/m. Used
stainless-steel tape has coefficient of a=10.5 pm/m. When mea-
suring scale is mounted into extrusion, these coefficients start to
differ due to different mass, geometric parameters and fixing type.
Computer simulation, during which whole assembly expansion and
contraction are determined at different uniform ambient temper-
atures, is done, The total displacement along the aluminum profile
of linear encoder is plotted in Fig. 3.

As seen in the graph, there is no displacement at 20°C. This
ambient temperature is used as reference and all deformations
are calculated according it. When temperature of an environment
increases or decreases by one degree Celsius, 1-meter long pro-
file relatively expands or contracts by 23 pm. Such value of the
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linear thermal expansion stays constant and could be accepted as
corrected value: o =agprected = 23 pm/m.

Similar graph is plotted for stainless-steel tape. It could be seen
in Fig. 4.

Performed modelling shows, that 1-meter long measuring scale
expands 22.9 .um per one degree of Celsius. The thermal expansion
coefficient of stainless-steeltape is drastically changed, because the
mass and geometric dimensions of the aluminum extrusionis much
bigger, comparing with the measuring scale. It is also noticed, that
the displacement profile of the measuring scale becomes less linear
while ambient temperature increases. It will have impact to real-
time compensation procedure, especially at temperatures which
are much higher or smaller than 20°C. However, in a small range
of temperature £5 degrees Celsius, such displacement distribution
could be quite accurately approximated by a linear function. The
corrected linear thermal expansion coefficient of a measuring scale
could be accepted as: o yyrecreq =22.9 ppm/m.

3.2. Static thermal effects in linear encoder

When a measuring system is affected by a constant external
heat source, a certain temperature gradient is established over
time along the encoder's geometry. Such an uneven distribution
of temperature fields also influences the occurrence of uneven
temperature deformations. Below is an example, where one end
of the optical linear encoder is affected by a 35°C heat source. A
steady temperature gradients and total displacements caused by
a thermo-elastic deformation are simulated at several different
ambient temperatures: 16°C, 18°C, 20°C, 22°C and 24°C. Tem-
perature distribution along the aluminum extrusion is plotted in
Fig. 5.

Because aluminum is good heat conductor (thermal conduc-
tivity 210 W/(mK)), the heat generated by a source is conducted
through all 1-meter long extrusion. The profile of temperature
gradient maintains similarateach simulated uniformambient tem-
perature.

Temperature distribution along the measuring scale is plotted
in Fig. 6.

Stainless-steel tape thermal conductivity is 30W/(mK). It is
seven times smaller comparing with an aluminum encoder's extru-
sion. The heat from a source distributes at the end, where it is
generated. Temperatures, which are approximately equal to ambi-
ent, settle down after ~250 mm length of the measuring scale.

g
ambient temperatures, while one end of the encoder is affected by an external 35°C
heat source.

Tambtent = 24 °C
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Fig. 6. Temperaturedistributionalong measuring scale atdifferent uniform ambient
temperatures, while one end of the encoder is affected by an extemal 35°C heat
source.

According these simulated temperature gradients, the thermo-
elastic deformations caused by them are modelled. Total
displacements along aluminum extrusion and measuring scale are
respectively plotted in Fig. 7 and Fig. 8.

Presented graphs show that displacements along the analysed
encoder parts, caused by a thermo-elastic deformation, distribute
differently. However, such distributions maintain approximately
the same profile while the ambient temperature is changed, and
only the slopes of the graphs vary. This variation is constant and
could be linearly approximated by using corrected values of a lin-
ear thermal expansion coefficient. Therefore, if the heat generated
by an external heat source stays constant, and only the ambient
temperature is changing, the once determined displacements could
be easily recalculated in real-time if the ambient temperature is
known.
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temperatures, while one end of the encoder is affected by an external 35°C heat
source

3.3. Dynamic thermal processes in linear encoder

An experiment was carried out to determine the dynamics of
the temperature processes occurring in the measurement system.
The obtained data are used to correct the created computer model.
During the experiment, with the help of a laboratory furnace,

Temperature sensors

peratures, while one end of the encoder is affected by an external 35°C heat source.

one end of the linear encoder was heated, and the temperature
variation observed in real time at four points distanced from the
heated end by 150mm, 450 mm, 750 mm, and 1000 mm respec-
tively.

The experimental scheme is shown in Fig. 9 (a). The equipment
used during the tests is shown in Fig. 9 (b):

Monitoring system

Linear encoder

Heat source
(Laboratory oven)

Monitoring system

G T 3

Fig. 9. The scheme of the experiment (a): the picture of the experimental equipment (b).
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Fig. 10. Data of the experiment and computer simulation.

1 Laboratory furnace.

2 Temperature sensors of resistance type Tj-PL1; Pt100.
3 Controller National Instruments cDAQ-9174,

4 Input module for temperature sensor data NI-9217.

5 Portable computer DELL

During the experiment, the ambient temperature was ~16°C.
The external heat source was turned on and the end of the
encoder was slowly heated for about 120 min. The heating was
then switched off and the encoder was left to cool at the ambient
temperature. With such an experiment, the dynamics of thermal
processes could be monitored when the heat flow spread along the
measuring encoder. The cooling process was also monitored, and
the effect of hysteresis was evaluated. Experimental and computer
modelling data are presented in Fig. 10,

The obtained results demonstrate that the simulation model
in the heating section quite accurately reflects the results of the
experiment. The maximum error is 0.38 °C. However, there is a
discrepancy observed during the cooling of the encoder. This is
associated with the changing environmental conditions and coef-
ficients important for modelling.

From the performed simulations, we can see that the modelling
of the measuring system integrated in a real application requires
acomplex FEM model, which must evaluate many factors, such as
geometrical form, dimensions and mass of a system, various mate-
rial and environmental parameters, etc. Since linear displacement
measuring systems can have a different design, various measure-
ment lengths and different mounting methods, it is very difficult
to evaluate and create a universal model that covers all variables.
Complicated approximations and computations require a lot of
resources, which makes it a difficult task to realise. The rapid cal-
culation machines can significantly increase the price of a linear
encoder, and the small size of the device complicates the integra-
tion process.

Therefore, several assumptions are made when evaluating the
encoder model for a real-time compensation:

= Since the stainless-steel measuring tape is thin and fixed only at
the ends, the contribution of the hysteresis effects therein to the
accuracy of the measuring system is not high. They are, therefore,
not considered during the compensation process.

» Dynamic thermal processes that occur due to different materials
and geometry of the encoder require a sophisticated and highly
accurate computer model and are, therefore, not evaluated. Only

a well-established temperature gradient and its thermo-elastic
deformations are studied.
» The effect of the ambient temperature on the system is assessed.

Below is a simplified error model of the analysed optical linear
encoder, based on a static gradient variation analysis and minimi-
sation of temperature and geometric errors.

4. The model of error compensation in measuring system

The essence of error compensation is the calculation of errors
according to the changing values of arguments and their deduction
from the results of displacement measurement in real-time. For this
reason, the dependence of the displacement measurement errors
on the displacement size and temperature is determined. These
errors are approximated by parametric functions, which compute
real-time error compensation values that are deducted from the
indications of the displacement measuring system. The error com-
pensation model encompasses thermal and geometric errors.

Linear encoder error § is considered to be random and, in
general, dependent on the measurement displacement g and tem-
perature T. Then, the mathematical model of error is recorded as:
Alq.T)=F(q,T)+¢ (1)

Where; F(q, T) - parametric function approximating a system-
atic error component, € - residual random error component.

The error compensation Kis equated to the value of the approxi-

mating parametric function with the opposite sign of the systematic
error component, i.e,

K=-F(qT) (2)

When the ambient temperature is constant and unequal to
standard, i.e. T=const., T # Tn=20"C, geometric and temperature
errors are approximated by parametric functions depending on the
two-dimensional argument. Accepting the non-standard tempera-
ture constant in accordance with Taylor equation & (g, T), the error
is recorded by the formula:

d
8(q, )= 8(q. To) + 0‘—T3EQ~T)ir:ru-(T—Tu)- (3)

Where temperature T deviations from the recorded tempera-
ture Tp are insignificant. The parametric function approximating
the error analogous to Taylor's equation, is expressed as:

F(q,T)=G(q, To) + K(q. To) (T - To) (4)

Where: G(q, Ty) - approximation of measurement system errors
at set, fixed temperatures (hereinafter geometric errors), when
temperature T=Ty; K (g, T) - thermal error compensation, when
T=Ty: Tp - fixed thermal value.

The equation for the thermal error compensation function
K(g. Ty) was obtained after a series of theoretical and experimen-
tal studies. From accumulated experience, the error compensation
function is written by the equation:

K(q.To) =Co+Ciq+Coq? (5)

The thermal error can then be conveniently expressed by the
following special function:

SF=(Co+Ciq+GCa?) - (T—To). 0 = q = Gonax (6)

The first member of the equation Cy represents the displacement
of the entire measuring system due to the temperature deforma-
tions of the structures on which the measuring system is installed.
The second member C; g represents the thermal deformation of the
measuring scale according to the law of thermal expansion of the
metal. Member C;¢? reflects more complex deformations of several
connected bodies with different linear elongation coefficients.
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Table1
P of th I error
—— Ambient temperature
16°C 18°C 20°C 22°C 24°C
Standard deviation with respect ta approximating function, Sy +6.14pm 213 pm +0,06 pm +1.52 pm +2.93 um
Maximal computer modelled thermo-elastic errar 8142um 95.72 um 121.15 pm 167 pm 21287 pm

A precision measuring machine approximating the calculation
of function parameters must be designed on the basis of the results
of the calibration of a measuring system.

§=8;=5(q.T). i=1.2..mj=12,....n (7

Where: g; - value of the argument g (displacement), which help
to estimate the error §; T; - temperature of j realisation.
The mean value is ¢ 1as the basic ure:

(8)

Such a choice of Ty allows distinguishing the procedures of cal-
culating the parameters of functions G and K The parameters of
functions G and K depend on Ty value.

The standard deviation is accepted as a parameter for approxi-
mation accuracy evaluation,

(C)]

For the practical realisation, it is proposed to express the second
member of the formula (4) by the sum of two functions. Thus a
thermal error compensation is described by a function Fg,(q) which
depends on a constant heat source caused thermal gradient located
in space (along the measuring scale) and Fa(AT) which indicates
changes of this gradient slope in time, when ambient temperature
varies.

Then, the mathematical model of the error compensation is
expressed by the following formula:

A(q.T) =Fy (q) + Fyr () + Fal AT, @) (10)

Where: F,(q) - geometric error approximation; Fy(q) - thermo-
elastic error approximation when thermal gradient is steady and
ambient temperature is stable; F,(AT, q) - thermal error con-
stituent that expresses a linear deformation of the measuring scale
under the changing ambient temperature.

Fa AT, q) = tcompectea AT -q (1)

WHhere: oo preqeq — cOrrected coefficient of linear thermal expan-
sion of the measuring scale, AT - ambient temperature difference
from nominal (AT =T, — T), g - measured displacement.

4.1. Approximation of geometric errors

Errors attributable to geometric ones are related to inaccuracies
and deformations in the production of measuring systems and also
occur due to mounting process. In this case, the error compensation
model assumes that the ambient temperature is constant and equal
to standard, i.e. T=Tn. The error depends on one argument. Such
an error is approximated by a single parametric function whose
argument is the displacement g:

Alg)=Fy(q) + £ (12)

The optimal approximating function F(q) is chosen depending
on the nature of error change. When the error changes in a linear

Langh, (mm)
Fig. 11. Dependence of geometric linear encoder error and the approximation of its

mean on displacement.

way ordirectly over the whole interval of displacement, theoptimal
approximating function is an algebraic polynomial (APT).

F(@) =00+ a1+ ... +0ng™, (13)

The parameters of the approximating function - (a,, a;. .., ay).

When the variation of the error is within the range of displace-
ment of different intensity, the optimal approximating function is
the algebraic polynomial spline (SPL1).

m v d
E@=)aq+Y > bulg-u)™" (14)
i=0

-1 k=1

Where: m-spline element, m=1,2. .. ; y - number of nodes, (1,
Uj. .., Uy); d - spline defect, d=1,2...m+1

If the error is periodic in the displacement range, the optimal
approximating function is the trigonometric polynomial (TP1).

"
2
Fy(@)=p+y Rcos (-Tr—rqw,) (15)
J
=

The parameters of the approximating function (., Ry, Ty, ¢1. . ...
Ron. Tin. om ).

The geometric error of the measuring system is determined dur-
ing a calibration process. Displacement measurement values of the
tested device is compared with the values given by a laser interfer-
ometer or some kind of length etalon. Differences between these
measures are considered as the error of the encoder. Usually such a
comparation process isdonein laboratories with well-defined ther-
mal and dynamic conditions. Assuming that environment affect is
minimal, the calculated errors are accepted as geometric.

Analysed linear encoder is tested in thermostable room, where
temperature is 20 +0.2°C. It's measures are compared with read-
ings of the laser interferometer. Four realisation values, the mean
value and their approximation with the fourth order polynomial
are shown in Fig. 11.
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Fig. 12. Computer modelled thermo-elastic error at 20°C ambient temperature
approximated by the fourth order polynomial

Equation of the approximating polynomial:

F,(q)=0.048 - 0,0046q — 1,5734.10°¢*
+5,0732-10%¢* - 3,2276-10°"'¢* (16)
The approximation accuracy could be evaluated by a standard

deviation of mean values with respect to the approximating func-
tion:

=+40.122 um (17)

Where: (%;.X3.....Xy) - mean values of calibration process
realizations. In order to evaluated ~96% of measurements, standard
deviation value is multiplied by 2.1.

2.1-5; =+0.257 pm (18)
4.2. Estimation and approximation of the thermal error

Estimation of the thermal errors consists of temperature gradi-
ent measurement along the linear encoder and calculation of the
thermo-elastic deformations of the measuring scale by the finite
element method.

The thermal fields operating on a linear encoder in a real
application are measured by means of temperature sensors.
Experimentally measured multiple point temperature data are
interpolated and a temperature gradient is obtained along the
encoder profile, Later, such a gradientis introduced into a computer
model of finite elements. The model evaluates the design of the
encoder, the attachment type, etc. According to the measured tem-
perature gradient, temperature deformations of the linear encoder
are calculated along the measuring scale. After that, the simulated
total displacement values are approximated with a parametric
function, which is used to calculate the thermal error size in com-
pensation process.

According to the data presented in Fig. 8, the plot of the
thermo-elastic error at 20°C ambient temperature is convemently
approximated by the fourth order polynomial. This is illustrated in
Fig. 12.

The approximating function:

Fy () = 0.002302 + 0.6764g — 0.001036¢°
-532.107¢" +1.974-10%¢* — 9.616-10~"3¢° (19)

Fig. 13. Computer modelled thermo- rror at di
and their approximations by empirical functions.

The standard deviation that evaluates ~96% of data points is:
2.1.5g = +0.129 um(20)

The maximum thermo-elastic error value of simulation at 20 °C
ambient temperature is ~121 pm. So the meaning of standard devi-
ation is only 0,1% of the maximum thermal error.

Linear encoder errors at other different ambient temperatures
could be approximately evaluated by adding a linear deformation
of the measuring scale (Eq. 11) to the founded approximating func-
tion (Eq. 19). Comparation of calculated functions at 16°C, 18°C,
20°C, 22°C and 24°C ambient temperatures and computer mod-
elled values are plotted in Fig. 13.

Inthis particular case, the accuracy of approximations could be
evaluated by the following parameters listed in Table 1.

From the graph (Fig. 13) it is seen, that when the ambient
temperature starts to vary from 20°C the absolute value of the
thermo-elastic error changes and the deviation of approximat-
ing functions increases. The biggest standard deviation value is
+6.14 pum, at ambient temperature of 16°C. The biggest modelled
error value at this temperature reaches 81.42 pm. The meaning of
standard deviationis 7,5% of the maximum error value, which could
be compensated by using this method. Evaluating 96% of data points
(i.e. 2.1-5,,), the maximum deviation of presented thermal error
approximation is up to 15% of the maximum compensated value at
16°C.

In application, where the range of ambient temperatures are
well known, the best fit approximating parametric function could
be derived not only for a total displacement data at one chosen tem-
perature, but alsoincluding multiple other data points of simulation
atvarious ambient temperaturesin thatrange. Or all simulated data
could be approximated by a more complex multivariable function
f(g,T). This would help to reduce maximum deviation value.

4.3. Total error as real-time compensation size

The total error is found by Eq. (10), by summing the approxi-
mating geometric error function (Eq. 16) with the approximating
function of the thermal error (Eq. 19) and adding a linear deforma-
tion of the measuring scale (Eq. 11). The visual representation of
the total analysed linear encoder error is introduced as 3D plot and
is shown in Fig. 14,

The illustration indicates the dependence of the amount of total
error on the measured displacement and ambient temperature. In
order to perform calculations according to this formula, we should
have approximations of individual errors, know the value of the
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Fig. 14. Dependence of the compensated error on the measured displacement size
and ambient temperature.

measured displacement g, which is indicated by the measuring
system, and the value of the ambient temperature in one spe-
cially selected characteristic point of the encoder profile, which
best describes the average temperature variation. This information
could be obtained during the operation of the encoder in real-time.

The calculated total error could be considered as a compen-
sation size and has to be respectively added or subtracted from
the encoder readings. In cases, when temperatures are higher than
nominal, the measuring scale expands, and the optical system of
the encoder counts less raster elements of the measuring scale. So
the total error values at higher temperatures than nominal should
be subtracted from the device readings and added, when total error
is calculated for lower temperatures.

The accuracy of the presented compensation model might be
generally described as:

Sm= /S +Su” +5°

Where: S, - standard deviation of a linear deformation of the
measuring scale (Sa = 0.182). It depends on the accuracy of used
temperature sensorand it's fixing point ability to describe an aver-
age temperature of an encoder.

Standard di of the comp ion model, when the
termo-elastic error is approximated with minimal deviation (i.e.
at 20°C, Sgr = 0.06 pm):

Sm=+0227um

(21)

(22)

When the deviation of termo-elastic error approximation is
maximal (i.e.at 16°C, Sgr = 6.14 pm):

S = £6.144 um (23)

In practical applications, the compensation accuracy highly
dependsonexisting external heat sources and their stability: deter-
mination of a settled down thermal gradient; the quality of FEM
model and how accurate it represents real conditions; mathemat-
ical approximations of the simulated total displacement along the
measuring scale; and accuracy of used temperature sensor.

5. Conclusions
The current article analyses the thermal processes occurring

in the linear displacement measuring system and thermo-elastic
deformations caused by them, when a linear encoder is influenced

by heat sources and the changing temperature of the working
environment. Having conducted the scholarly literature review,
systematised the collected information, as well as having per-
formed calculations and experimental research, the article provides
a generalised method of the compensation of the thermal error of
photo-electric linear encoder, On the basis of the performed study,
the following conclusions are drawn:

1 Under real conditions of linear encoder exploitation, the com-
ponent of the uncertainty of the displacement measurement is
significant and has a big numerical value.

2 The method of finite elements is convenient for the identification
of thermal deformations, yet such a computer model is rather
complex and difficult to realise in the encoder for the recalcula-
tion of the thermo-elastic errors in real-time.

3 The proposed compensation model of the linear encoder dis-
placement measuring errors is based on the approximation of
geometric and thermal errors by simple parametric functions and
calculations of linear errors according to ambient temperature
variations. The compensation value is calculated on the basis of
the two-dimensional function, whose arguments are displace-
ment and thermal value calculated at one point of the encoder
profile. Such a method is convenient and easily realised using
simple technological calculation equipment, which could be inte-
grated in the encoder itself,
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Abstract: Linear displacement measuring systems, like optical encoders, are widely used in various
precise positioning applications to form a full closed-loop control system. Thus, the performance
of the machine and the quality of its technological process are highly dependent on the accuracy of
the linear encoder used. Thermoelastic deformation caused by a various thermal sources and the
changing ambient temperature are important factors that introduce errors in an encoder reading, This
work presents an experimental realization of the real-time geometric and thermal error compensation
of the optical linear encoder. The implemented compensation model is based on the approximation
of the tested encoder error by a simple parametric function and calculation of a linear nature error
component according to an ambient temperature variation. The calculation of a two-dimensional
compensation function and the real-time correction of the investigated linear encoder position
readings are realized by using a field programmable gate array (FPGA) computing platform. The
results of the performed experimental research verified that the final positioning error could be
reduced up to 98%.

Keywords: measuring scale; thermoelastic deformation; coefficient of thermal expansion

1. Introduction

The vast majority of industrial and scientific applications use optical encoders for a
position measurement and closed-loop position control, for example, machine tools [1-5],
tracking systems [6-8], industrial robots [9-13], positioning stages [14-17], and so on.
All these technological machines work under various envirenment conditions such as
temperature, humidity, mechanical vibration, etc. In turn, these effects inevitably generate
a corresponding error. According to Ramesh et al. [18,19], the thermal factors account
for 40-70% of the total dimensional and shape errors in machine tools. Much scientific
research has been performed to analyze, model, and compensate the influence of thermal
positioning error in manually or computer-numerical-control (CNC) machines [20-28]. The
majority of this research analyzes only the machine tool structure, considering that the
used measurement system is not the source of the error by itself [29].

Working environment adversely affects the accuracy of the integrated encoder. Lopez et al.
investigate optical encoder errors under vibration at different mounting conditions [30]
and optical scanning principles [31]. They also present a methodology for a vibration
error compensation [32]. Performance of the encoder could be improved by correcting its
output signals in real-time. This could be done by using look-up tables, digital filtering, or
other techniques [33-37]. These methods help to reduce a high frequency sub-divisional
encoder error that repeats at each period of a scale grating. Temperature changes introduce
strains that change the width of a grating period. Therefore, the thermal errors could not
be compensated by using these techniques

Sensors 2021, 21, 360. https:/ /doi.org/10.3390/ 521020360
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The thermal behavior of the encoder is also a very important factor. One way to deal
with a changing temperature impact is by using low thermal coefficient (CTE) materials. Glass
ceramics like ZERODUR (CTE = 0 £0.1 pm/m°C) or ROBAX (CTE = ~ 0 pum/m°C) are
used for a measuring scale manufacturing. Another way is trying to match the thermal
coefficients between used linear encoder, machine tool support, and a workpiece mate-
rial. In this case, the change in a workpiece size has the same value as the expanded or
contracted encoder, so the thermoelastic error is practically eliminated. A well-defined
and reproducible thermal behavior of the encoder must be ensured. Unfortunately, it is
quite challenging task to do. For example, an enclosed type linear encoder consists of an
aluminum extrusion and a measuring scale, usually made from glass or stainless steel. The
scale is attached to extrusion by adhesive or a double-sided adhesive tape. Such an assem-
bly demonstrates a complex thermal behavior because of the combination of different CTE
materials. Alejandre etal. [38] present the method to determine the real thermal coefficient
of a linear encoder. In this research, they investigate an enclosed-type linear encoder and
established that the real CTE is influenced by the bonding material between the aluminum
extrusion and the glass scale. Moreover, during another study [39], a non-linear thermal
behavior in optical linear encoders was noticed. This could be explained as a consequence
of varying stresses transmitted from the extrusion to measuring scale.

The thermal error compensation could be an effective and economic method to im-
prove optical encoder accuracy. This procedure is based on encoder error correction by
introducing correction coefficients derived by using various mathematical ways and ex-
perimental research. Yu et al. [40] improve the rotary encoder accuracy by using Fourier
expansion-polynomial fitting technique. In 2020, Jia et al. [41] proposed the compensa-
tion approach based on Fourier expansion-back propagation neural network technique
optimized by a genetic algorithm. This group of scientists minimized rotary enceder error
from 110.2 arc sec to 2.7 arc sec. Hu et al. [42] used the empirical mode decomposition
and the linear least square fitting methods for a linear encoder error compensation at
different temperatures. In general, there is not much information about the real thermal
behavior of optical encoders and their accuracy under a real ambient condition. Even less
information is published about a practical realization capability of the embedded error
compensation solution.

In a previous work [43], the theoretical investigation of the linear encoder thermal
behavior was done using the finite element method. The performed computer simulation
analyzed the occurring thermal processes and introduced thermoelastic deformations, when
a linear encoder is influenced by various heat sources and the changing temperature of
the working environment. The results showed that the analyzed encoder demonstrated
systematic behavior, which could be approximated by a simple parametric function. This
could be used to compensate the final encoder position value, in order to improve its accuracy.

In this work, the real-time geometric and thermal error compensation approach is
proposed. The article is based on theoretical and experimental research of the tested optical
linear encoder and practical realization of the composed compensation algorithm. The
presented method is optimized by experimentally estimating actual CTE of the linear en-
coder under test and could reduce the thermoelastic error to the accuracy range specified by
the manufacturer. In Section 2, the error compensation background is discussed. Section 3
presents the setup used for the experimental investigation. Equipment used for the tested
encoder accuracy measurement at different ambient temperatures and the composed subse-
quent electronics which realize the error compensation in real-time are specified. Obtained
results and performed compensation algorithm optimization, based on a real CTE calcula-
tion, are described in Section 4. The discussion about the collected data and a short summary
are written in Section 5. In Section 6, the main findings and conclusions are listed.

2. The Error Compensation Method for Linear Encoder

The accuracy of the encoder is one of the most significant parameters. This term de-
scribes the difference between the target position (real position value) and actual position—
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the encoder position reading. Mathematically, the position reading of the encoder Q could
be expressed as:

Q= Qrea +3 m

where Qyey—is a real linear position value, 8—is an error component. Therefore, the
accuracy of the encoder is directly related to the size of a measurement error and is
sometimes called the position error. In practice, the encoder accuracy measurement is a
specific procedure that requires a well-calibrated equipment and a certain environmental
condition. The calibrating encoder readings are compared with a reference device position
indication, which are accepted as a real position value Q. Usually, second, a highly
accurate encoder or a laser interferometer is used as a reference.

According to ISO 5725-1, when the accuracy term is applied to sets of measurements
of the same measurand, it involves a component of systematic error and a component
of random error [44]. In this case, the term “trueness” is used to describe the closeness
of the mean of a set of measurement results to the actual value and term “precision”
is used to describe the closeness of agreement among a set of results. In practice, the
trueness is accepted as the accuracy of the encoder and the precision is used to describe the
repeatability or reproducibility of the device. In general, linear encoder error & depends
on the position q and the temperature T. Then, the mathematical model of the error is
written as:

A(q, T)=F(q,T) +e, (2)

where AF(q, T)—parametric function approximating a systematic error component, ¢ is the
residual random component. In optical linear encoders, glass or stainless steel scales with
a precise grating patterns are used for a linear position measurement. The manufacturing
inaccuracies, like a varying duty cycle of the grating; any kind of scale deformations during
the encoder assembly or mounting procedure; and a thermal expansion or contraction of
the encoder due to ambient temperature or other temperature sources cause the systematic
error component that could be measured, approximated by a parametric function and
compensated. The error compensation K is equated to the systematic error component
approximating function value with an opposite sign, i.e.,

K=—F(gT). @

Other effects, like accidental mechanical vibrations or a shock, dust, metal chips or
any other contaminants on the measuring scale surface, etc. represent the random error
component and cannot be easily compensated.

Theoretically, the simplified mathematical error model for compensation could be
expressed as:

(g, T) = Fg(q) + Fgr(q) + FalAT, q), C)

where the first member is F,(q)—geometric error approximation function. The calibration
process of the encoder is done at nominal temperature T, = 20 °C, in a special thermostable
laberatory room, where ambient temperature varies only about £0.2 °C. Tested encoder
error values are plotted in graph according to the linear position values. Such a plot
is called an encoder accuracy graph and is added to each manufactured encoder as a
document to ensure the accuracy of the calibrated device. In this case, the compensation
model assumes, that the ambient temperature stays constant and is equal to a nominal
T = Ty. The calibrated encoder error plot is approximated by a single parametric function
whose argument is the position value g.

A(q) :Fg(q)+f., (5)

The second member Fg(q)—thermoelastic error approximation, when thermal gra-
dient is steady and ambient temperature is stable. In real applications, there are various
temperature sources around the measuring system. Those sources generate a relative
temperature gradient along the encoder. That causes an unwanted deformation of the
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measuring scale. Estimation of the approximating thermal error function consists of the
temperature gradient measurement by means of temperature sensor values in multiple
points along the encoder, and calculation of the thermoelastic deformation of the measuring
scale by the finite element method, The simulated total displacement values of the scale are
approximated by a single parametric function, which is later used to estimate the thermal
gradient error size in compensation process.

The third member F, (AT, q)—thermal error component—expresses a linear deforma-
tion of the measuring scale due to changing ambient temperature.

Fa(AT, q) = ccomrected AT-q, (6)

where & grrecteq—corrected coefficient of linear thermal expansion (CTE) of the mea-
suring scale and AT—ambient temperature difference from the nominal temperature
(AT =Ty —T).

The total error value calculated according the Equation (4) could be considered as
a size for the real-time compensation. The determined compensation value at specific
position should be relatively added or subtracted from the encoder position readings, in
order to get the compensated position value.

3. Experimental Setup

The prototype absolute linear optical encoder LK50 of the company JSC “Precizika
Metrology” was chosen for the experimental research. It is a reflective type optical encoder
with a measuring scale pattern engraved onto the stainless steel tape surface by a laser.
The tape is fitted into the encoder’s aluminum extrusion, stretched by using a special
rigid spring based mechanism and tightened at both ends. Another stainless steel tape
is used as a guideway for a precise positioning and motion of the scanning carriage. The
cross-sectional view of the tested optical linear encoder is shown in Figure 1.

_Stainless-Ste?I Tape Housing of the Reading
for Head
Stainless-steel tape N ) D J
(with an engraved measuring scale)
a R
Scanning Carriage
1.510.3

585 3

Aluminum Extrusion - §

85 -

Figure 1. Cross-sectional view of the tested optical linear encoder LK50.

The main parameters of the tested encoder, such as dimensions, measuring length
and so on, are specified in Table 1.

In order to investigate the thermal behavior of the encoder, all experiments were
carried out in a laboratory room, where the stable ambient temperature could be maintained.
The specially customized technological stand was used for encoder mounting and imitation
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of an appropriate reading head motion along the measuring scale. The aluminum extrusion
of the tested encoder was mounted onto the stainless steel support fixed on the granite

base. The extrusion was attached with only one fixing screw in the middle of its length.

In this way, the ends of the encoder could freely move during the thermal expansion and

contraction. The reading head is attached to a moving carriage with an aerostatic bearing.

Table 1. Parameters of tested optical linear encoder.

Concept Value Units
Measuring length (ML) 1200 mm
Accuracy (to any meter within the ML) +5 pm/m
Resolution 0.1 pm
Interface Biss-C -
Aluminum extrusion Dimensions: 50 x 58.5 x 1485 mm x mm x mm
Thermal coefficient (CTE): 23 x 10-¢ m/(m °C)
Stainless steel tape Dimensions: 12 x 0.5 x 1440 mm X mm x mm
Thermal coefficient (CTE): 105 x 10~ m/(m °C)

During the tests, readings of the linear encoder were compared to a linear position
indication of the laser calibration system “Keysight 5530”. The interferometer assembly
was placed at the end of the technological stand. The retroreflector assembly is located
at the moving carriage. To avoid uncertainties and compensate laser measuring system
errors due to changing temperature, the “E1736A USB Sensor Hub” and relatively mounted
temperature sensors “E1737A” were used. The composed experimental setup is shown in
Figure 2.

The content of the used experimental setup is listed in Table 2 according the position
numbers marked in Figure 2.

Table 2. Content of the experimental setup.

Position Object
1 Granite base
2 Stainless steel support (for encoder mounting)
3 Moving carriage (with aerostatic bearings)
4 Optical linear encoder (device under test)
5 Fixing screws (for encoder reading head)
6 Fixing screw (for encoder aluminum extrusion)
7 Subsequent electronics (for error compensation)
8 Ambient temperature sensor (E1738A)
9 Laser (5519A/B)
10 Interferometer assembly (linear interferometer, linear retroreflector, base, height adjuster, and post)
11 Retroreflector assembly (linear retroreflector, post and height adjuster, base)
12 Temperature sensors (E1737A)
13 USB sensor hub (E1736A)
14 USB axis module (E1735A)
15 PC (with an appropriate software)

Considering the linear position compensation implementation into a real application,
the response of the encoder becomes an important factor. For incremental encoders, the
response is limited to a specific input signal frequency. The latency depends on the analog
amplifier bandwidth, interpolation process, and the resolution. In practical applications,
the incremental interface encoder latency is usually ignored, given that the edges of
digital output signals have the real-time nature [45]. Unfortunately, the thermal error
compensation process realization in incremental encoder is a hard task, because the output
signals did not contain any information about the absolute position. They indicate the size
of the reading head linear displacement. The absolute linear encoders usually consist of low
resolution absolute position track and high resolution incremental track. The combination
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of the two tracks determines the absolute position value with a high resolution. These
data are given on the demand of an application controller by a serial interface. The data
transmission time depends on the bit length and overall speed.

Figure 2. Experimental setup based on “Keysight 5530 system configured for a linear measurement.

The selected absolute optical linear encoder transmits its position by using a bidi-
rectional synchronous serial interface BiSS. Usually it is used in industrial applications,
where high transfer rates are required [46]. Depending on cable length, the encoder could
handle clock frequencies up to 4 MHz and the calculation time is < 5 us. The maximum
traversing speed is limited up to 2 m/s. The chosen resolution position is outputted with a
30-bit format. Taking into account the calculation time, the absolute position is transmitted
upon < 13 ps. Thermal and geometric encoder error compensation is realized by using
the composed subsequent electronics. The programmable gate array (FPGA) platform
“S7 Mini” with “Xilinx Spartan-7 7525” is used as a master to request and get the linear
encoder position readings, calculate the compensation value according to an integrated
mathematical algorithm and external ambient temperature sensor data, and output the
compensated position at the real-time. The vanishingly small calculation time of the FPGA
could perform the compensation process almost instantly. If the compensation is processed
by subsequent electronics, the FPGA has to receive, recognize, compensate, and generate
the absolute position value. The whole process takes approximately double the time of the
encoder transmission time. In this case, a compensated position is outputted < 26 us. If
the proposed mathematical algorithm could be installed into the integrated FPGA or other
controller, the calculation time might be drastically reduced.

The measuring length of the tested linear encoder is 1200 mm. The rectilinear velocity
of the moving carriage is 0.2 m/s. To reduce the uncertainty and maintain the repro-
ducibility of the successive measurements, the digital incremental encoder signals are also
recorded. According the counted edges of these signals, the absolute position request is
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sent to the encoder at every 1000 counts i.e., at each 0.1 mm. In such a way, there are
12,000 equally spaced measured positions along the linear encoder.

Additionally, the “Texas Instruments” THVD 1451 RS-485 transceivers are used to
deal with differential encoder CLOCK and DATA signals. The simplified block diagram of
the composed compensation electronics is shown in Figure 3.

LINEAR ENCODER COMPENSATION ELECTRONICS

DATA [-]

COMPENSATED
POSITION

GND
SUPPLY

AMBIENT TEMPERATURE | T'
VALUE

Figure 3. Block diagram of the compensation electronics with a field-programmable gate array (FPGA).

The encoder readings, compensated encoder position values, and respective indica-
tions of the laser interferometer measuring system are recorded simultaneously during all
experiments. Collected data are processed by using a numerical computing software envi-
ronment “MATLAB” for the estimation of approximating function, further data analyzation,
and graphical representation.

4. Results

Firstly, the whole experimental setup was left in the laboratory room at fixed nominal
ambient temperature T,, = 20 £0.2 °C for 5 h to stabilize. During the tests, the ambient
temperature was changed, so this stabilization process was repeated four times, at each
settled temperature (i.e., 20 °C, 17.8 °C, 22.6 °C, and 25.3 “C). Because in the laboratory
room there were a number of electronic components which generate approximately the
same amount of heat all the time, it is stated that along the linear encoder existed a
steady thermal gradient. Temperature differences in various part of the encoder induced
thermoelastic deformations of the measuring scale. Encoder mounting could also be the
source of the linear position measurement error, because of misalignment or deformations
during fixation, lack of support stiffness, inaccurate guideway of the carriage, and so on.
All these factors introduced the geometric error component. These conditions are relatively
close to some of a real application, where such an encoder could be used.

Five separate unidirectional measurements are taken at each temperature. The average
value of these five measurements is calculated. Based on standard 1SO 230-2, the half peak-
to-peak value of the resulting average position error curve is accepted as the unidirectional
systematic positioning error of the encoder. The compensation and minimization of this
systematic error is the main goal of this work.

The first five measurements at 20 °C ambient temperature were recorded. The error
values at corresponding positions and the average meaning curve are presented in Figure 4.
The unidirectional systematic positioning error of the encoder was 4-2.2 um. This value is
accepted as the accuracy of non-compensated tested encoder.

The parametric function approximating the average position error curve could be
accepted as the combination of the geometric Fg(q) and the thermoelastic Fg(q) error com-
ponents, i.e., the sum of the first two members of the Equation (4). The fitted approximating
function is shown in Figure 5.
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Figure 4. Accuracy graph at 20 “C ambient temperature. (Black dots—the measured error values at
corresponding positions; Red curved line—the resulting average position error curve).
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Figure 5. Average accuracy graph at 20 °C ambient temperature approximated by a parametric
function. (Red line—approximating function and its equation)

The graph data are quite accurately approximated by a 4th order polynomial function
that could be described by the following equation:

Fg(q) + Fgr(q) = Fglq) = —0.2056 4 0.0243q — 9.7963 x 10 °¢* + 1.2625 x 10 7q° —5.0104 x 10 g, (7)

This determined function was used as a base for the further thermal and geometric
error compensation value calculation. The approximating function was integrated into
compensation electronics (FPGA), and the five measurements were repeated. The accuracy
graph of an average position error of the compensated linear encoder is shown in Figure 6.
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Figure 6. Average accuracy graph of compensated tested encoder at 20 °C ambient temperature.

In order to minimize encoder error at different ambient temperatures, the third compo-
nent of the general error Equation (4) must be found. The mechanical construction and the
thermal behavior of the linear encoder were investigated in a previous work [43] by using
the finite element method (FEM). The computer simulation showed that the linear thermal
expansion coefficient (CTE) of the measuring scale was greatly changed because of its fixing
type, mass, and geometry differences between the scale and the extrusion, etc. Due to
these reasons, the CTE of the scale was increased up to &copected = 22.9 pm/ (m °C). This
value was used for the third member calculation, according the Equation (6). The ambient
temperature difference from the nominal temperature was calculated according to the
mean value of several external temperature sensor readings. The mathematical algorithm
was supplemented and integrated into compensation electronics for other experiments
at different ambient temperatures. The average uncompensated linear encoder accuracy
graphs and the compensation functions, calculated according the mathematical algorithm,
are combined in Figure 7.

How accurately the derived function describes the average uncompensated encoder
error was evaluated by a standard deviation of error meanings with respect to the deter-
mined function.

o = \/E, (5 —NFG(%J )
where o—a standard deviation, (X7, X3, .. ., Xy )—Values of calibration process realizations,
q;—value of the argument q (linear position), which help to estimate the compensation
function value Fg, and N—number of realizations. To evaluate ~96% of measurements,
the standard deviation was multiplied by 2.1. Both values for each ambient temperature
are listed in Table 3.

(8)
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Figure 7. Combined average accuracy graph of uncompensated linear encoder average error at
different ambient temperatures, and their compensation functions calculated according the presented
mathematical algorithm.

Table 3. Parameters of approximating function and compensated tested encoder accuracy graphs.

Ambient Temperature

Parameter
17.8°C 20°C 226°C 253 °C
Accuracy of approximating function 3
(by mean of standard deviation) 098 puin. 054 A R LAk,
Std. dev. of ~96% measurements | i .
(Std. dev. multiplied by 2.1) 206 ot e b ezt
Maximal error value &
(Non-compensated encoder) 0.07 um 3.43 pm 7547 um 150.03 pm
Minimal error value
(Non-compensated encoder) =60 0% jufny 2026 e 0.0%jwn 0540,
Average accuracy of non-compensated encoder +30.08 pm +2.20 pm +37.74 pm +75.09 pm
Maximal error value
(Compensated encoder) 0.57 um 1.10 pm 2.51 pm 3.26 um
Minimal error value
(Compensated encoder) —2.48 ym —1.07 um —0.73 pm 0.64 pm
Average accuracy of compensated encoder +1.52 ym +1.08 pm +1.62 pm +1.95 um

After applying the specified functions, the compensation electronics gave corrected po-
sition values. The average compensated linear encoder accuracy graphs and corresponding
average uncompensated error values are shown in Figure 8.

The main indicators, such as maximum and minimum values and unidirectional
systematic encoder error (average encoder accuracy), etc., are listed in Table 3.

4.1. Estimation of the Real Thermal Coefficient

The accuracy of the compensating value calculation highly depends on how precisely
the approximating function is fitted to measured data. Unfortunately, the higher order
polynomials or even more complex interpolation functions could cause a practical problem
with their integration and calculation time. More efficient and more expensive calculation
platforms could be needed. Another way to improve the precision of the presented
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Ermor, fum]

approach is to estimate the real coefficient of the linear thermal expansion (CTE). Because
the mounting of the tested encoder during the performed experiments allows the free
axial movement (the encoder could freely expand and contract), the real CTE estimation
could be done by analyzing the experimental data of average uncompensated encoder
error values.

—— Error value at 22.6 °C

—— Error after compensation

b ——— Error value a1 25.3 °C
= Error after compensation

11
¥

Emar. [am]

Compensaes

200 400 800 200 1000 1200
Position. mm]
(a)
10 0
[
0
20
g
=
&

—— Error value at 17.8 °C
—— Error after compensation

[] 200 400 600 800 1000 1200

Figure 8. Compensated linear encoder average accuracy graphs (red line/right Y-axis units) with corresponding uncompensated
error values (black line/left Y-axis units), at different ambient temperatures: (a) at 22.6 °C; (b) at 253 °C; and (c) at 17.8°C.

The average accuracy graphs obtained at stable 17.8 °C and 22.6 °C ambient tempera-
tures were taken. For a detailed interpretation, both graphs are represented in Figure Ya.
The difference between the values of the graphs was calculated at every particular position
and plotted in Figure 9. The received meanings of the differences were approximated
with the linear regression line, whose equation is:

y =0.1111q + 1011, ©)

where y—approximated value of the differences, q—is the position value, number 0.1111 is
a constant that represents the slope of the linear regression line, and constant 1.011 is the
ordinate at the origin.

The real CTE ore,) is estimated as the ratio between the determined approximating
line slope and the span of ambient temperatures [38]:

0.1111

Real = 73 ¢ 175 — 2315 [m-“C}' a0
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The calculated value of the CTE is slightly different compared to the simulated
Qcorrected- 1his determined value is greater than the theoretical thermal coefficient, which
was used in FEM simulation as aluminum extrusion material property (23 x 10 m/(m°C).
This suggests that the real CTE of aluminum extrusion is greater. In the literature, the CTE
of the aluminum varies from 23 x 10 ®m/(m°C) to 24 x 10 ®m/(m°C). Such an experi-
mental result allows to improve the computer model and the precision of the presented

compensation algorithm.
100 160
L 140
——— Errorvalue at 22.6 °C — Difference between error values
7 AN S ] A SN———_c i I Linear approximation
120
40
_ 100
g » o
= £ w0
i i
— Error value at 17.8 °C S &
]
o w
-0 20
o v
o 20 00 €00 %0 1w 120 o 200 w0 ) 800 1000 1200
Peston. [mm) Positon, fmm]

(a) (b)

Figure 9. (a) Accuracy graphs of uncompensated linear encoder at 17.8 °C and 22.6 °C; (b) Differences between accuracy
graphs and linear fitting line to the difference

4.2. Recalculation of the Compensated Resulls According to the Real CTE

The presented compensation algorithm was adjusted by including the estimated
real thermal coefficient into the Equation (6). The compensated error values at different
ambient temperatures were calculated and subtracted from the average uncompensated
encoder values, recorded during the experiments. This allowed to determine the influence
of the introduced changes and compare it to the performed test data. The recalculated
compensated error graphs are shown in Figure 10.

The accuracy of approximating compensation functions based on a standard deviation
and the parameters of compensated encoder errors are listed in Table 4.

Table 4. Parameters of approximating function and theoretically calculated encoder accuracy graphs
(including experimentally estimated real thermal coefficient).

Ambient Temperature
Parameter
17.8°C 26°C 253°C
Accuracy of approximating function v g
(by mean of standard deviation) s um +67um £0e5um
Std. dev. of ~96% measurements
(Std. dev. multiplied by 2.1) +145um +141 pm £135um
Maximal error value
(Compensated encoder) 0 0Em 15 1zm
Minimal error value ~189pm ~104pm “104um

(Compensated encoder)
Compensated encoder accuracy +142 um +1.46 pm +1.48 pm




AUTHOR’S PUBLICATIONS COLLECTION

91

Sensors 2021, 21, 360

13ofl6

Compensated Error. [um]

°
—— Theoretically compensated error value st 22.6 €

Theoretlcally compensated error value st 25.3 °C

Compensated Error, [urm]

200

am

500 B0 1000
Poston, o] Postion, g
(@) (b)

Compensated Error. um]

[} 200 400 &00 800 1000 1200
Posiion, (mm]

(c)

Figure 10. Theoretically recalculated compensated linear encoder accuracy graphs at different ambient temperatures: (a) at
226°C;(b)at253 °C;and (c) at 17.8 °C.

5. Discussion

The proposed mathematical algorithm is based on the approximation of geometric
and thermoelastic linear encoder error by a simple parametric function and calculation
of linear nature thermal error component in accordance to varying ambient temperature.
Based on previous work’s [46] accomplished computer modeling results and the practical
tests, such a compensation technique was adapted to the selected linear optical encoder.

Performed experiments demonstrated that the designed subsequent electronics are
suitable for the realization of the presented compensation approach. An FPGA-based calcu-
lation platform properly read tested linear optical encoder position value and compensated
it according the installed mathematical function. All processes were performed in real-time;
therefore, it could be applied into an industrial, scientific, or other technological application.

The experimental results demonstrate that geometric and introduced thermoelastic
linear position measurement error could be drastically reduced:

+ At nominal 20 °C ambient temperature, measured encoder average accuracy was
4220 um. After the average position error graph approximation and position compen-
sation, the recorded error was minimized to £1.08 um. The approximation accuracy
evaluating ~96% measured positions reached +0.72 um.

. At different ambient temperatures (17.8 °C; 22.6 “C and 25.3 °C), encoder average
accuracy respectively reached £30.08 pm; £37.74 um, and £75.09 um without com-
pensation. Applied mathematical algorithm at these temperatures could approximate
encoder error correspondingly: 42.06 um; +2.14 um, and +2.94 um. Considering that
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the maximal error value reaches up to ~150 um, the average accuracy of approxima-
tion was accepted as reasonable.

*  After the position compensation process, the average encoder accuracy at different
temperatures was determined as the following: +1.52 um (at 17.8 °C); +1.62 pm (at
22.6 °C), and £1.95 pum (at 25.3 °C). Considering that the specified accuracy of a
standard encoder is =5 um per meter, the compensated average encoder accuracy
(including the uncertainty of the approximation at different temperatures) was within
this range. It can be stated that the performance of the encoder remained under
different thermal environmental conditions.

¢ The presented algorithm could be optimized according to experimentally estimated
real CTE value. Embedding this value into the compensation allowed to improve the
accuracy of the encoder error approximation which in turn decreased the total error.
Theoretical calculations show that the encoder accuracy could reach: +1.42 um (at
17.8°C); £1.46 um (at 22,6 °C); and £1.48 um (at 25.3 °C).

6. Conclusions

The approach of a thermal and geometric error compensation for a linear encoder is in-
troduced in this article. Having designed the suitable technological equipment, performed
experimental research, and analyzed the systematized results, the following conclusions
are drawn:

1. The thermoelastic linear encoder deformation caused by external heat sources and
changing ambient temperature is significant. Considering the linear thermal expan-
sion coefficient, which greatly depends on an encoder design and used materials, and
the working environment conditions, the linear position measurement uncertainty
could have a big numerical value. This could lead to undesirable performance of the
encoder or even a whole application.

2. The proposed error compensation model is suitable for thermoelastic and geomeltric
error compensation. The performed experiments show that the introduced tested
encoder error could be significantly reduced up to 98%. Usage of this kind's com-
pensation might be cheaper and more appropriate solution compared to others, like
encoder design including close to zero thermal expansion materials or control of
working environment temperature.

3. The compensation algorithm implementation into FPGA-based calculation platform
demonstrates the reliable performance. Such hardware selection can ensure an appro-
priate calculation speed for a real-time application. Due to its flexibility and low cost,
it is possible to integrate this device into encoder design or use it like a subsequent
electronics module.

However, certain details still exist that require in depth theoretical and experimental
research, such as the dynamically changing temperature gradients, different encoder
designs, and mounting methods, etc.
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Abbreviations

The following abbreviations are used in this manuscript:
CTE Coefficient of Thermal Expansion

FPGA  Field-programmable Gate Array
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Featured Application: The methodology described in the manuscript could be useful in a field of
industrial automation for subdivisional linear-encoder error estimation and the impr of
final application performance in which the tested encoder is used.

Abstract: Optical encoders are widely used in applications requiring precise displacement
measurement and fluent motion control. To reach high positioning accuracy and repeatability, and to
create a more stable speed-control loop, essential attention must be directed to the subdivisional error
(SDE) of the used encoder. This error influences the interpolation process and restricts the ability to
achieve a high resolution. The SDE could be caused by various factors, such as the particular design
of the reading head and the optical scanning principle, quality of the measuring scale, any kind of
relative orientation changes between the optical components caused by mechanical vibrations or
deformations, or scanning speed. If the distorted analog signals are not corrected before interpolation,
it is very important to know the limitations of the used encoder. The methodology described in this
paper could be used to determine the magnitude of an SDE and its trend. This method is based on
a constant-speed test and does not require high-accuracy reference. The performed experimental
investigation of the standard optical linear encoder SDE under different scanning speeds revealed
the linear relationship between the tested encoder’s traversing velocity and the error value. A more
detailed investigation of the obtained results was done on the basis of fast Fourier transformation
(FFT) to understand the physical nature of the SDE, and to consider how to improve the performance
of the encoder.

Keywords: optical encoder; subdivisional error; resolution

1. Introduction

Optical encoders are usually the most reliable devices for precise displacement measurement and
motion control. Due to their high accuracy, resolution, and repeatability, as well as their ability to
work under different environmental conditions and their relatively low price, they are used in a variety
of applications. Some examples are manually controlled machine tools and computer-numerical-
control (CNC) machines [1-4], robotics [5-10], servosystems [11-14], monitoring and fault diagnosis
systems [15-18], tracking systems [19,20], linear and rotary positioning stages [21-24], and other
precision-positioning applications [25].

Appl. Sci. 2020, 10, 1766; coi:10.3390/app 10051766 www.mdpi.comjjoumalfapplsci
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The overall accuracy and precision of the linear encoder mainly depend on the quality of the
measuring scale graduation and nonlinear subdivisional error (SDE) in one signal period [26]. Standard
photoelectric linear encoders typically have a measuring scale with a period of 20 or 40 um [27,28].
In order to increase resolution, two analog electric signals generated by an encoder are converted
to digital and interpolated [29,30]. The smallest increment that can be detected may then reach the
nanometer level. High accuracy and resolution are very important for applications that require precise
positioning and good repeatability. In some applications, a linear encoder is used not only for position
estimation, but also to provide feedback for speed control. A higher resolution ensures more stable
and accurate position and speed loop.

The SDE (also called the interpolation error) is a cyclic error that repeats with each period of
encoder grating. It depends on the quality of a main measuring scale and of the generated electric
signals. This error appears during the interpolation process because the encoder’s distorted analog
electric signals prevent the formation of a fine quadrature signal. In practice, the SDE does not cause
any issues until its magnitude reaches the size of a measuring step. In other words, the magnitude
of the SDE is a limit for the highest resolution. The minimal measurable incremental step has no
point if the position error is greater. It is particularly important for applications requiring precise
positioning and repeatability. In machines of which the feed axes or rotation tables are direct-driven,
these nonlinear interpolation errors can cause not only positioning inaccuracies, but also result in loud
noise, additional heat generation, and speed ripple [31].

The quality of the electrical signals highly depends on various aspects, like the optical-scanning
principle, the design of a reading head and its ability to handle various deformations [32], mechanical
vibrations [33-35], or temperature variations [36,37]. In order to improve signal quality and to make
encoders more robust, manufacturers use advanced optical-scanning methods such as the single-field
or interferential scanning principle [38,39], or they implement special-configuration multiple-track
analyzer grating to eliminate higher-order harmonic signals [40]. Unfortunately, all such improvements
require more complex encoder configurations and expensive optical parts. Another way to minimize
SDE is electronic-signal correction. Nonideal signal parameters, such as relative amplitude, DC offset,
phase shift, and nonsinusoidal shape, must be corrected before the interpolation process. Many studies
dealt with this problem by using digital filtering and look-up tables, or by creating different algorithms
for offline and dynamic compensation [41-45]. Because SDE is a short-range error that repeats each
period, its compensation is a hard task.

It is very important to know the actual limits of the used displacement-measurement encoder
so that the application can work smoothly and be properly tuned. SDE is one of the parameters
that should be investigated first, especially if the electrical signals of the encoder are not corrected
or compensated before an interpolation process. The methodology presented in this paper allows
the estimation of interpolation-error magnitude and its trend across one period. The performed
experimental investigation of the particular standard linear encoder interpolation error under different
scanning speeds showed that the magnitude of this low-frequency error highly depends on the
traversing speed of the encoder’s reading head. Moreover, a detailed harmonic analysis of the SDE
could help to understand the physical nature of the error, and improve the performance of the encoder
and the whole application.

2. Metrological Process and Subdivisional Errors in Optical Encoders

Optical linear encoders use various types of optical-scanning principles (e.g., Talbot effect [46,47],
Lau effect [48,49], Moiré effect [50-52], generalized grating imaging [53-56], interferometric [57-59])
to generate electric-output signals that are used to determine a precise position. Depending on
subsequently used electronics, optical encoders can have different interfaces to ensure the reliable
exchange of information [60]. One of the most widely used interfaces for incremental position
measurement is two analog nearly sinusoidal voltage signals (Figure 1). Signals A and B are shifted by
90 electrical degrees and have an amplitude of typically 1 Vpp. One full period (360 electrical degrees)
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of these signals corresponds to a period of grating on the measuring scale. Using the arctangent
algorithm, it is easy to determine the relative position inside the period:

siom = L arctanl 54
Xposition = znnrdun(sn ), (1)

where Xposition, relative position between measuring scale and reading head; p, the period of the main
scale; and Sy, Sg, values of output signals A and B in a certain position, respectively.
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Figure 1. Definition of differential optical encoder signals. 1 Vpp interface.

Such a process is known as interpolation, and it is directly related to the quality of the signals.
The 1 Vpp interface is mainly used in applications where such an interpolation and analog-signal
digitalization processes are executed by the subsequent electronics of the end-user equipment.

Combining analog encoder signals into the X and Y axes of an oscilloscope, it is comfortable to
observe and follow the quality and accuracy of the encoder. The ideal signals give a perfectly centered
circular shape with a diameter corresponding to signal amplitude. Unfortunately, in real applications,
encoder output signals are distorted due to imperfections in manufacturing, and assembly and
optical-scanning operations, as well as negatively affected by variations of environmental conditions.
Distortion of the signals causes SDE, which repeats in each period of the encoder grating. Variations of
the signal background level (Up o, Ug of) are usually caused by imperfections or contaminants of the
encoder measuring scale. Different signal offsets could also be related to the improper adjustment
of electronic parts. Such a distortion leads to a decentered Lissajous curve, as shown in Figure 2a.
Different peak-to-peak amplitudes (U,, Ug) of the A and B signals could appear due to uneven
or inconsistent illumination of the photodetectors. This error leads to an elliptical Lissajous curve,
as shown in Figure 2b. A phase shift from 90 electrical degrees made the curve oval, as shown in
Figure 2c. The main reason for this type of error is the tilt between the gratings of the scanning
reticle and the main measuring scale. All higher harmonics caused by optical effects and electronics
make signals that are not perfectly sinusoidal. This type of error forms a noncircular Lissajous curve,
as shown in Figure 2d.

Wﬁgﬂulﬂ wsignulA Signal A \-IjsignalA
(a) (

b) (c) (d)

Ideal Lissajous figure

Lissajous figure with an error

Figure 2. Lissajous curves of optical-encoder signals with relative subdivisional error (SDE): (a) offset
error; (b) amplitude error; (¢) phase-shift error; (d) signal-shape error.
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3, Investigation Methodology and Experiment Setup

The magnitude of an SDE is usually determined by using a reference encoder or a laser
interferometer. Independent position information from a reference device is compared with a tested
linear encoder reading, and the difference between these measures is accepted as the error. In order to
perform such a test, a high-accuracy reference is needed.

Another method that was realized in this paper is based on a constant-speed test. The tested
encoder reading head was driven at constant speed, and its electric-output signals were recorded using
a digital oscilloscope. Because of high sampling frequency, analog encoder signals were represented as
a group of discrete points. The relative position values inside one grating period could be calculated
by putting these discrete points of A and B signals into Equation (1). Claiming that scanning speed
is constant, and knowing the used sampling rate that must be selected by taking into account the
Nyquist-Shannon sampling theorem and the acceptable size of the sample, it is easy to compose the
theoretically true position values at these points. For example, if the scanning speed is 100 mm/s,
the grating period of the tested encoder is 20 um, and the sampling frequency is 250 MHz, there are
50,000 sampling points per one period. The first point corresponds to a zero position value, and the
last one (50,000) corresponds to 20 um. All other points increase with a step of 0.0004 pm. Then,
the calculated values according to the arctangent algorithm could be compared with theoretically
determined “true” position values. The differences are accepted as metrological linear encoder errors
inside one grating period. In order to obtain statistically reliable results, this procedure must be
repeated for several periods or several separate measurements, and the average value must be used.
The accuracy of this methodology highly depends on the instability of the scanning speed and the
precision of the used equipment. However, this method is completely suitable to determine the
magnitude level of the error and to notice its trend.

A standard optical (4-field scanning) linear encoder was selected for this experimental investigation.
The special technological setup was designed to determine its metrological errors under different
scanning speeds. A motorized translation stage based on direct-drive technology was used to drive-test
the encoder’s reading head at various constant speeds with high accuracy and low friction. The designed
setup is shown in Figure 3.

Linear encoder L18 Direct Drive Linear Translation Stage

Mounting brackets

Figure 3. Designed experiment setup. Tested linear encoder was connected to direct-drive linear
translation stage through mounting bracket.

The 3-phase ironless linear brushless servo motor of the translation stage was controlled by an
ACS servo motion controller with a built-in driver. In the translation stage, an integrated noncontact
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linear optical encoder was used as a feedback system for high-resolution positioning and fluent
motion control. Electric signals were sampled and recorded by using a digital oscilloscope. Schematic
representation of the experiment setup is shown in Figure 4.

2. Linear Translation Stage

Electric Signal

4. Data Acquisition and
Processing Equipment

Contralled
Mechanical

User input Mation

| S——

1. Motion Controller

3. Tested Linear Encoder L18

Figure 4. Schematic view of experiment setup.

Experiment setup consisted of:

1. Motion controller: servo motion controller with a built-in driver ACS Motion Control SPiiPlusCMnt.
2. Linear-translation stage: motorized direct drive linear translation stage “STANDA” 8MTL1401-300.

3. Tested linear encoder: optical (4-field scanning) linear encoder Precizika Metrology L18 (measuring
length = 300 mm, grating period = 20 um).

4. Data acquisition and processing equipment. digital oscilloscope PicoScope 3000 and notebook
with appropriate software.

Collected data were processed with computer software MATLAB. Determined SDE dependency
on different scanning speeds was statistically evaluated by using a linear-regression approach. In order
to analyze the nature of these errors at each speed, a fast Fourier transformation (FFT) algorithm was
used. Because these errors are cyclic, their harmonic analysis helps to define what kind of signal
imperfections cause them. The first harmonic of the SDE is a result of a nonzero background level of

the A and B signals. The second harmonic could be caused by unequal amplitudes or a phase shift.

Third and higher harmonics are the result of high-order distortions of the electric signals. Usually, they
are caused by diffractive effects in optical-light modulation processes. Thus, an error decomposed into
harmonics can be mathematically expressed by the following formula:

2
8(x) = Z:l] (A,'cas(?nix +@i)) +en for0<x<p, (2)

where 8(x) denotes the SDE inside one period of the encoder grating, A; and ¢; indicate the amplitude
and the phase of the harmonic, and x denotes the relative position inside a period p. The number of the
harmonic is marked as n, and ¢ indicates the random error.

4. Results and Discussion

First, performance of the tested linear encoder was checked under different scanning speeds.

The maximal traversing velocity specified by a vendor of the encoder was 1 m/s. The Lissajous curves
of several signal periods at 100, 500, and 1000 mm/s are shown in Figure 5.



100

AUTHOR’S PUBLICATIONS COLLECTION

Appl. Sci. 2020, 10, 1766 60f 12

. Smnmnn:pud]mmmfs B = Scanning speed 500 mm/s - Scanning speed 1000 mm/s

] e
%0 =,
& 2] & il
a1} a2}
s a1}
a4t 5
as)
o8 - 1
605 210347 01 0 81 07 03 64 05 06 06 45 04 03 01 01 0 07 02 83 04 85 08 05
P seran M

Ussajous curve of measured signals - ===~

Figure 5. Lissajous curves of several signal periods at different scanning speeds: 100, 500, and
1000 mmys.

From these graphs, it is clear that encoder performance started to differ when scanning speed was
increased. The Lissajous curve changed its size and shape. Higher SDE was introduced. Moreover,
several tested signal periods slightly varied from one another. This added additional uncertainty that
had to be evaluated. For a more detailed investigation, the reading head of the tested encoder was
driven at traversing velocities from 100 to 1100 mmy/s with a step of 100 mm/s. The outputelectric signals
were recorded by using a sampling frequency of 250 MHz, and the SDE was determined according to
the methodology described ina previous section. Six different signal periods were randomly chosen to
calculate the average value of the SDE at each speed level. As an example, the graphical representation
of the electric signals and their combination in the X-Y plot when the reading head was driven at
300 mm/s is shown in Figure 6.

[ 0§
Signal A 05
04 04
03
02 02
= s 0
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8y o » % r % W *%06 05 04 03 92 81 0 01 83 03 04 05 08
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Figure 6. Electric signals A and B and their representation in the X-Y plot. Encoder was working at
300 mmy/s traversing velocity.

Calculated average SDE at this speed is shown in Figure 7. FFT analysis showed that the first,
second, and third harmonics had the greatest influence on the error amplitude. Therefore, all three
first harmonics are shown in the same graph to present the impact of each. The total magnitude of the
error was +0.185 um. The second harmonic, which was repeated twice per period, created the biggest
error value.
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Figure 7. Average SDE and its decomposition into three first harmonics when scanning speed is
300 mm/s.

Similar data processing was made for all tested speeds. Calculated total error values were
plotted into one graph, as shown in Figure 8. Results showed a strong linear relationship between
scanning speed and total SDE. More than 85% of the experimentally determined error values could be
mathematically associated with the increasing traversing speed of the encoder (R-squared = 0.8581).
The low p-value confirmed that the applied linear-regression model was statistically significant (p-value
=0.00004 < 0.05). The biggest error was +£0.52 um at 1100 mm/s. Two magnitudes at 900 and 1000 mm/s
were quite distinct and distinguished from the linear relation.

055

r=0.8263, p = 0.00004; ~ = 0.8561
0.50 = BestFit Line
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Figure 8. Total SDE dependency on scanning speed. Data points and their statistical parameters.
To understand the physical meaning of the error that occurs during the scanning process,

the magnitude and behavior of the first three error harmonics were analyzed. Their dependency on
the tested encoder’s scanning speed is shown in Figure 9.
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Figure 9. Three first harmonics of determined SDEs at different scanning speeds.

The biggest part of the SDE at each speed was caused by the second harmonic. This harmonic
demonstrates a strong linear relationship (R-square = 0.96) to traversing velocity. Its size proportionally
increased with increasing speed. This kind of error behavior is a result of signal-amplitude variation,
phase shift, or their combination.

The first harmonic of the error demonstrates a nonlinear relationship. Amplitude values started to
increase when the encoder reached a speed above 500 mm/s. An extreme jump of values was noticed
in the range of 900-1000 mmy/s. In this region, magnitude relatively dropped from 0.26 to 0.01 um. This
harmonic is a result of the emerged electric signals offset from a zero level.

The variation of the third harmonic meaning was not large in comparison with others. Its amplitude
reached the highest value of 0.06 pm. This magnitude was noticed at a scanning speed of 900 mmy/s, as
with the first harmonic. Usually, this third harmonicis a result of variation in the optical-scanning process.

The following conclusions could be drawn from the obtained results:

The initial overview of the Lissajous curves showed that the SDE of the tested encoder depended
on the scanning speed. More detailed analysis at different velocities is necessary to figure out
the dependency.
Statistical investigation showed a strong linear relationship between SDE and scanning speed.
In this case, it is important to know the maximal traversing velocity at which the encoder runs
in a specific application. Different maximal speed gives a different maximal SDE value and sets
a distinct limitation for the highest resolution. In another case, when the SDE retains the same
meaning in the whole speed range, or its relationship is nonlinear, the maximal SDE value should
be determined.
The maximal recommended traversing velocity of the encoder was 1 m/s. Working in this range,
maximal SDE was +0.49 pum, reached at 900 mm/s. After interpolation of these encoder signals,
the resolution should be more than 0.5 um. Otherwise, the interpolation error is bigger than the
measuring step.
e Ateach speed, the biggest part of the SDE budget formed the second harmonic. This directly
correlates to increasing velocity. This means that the difference of the signal amplitudes or the
phase shift increased with speed. Amplitude, offset, or phase errors could be caused by the
physics of the optical-scanning principle, and the dynamical behavior and improper adjustment
of the electric components (like photodiodes, used processing chips, or analog amplifiers), or the
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quality of the used cable and other effects. It is necessary to pay attention to these aspects not only
during the design process, but also while choosing a suitable encoder for a specific application.
For example, the tested encoder’s working principle was based on the four-field scanning method.
If the application requires more stability to scanning speed, or if there is an increased possibility
of measuring scale contamination, the optical encoder based on the single-field scanning principle
must be selected.

e The calculated total SDE values at 900 and 1000 mm/s velocities were distinct from the determined
linear relationship. The magnitudes of the first and third harmonics reached their maximum
values at 900 mm/s. When analyzing the first harmonic graph, in speeds above 500 mmys the offset
error of the encoder signals started to greatly vary. It is very likely that the dynamic behavior
of the encoder was affected in this range of speed. The reading head is a complex mechanical
part containing optical and electronic components, and flexible spring-based suspension, so even
the smallest translation, distance variation, tilt, or other change in a relative position between
scanning reticle and measuring scale could be generated by resonant frequency, friction, or other
forces. For more detailed analysis, the generated frequencies at these speeds should be determined
and compared with the natural frequencies of the encoder.

¢ FFT analysis showed that the major part of the SDE was made up of only a few first harmonics.
That means that the trend of the SDE could be quite accurately approximated by using a simple
equation that contains information of only the three first harmonics (n = 3).

n=3
b(x) :Z(A,ms(z?ntx+qo,))for05x5p (3)
i=1

After some extra processing of the experimental-investigation data, the multivariable function of
the SDE value could be derived. This function could tell the approximated SDE value at a relative
position inside the period at any scanning speed.

O<x<p

0 <2 < opa ;X vEZ, 4)

6(x,0) = f(x,0) +e¢, far{
where f(x) is a multivariable approximation function of the SDE value, of which the arguments are
relative position x and scanning speed . ¢ indicates the random error, and vy, denotes the maximal
traversing velocity of the encoder. This kind of equation could be used for real-time SDE compensation.

5. Conclusions

Linear encoders are often used in applications for the precise displacement measurement of
amoving unit to control positioning and speed. In order to properly accomplish these tasks, encoder
parameters such as accuracy and resolution are critical. In practice, a SDE in an optical encoder
is unavoidable. The magnitude of this error is a major factor that limits maximal resolution and
causes a speed ripple. When analog encoder signals are interpolated without any error correction or
compensation approach, it is very important to know the limitations of the used encoder. The method
described in this paper presents a way to determine the magnitude and trend of the linear encoder SDE.

Experimental investigation of the standard optical linear encoder SDE under different scanning
speeds was accomplished according to the presented methodology. Deeper analysis of the determined
errors helped to reveal their physical nature and the limits of the encoder. On the basis of the obtained
results, it is possible to specify the weak points of the tested device to help to improve its performance.
Mapped and approximated SDE at different speeds could be used as a multivariable function for
positioning-error compensation. This is our future research direction.
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1. Introduction

Optical linear encoders play noticeable role in per-
formance of computer numerical controlled machines
(CNC) [1], coordinate measuring machines (CMM), robot-
ics [7] pcsmomng stages [3] tracking systems [4] and other
ions [5]. Usually, the accuracy
of technologlcal process, performed by the equipment, de-
pends on the used encoder’'s accuracy. It is obvious that the
good performance of the encoder is very important

In practice, mechanical vibrations are one of the
factors which cause errors in linear displacement measure-
ment encoders. Resonance in measuring device parts like al-
uminium extrusion or reading head, either in ing el-

based mechanism and tightened at both ends. Another stain-
less-steel tape is used as a guideway for the precise scanning
carriage positioning and motion during the displacement
measurement process. Main parts of the tested linear en-
coder are shown in Fig. 1.

Stainless stee! tape
" (With a measuring scale)
Scanning carriage -

“._ Stainless-stes tape
(Used as a guideway)

ements of the appli could cause desirabl
motion of a scanning carriage (cursor) along a measuring
scale. Such motion mevitably affects accuracy. Essentially,
dynamic behaviour of the encoder depends on its construc-
tion, J. Lopez et al. investigates the behaviour of the linear
encoder under vibrations based on different optical scanning
methods [6.7], and encoder’s errors under vibration at dif
ferent mounting conditions [8]. Although, there are devel-
oped methodologies to evaluate optical encoders perfor-
mance under vibration [9] or compensate vibration caused
errors [10], but in order to have a good understanding of on-
going processes in mechanical construction of each encoder,
more detailed investigation such as modal analysis is re-
quired.

In this paper, the dynamic behaviour of enclosed
type optical encoder based on reflective light modulation is
investigated. Tts dynamic response to external mechanical
excitation, generated by the electrodynamic shaker, is rec-
orded by accelerometers and the most precarious resonant
frequencies are determined. In order to establish how the en-
coder elements, behave at these resonances, the modal anal-
ysis is done.

2. Experimental details

The optical linear encoder analysed in this work is
incremental. It is reflective type and its measuring scale is
fabricated on the stainless-steel tape surface by a laser. This
provides the opportunity to reach measuring length up to 30
meters. Meanwhile, encoders with a glass scale reach ap-
proximately about 3 meters. Incases whenencoder's length
must be more than 2 meters. several of modular aluminium
extrusions are added together. Stainless-steel tape with an
engraved measuring scale is fitted into encoder’s aluminivmn
extrusion, respectively stretched by using a special spring-

"~ Housing of a rearling head

Fig. 1 Construction of tested linear encoder

The main idea of this experimental research is to
analyse dynamic behaviour and determine resonant frequen-
cies which could cause errors of the encoder. Theoretically,
errors appear due to additional undesirable motion between
the measuring scale and the reticle, mounted onto the scan-
ning carriage. Even a small motion or oscillation generates
electrical signals, which incorrectly represent the real dis-
placement value.

Because the most important motion is along the
measuring scale, the dynamic responses of the encoder's al-
uminium extrusion and reading head are investigated only
in this direction (meet the y axis in Fig. 2). Linear encoder
is tightly mounted onto the laboratory table in such way, that
its readmg head has no ability to move \mlh regard to alu-
minium ion. Two piezoelectric are re-
spectively mounted on top of the extrusion and housing of
the reading head. Massive electrodynamic shaker is posi-
tioned close to the encoder to generate external mechanical
excitation with the amplitude of about 100 mm/s” at each
frequency. It imitates vibrations that occur in real applica-
tions. Excited encoder s parts start to oscillate. When shaker
generated excitation frequency is getting closer to the reso-
nant frequencies of the encoder’s elements, the oscillation
amplitudes increase. These resonant frequencies are the
most dangerous, because the encoder starts to generate some
kind of electric signals. even though there is no wanted dis-
placement to measure. Despite the fact that the accuracy is
directly affected, high frequency oscillations, caused by vi-
brations, remains during the displacement measurement
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process. This generates higher harmonics and the analogue
encoder signals become distorted. Interpolation process of
such encoder signals is disturbed, and higher resolution be-
comes hardly reachable. The composition of the experi-
mental setup is shown in Fig. 2.

Fig. 2 Experimental setup used for encoder investigation

In order to reveal encoder’s behaviour and deter-
mine resonant frequencies, the device is tested under the
sweep of sine wave form vibrations. Later, the amplitudes
of aluminium extrusion and reading head responses under
various resonant and other frequencies are measured. The
biggest differences between the recorded amplitude values
of oscillating elements distinguish excitations, which poten-
tially generate the biggest errors. To check it, electrical 1 V'
peak-to-peak encoder’s output signals are recorded by a dig-
ital oscilloscope during the all experiment.

Used experimental equipment consists of:

1. Processing equipment. Data acquisition
hardware “B&K” 3660-163D.

2. Electrodynamic shaker. Head “B&K”
4812, permanent magnet body “B&K™ 4805, and amplifier
“B&K" 2707.

3. Accelerometers. 3-axis piezoelectric accel-
erometer “B&K™ 4506,

4. Data acquisition and processing equip-
ment. Digital oscilloscope “PicoScope” 3000 and notebook.
The schematic representation of the experimental

setup is shown in Fig. 3.

H
</

2 Data Acquisition and Processing
‘Faquip ment

2 Elactrodynamic Shaker

Fig. 3 Schematic representation of experimental setup

At eachresonance mechanical elements oscillate in
different manner. Modal analysis shows the oscillation
shape of the elements. This simulation is performed by us-
ing the finite element method (FEM) in a computer software
“COMSOL". A simplified 3D model of the encoder is cre-
ated and divided into finite number of free tetrahedral (tets)
elements with a predefined extra fine size. Boundary condi-
tions such as fixing points of extrusion and reading head im-
itates encoder’s mounting in real application.

A simplified 3D model is shown in Fig. 4. Materi-
als and their mechanical properties for each one of simulated
device elements are listed in Table 1.

Aluminum extrusion

 Reading head

Fig. 4 Simplified 3D encoder model for FEM simulation

Table 1
Materials and mechanical properties of encoder elements
. ] properties
ek s Density p, kg/m* | Young'’s modulus £, GPa | Poisson’s ratio v
Extrusion Aluminum 6060 2700 70 0,33
Reading head Aluminum 6082T6 2700 69 0.33
Measuring scale inl teel AISI 420 7700 190 0,28
Spuings ("’a‘l‘i’:ﬁ)h“d SUSPEI | Stainless-steel AISI 302 7300 200 0.28
Optical encoder generates two sinusoidal output X
signals S;and Sz. They should have same size amplitudes Sa=dA,F,|2m > +04 }* B, [e)]
A4 and Az, zero offset from background level (B, = B, =0)
and must be shifted by 90 electrical d.egrees Sy = ApFy ( P 5 |+ By, @)
(@ —@, =7/2). These signals could be mathematically L r

expressed as:

where: Fy, Fz1is the shape (sinusoidal) of the signals: x is the
position and p is the period.
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The linear displacement could be easily deter-
mined according these signals by using arctangent algo-
rithm

X = Lar‘cmu[i]. 3)
x4 Sy

Outpur signals could be visually represented by the
Lissajous curve. The curve appears in an oscilloscope
screen, when one signal is plotted against another in x and y
axis. Full circular shape corresponds to a relative motion be-
tween the reticle and the measuring scale, which 1s equal to
a period of raster elements on them. The period of the tested
encoder’s scale is 40 um. Typically, external mechanical vi-
bration initiates smaller motion between the optical compo-
nents than one period. In case, when the reading head is
mounted in fixed position as well as the aluminum extru-
sion, generated output signals are presented as a circumfer-
ence arc of the Lissajous curve. From the size of arc, it is
possible to determine and the size of error, generated by an
external mechanical vibration.

During the displacement measurement process, en-
coder’s generated signals have multiple periods, so it is hard
to exactly determined the amount of dynamic error. How-
ever, a specific mode shapes of the encoder mechanical
components lead to a gap or tilt variation between the reticle
and the glass scale. Disturbed optical interaction could pre-
sent a loss of contrast and uneven light distribution on sur-
faces of used photodiodes. These variations make changes
in signals” amplitudes, phase, offsets and even the shape.

[/s™2]
14

12

[

37

Metrological errors presented in optical linear encoder could
be determined by analysing the Lissajous curve and its dis-
tortion from an ideal shape [11]. The following equations
are derived to evaluate these errors.

Uy ()= Zcos = ]%. (©)
e e1= [ 1r2]2, ®
L‘ﬂm(.'(j=iws:[~zpi.\]A;p. (6)
U pape (3) = ism[ﬂn;—.]:ﬁr, Q)

where: Uy Uanp, Uphase and Uspape stand for metrological er-

rors respectively caused by signal offset, variation of ampli-

tudes, phase shift and not sinusoidal shape of the signals.
Other conditions for these formulas:.4; = 4;

A, =A+084; B,=AB; ¢, =Ap; 9y =7/2.
3. Results and discussion

Firstly, encoder’s response to sine sweep vibration
test is done. The shaker is set to generate sinusoidal excita-
tion from 0 to 3200 Hz. Collected data from the accelero-
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Fig. 5 Response graphs: a) acceleration amplitude versus time, b) auto-spectrum. (Aluminium extrusion response — blue line;

reading head response — red line)
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Fig. 6 Response to 558 Hz excitation graphs: a) acceleration amplitudes versus time, b) auto-spectrum. (Aluminium extru-
sion response — blue line; reading head response — red line)
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meters presents the frequency response of the aluminium
extrusion and the reading head. Acceleration amplitude ver-
sus time and auto-spectrum graphs are plotted in Fig. 5. Res-
onant frequencies 382, 433, 534, 558, 629,5, 753 and
815,5 Hz are selected for more detailed mvestigation.

Secondly, linear encoder is excited with a discrete
sine vibration up to 2000 Hz with a step of 100 Hz, including
selected resonant frequencies. The values of frequency re-
sponse amplitudes are recorded by the accelerometers. For
example, aluminium extrusion and reading head responses
to 558 Hz selected resonant frequency are shown in Fig. 6.

In this case the acceleration amplitude of the read-
ing head oscillations reaches 169 mm/s” and the extrusion
oscillates at 61,78 mm/s>. The difference between ampli-
tudes is almost three times.

According measured amplitude values the revised
graphs of frequency responses to sine wave form mechani-
cal vibration are plotted. The graph composed for the read-
ing head is shown in Fig. 7.

Several sharp peaks could be clearly seen in this
graph. According the accomplished modal analysis, some of
these peaks quite accurately correspond to the determined
modes. They are marked on the graph. Other modes may not
have such clearly visible effect at investigated direction y.
Oscillation modes: 1, 2, 3 and 6 are depicted in Fig. 8. Only
the reading head and its mode shapes are shown in these im-
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ages for a better visualization. It is obvious, that all exclud-
edmodes are related to the motion of the scanning carriage
and occur at tested frequencies of 433, 558, 815.5 and about
2000 Hz. Mechanical assembly and encoder's mounting
type could also change and the dynamic behaviour, so reso-
nant frequencies of simulated modes and modes of the real
encoder may slightly differ. Another graph composed of the
aluminum extrusion response data is shown in Fig. 9.
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Fig. 7 Reading head frequency response graph with marked
modes
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Fig. 8 Mode shapes of encoder’s reading head

Noticeable peaks correspond to the simulated
modes: 7, 12, 13, 15 and 19. The shapes of these modes
could be seen in Fig. 11. The swell type motion of the alu-
minum extrusion (mode 7 and mode 13) and the stainless-
steel tape with a measuring scale (mode 12, mode 15 and
mode 19) is generated at frequencies of 300, 800, 900, 1200

and 1700 Hz respectively. Other peaks seen in both dis-
cussed graphs could appear due to resonances of the exper-
imental setup or the synergetic effect of the other factors.
‘When the oscillation amplitude values of the alu-
minum extrusion and the reading head are similar at the
same frequency, the motion between the main optical com-
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Fig. 11 Mode shapes of encoder’s aluminum extrusion
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reading head and aluminum extrusion
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Fig. 12 Circumference arcs of Lissajous curves at 433, 1700 and 815,5 Hz

ponents is relatively small. even then the amplitude values
are big. Much bigger relative motion appears in cases, when
one of the elements oscillates with appreciably bigger am-
plitude. The differences between the response amplitudes
are plotted in Fig. 10

This graph shows potentially the most dangerous

frequencies which could generate displacement measure-
ment errors. The peaks appear at 433: 629,5; 815.5; 1700
and 2000 Hz.

In order to check the influence of these resonant
frequencies the electric output signals generated by the en-
coder are analyzed. Three examples of Lissajous curves of
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electrical signals recorded at 433; 815,5 and 1700 Hz are
shown in Fig. 12. The corresponding arcs show that en-
coder’s performance under vibration is affected. The gener-
ated error reaches <1 ym at 433 Hz: ~4 ym at 1700 Hz and
~11 pm at 815,5 Hz.

Electrical signals are recorded and during the dis-
placement measurement process, to see how external me-
chanical excitation affects its performance. The Lissajous
curve of working encoder under 815,5 Hz excitation is
shown in Fig. 13.

25

Full rotation at 815,5 Hz

Sograi 2
Fig. 13 Lissajous curve of working encoder under 815,5 Hz
mechanical excitation (Lissajous curve of the tested

encoder - solid red line; ideal circular curve —
dashed black line)

Properly working linear encoder generates good
quality sin and cos signals. The Lissajous curve of such sig-
nals looks like almost perfect circle. The graph above shows
that the electrical signals are distorted. Shape of the curve
are not circular and represents uneven amplitudes of electric
signals. Slightly non-centered elliptical shape configuration
tells about the phase distortion and different offsets of the
output signals.

4. Conclusions

In this study, the dynamic behaviour of the linear
optical encoder under mechanical vibrations is analysed.
The main resonant frequencies and corresponding mode
shapes of the encoder’s elements are determined. Potentially
the most dangerous frequencies, which could cause the big-
gest displacement measurement errors are distinguished.

The results could be summarized as follow:

1) Accomplished sine sweep vibration test shows that
there are resonant frequencies in the studied frequency
range. Motion of the reading head along the encoder’s meas-
uring scale is considered as the most dangerous and is se-
lected like a point of interest in this work.

2) Defermined resonances generate errors up to
~11 ym. Accuracy of the encoder is 10 ym/m by itself.
This means that mechanical vibrations can significantly
worsen the performance of the tested device.

3) The Lissajous curve of working encoder under vi-
brations shows that analogue electrical signals are distorted.
Amplitudes. offsets and phase of the signals vary during the
displacement measurement process. This is usually related
to a tilt or air gap variations between the reticle and the
measuring scale. It means, that not only the forward and
backward oscillations are generated.

4) Determined mode shapes expose that the biggest
errors are generated due to the swell type motion of the alu-
minum extrusion and the stainless-steel tape. They are also
directly related to a various motion of the scanning carriage.

5) In order to improve encoder performance under
mechanical vibrations, changes in mechanical design of the
reading head may help to reduce resonant frequencies. Es-
pecially it is important to do in a range from 50 to 2000 Hz,
which is mentioned in standard EN 60068-2-6 (sinusoidal
vibrations). Most linear encoders must support conditions
according this standard.

Due to various mounting types and different length
of aluminum extrusion, it is hard to describe its exact dy-
namic behaviour. However, the stainless-steel tape in all
cases are relatively stretched and fixed on both ends. Con-
sidering such encoder’s construction, the following steps
could be discussed to improve its dynamic behaviour under
vibrations:

1) The harder stretch of the stainless-steel tape may
increase the stiffness of the assembly and as a consequence,
the resonant frequencies should become higher. To achieve
this, raster elements of the incremental track should be made
with a correspondingly corrected period.

2) Depending on the length of the aluminum extru-
sion assembly, several additional fixing pins could be inte-
grated into design. These pins could be respectively placed
to press a tape at points, where its modal shape reaches max-
imal peaks.

Unfortunately, these cases require changes in en-
coder’s mechanical design or the technological process of
scale engraving. Either way, more detailed experimental in-
vestigation is required.
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DYNAMIC BEHAVIOUR ANALYSIS OF OPTICAL
LINEAR ENCODER UNDER MECHANICAL
VIBRATIONS

Summary

Mechanical vibrations are probably inevitable and
occur in more or less all machine tools and other technolog-
ical equipment. In case the lmear encoder is used for move-
able parts positioning in such machines, vibrations could
cause additional errors. This paper investigates the dynamic
behaviour of the optical linear encoder under mechanical vi-
brations. Potentially the most harmful frequencies are deter-
mined experi Ily, and the corresponding mode shapes
are simulated by using the finite element method (FEM).
Obtained results describe tested encoder’s construction dy-
namic response to external excitation and could be used to
improve its design.

Keywords: Linear encoder, mechanical vibrations, reading
head.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Optiniai linijiniai keitikliai yra vieni patikimiausiy prietaisy, skirty tiksliam linijiniam pos-
linkiui matuoti ir automatizuoty mechanizmy judan¢iy mazgy judesiui valdyti. Dél didelio
matavimo tikslumo, itin didelés skiriamosios gebos, gero pakartojamumo ir salyginai ma-
zos kainos jie yra naudojami jvairiausiose pramonés, mokslo ir inzinerijos srityse, tokiose
kaip: rankinio ar kompiuterinio valdymo metalo apdirbimo staklése (Zhao et al. 2018);
automatizuotose gamybos linijose; medicinoje; karingje pramongje; stebéjimo ir gedimy
diagnostikos jrenginiuose; tiksliose linijinio pozicionavimo sistemose (Lee et al. 2011) ir
kituose preciziniuose jrenginiuose (Gao et al. 2015). Nenuostabu, jog esant tokiam pla-
¢iam pritaikomumui, keitikliams tenka dirbti pac¢iomis jvairiausiomis darbinémis salygo-
mis, kurios turi didesn¢ ar mazesng jtaka $iy matavimo prietaisy veikimui. Negana to,
tikslumo reikalavimai auks$¢iau paminétiems technologiniams jrenginiams ir juose integ-
ruotoms matavimo sistemoms vis grieztéja.

Mechanizmy atliekamo technologinio proceso tikslumas ir kokybé didele dalimi
priklauso nuo naudojamos matavimo sistemos patikimumo. Akivaizdu, jog tinkamas lini-
jiniy keitikliy veikimas yra itin svarbus. Deja, daznu atveju, su pozicionavimo tikslumu
susijusios technologinio proceso paklaidos yra siejamos su tiesioginémis jrenginio defor-
macijomis, konstrukcijoje vyraujanc¢iomis mechaninémis vibracijomis ar temperatiiriniais
efektais, priimant, jog matavimo sistemos paklaidos sandas sudaro tik maza dalj visos
paklaidos (Alejandre and Artes 2004).
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Linijiniuose keitikliuose vyraujancios paklaidos sukeltos mechaniniy deformacijy
montavimo metu, preciziniy skaliy gamybos ar prietaiso surinkimo netikslumai, termoe-
lastinés paklaidos atsirandancios dél temperatiiriniy efekty ar keitiklio elementy virpesiai
sukelti iSoriniy mechaniniy vibracijy gali sutrikdyti matavimo sistemos veikimg ir pa-
kenkti matavimo tikslumui bei pakartojamumui. Didelés dominuojancios auksto daznio
interpoliacijos paklaidos vertés gali riboti galimg maksimalig rezoliucijg. Sistemose, ku-
riose judanciy elementy judesiai yra valdomi tiesioginés pavaros (angl. direct-drive) sis-
tema, Sios keitiklio paklaidos gali sukelti triuk§minga pavaros veikima, grei¢io svyravi-
mus ir papildoma $ilumos kiekio susidaryma (Ye ef al. 2019).

Sumazinti matavimo sistemos paklaidas ir pasiekti aukstus kokybés reikalavimus ga-
lima tik kuriant naujas sistemas, kuriose biity integruoti naujausi mokslo ir technikos pa-
siekimai, o taip pat ir tobulinant esamus matavimo prietaisus pagal $iuolaikinius precizi-
nés inzinerijos principus. Daugelio pasaulio $aliy mokslininkai nuolat analizuoja optinius
keitiklius, kuria naujus jy veikimo principus, bei tobulina gamybos technologijas. Nemaza
indélj kuriant precizines matavimo sistemas ir jy kalibravimo jrenginius, bei stikliniy ir
plieniniy matavimo skaliy gamybos technologijas jnesa ir Lietuvos universitetai bei moks-
lininkai.

Siame darbe pagrindinis démesys skiriamas teoriniam ir eksperimentiniam optiniy
linijiniy poslinkiy matavimo keitikliy paklaidy ir jas sukelianciy veiksniy tyrimui. Siekiant
nustatyti vyraujanéiy matavimo paklaidy pobudj ir i$siaiskinti jy prigimtj atliktas nuosek-
lus linijiniy keitikliy tyrimas esant skirtingoms darbo salygoms, jskaitant aplinkos Silumi-
nius efektus, mechanines vibracijas bei skirtingg nuskaitymo greitj. ISanalizuoti ir susis-
teminti duomenys panaudoti kuriant terminiy ir geometriniy paklaidy kompensavimo
model;j ir pasitilant techninius paklaidy nustatymo, tyrimo ir minimizavimo metodologijy
realizavimo sprendimus.

Darbo aktualumas

Poslinkio matavimo paklaidos vyraujancios optiniuose linijiniuose keitikliuose gali sut-
rikdyti tikslios jrenginio pozicijos nustatymg ar sukelti judesio nesklandumus. Tai daro
jtaka jrenginio atliekamo technologinio proceso kokybei, o kartais netgi gali sugadinti patj
mechanizma. Siekiant i§vengti §iy pasekmiy, reikalinga atkreipti démesj j tokiy matavimo
sistemy elgseng jvairiomis eksploatavimo sglygomis.

Pazangis foto litografinés gamybos, sistemos mazgy surinkimo ir optiniy linijiniy
keitikliy kalibravimo procesai yra atlickami laikantis griezty standarty ir reikalavimy. Visi
minéti procesai atliekami specialiose $variose ir termostabiliose laboratorijose, naudojant
preciziskai sukalibruotg jranga. Tokiomis idealiomis saglygomis sukalibruoto prietaiso pa-
rametrai, kaip tikslumas, yra nurodomi vartotojo specifikacijose. Taciau termoelastiniy
deformacijy ar mechaniniy vibracijy poveikis daznai taip ir iSlieka diskusijy objektu. Bet
koks naudotojo bandymas iSnagrinéti ar pagerinti linijinio keitiklio tiksluma reikalauja
detaliy ziniy apie prietaiso konstrukcija ir veikimo principus, kurios dazniausia islieka ga-
mybine paslaptimi. Todél yra reikalingos universalios matavimo paklaidy vertinimo ir a-
nalizés metodikos.

I 8ig problemg Zvelgiant i§ gamintojo pusés, matavimo paklaidy mazinimas jrenginiy
gamybos tikslumo didinimo sgskaita ne visada yra jmanomas. Negana to, dazniausia tai
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yra technologiskai ir ekonomiskai neefektyvi iseitis. Norint sukurti aplinkos salygoms mi-
nimaliai jautry matavimo prietaisg reikia panaudoti pazangiausiy mokslo ir technikos pa-
siekimy optikos, elektronikos, tiksliosios mechanikos, medziagy inZinerijos ir kitose sri-
tyse. Siuo atveju kitokios paklaidy maZinimo priemonés, tokios kaip realaus laiko
kompensacija, gali atverti placias galimybes, kai vyraujancios matavimo paklaidos yra
kalibruojamos, jsimenamos ir eliminuojamos technologinio proceso metu.

Bet kokiu atveju, pats tinkamiausias sprendimas yra galimas tik atlikus kompleksinj
matavimo sistemos tyrima. Identifikuotas sistemingasis paklaidy susidarymo pobiudis gali
biti eliminuojamas naudojant paklaidy kompensavimo metodus, o atsitiktiné paklaidos
dedamoji gali biiti mazinama jvairiais techniniais sprendimais.

Tyrimo objektas
Darbo tyrimy objektas yra optinis linijiniy poslinkiy matavimo keitiklis, bei jo matavimo
paklaidos, kurios susidaro prietaisui veikiant realiomis darbinémis sglygomis. Kad biity
tinkamai iStirtos keitiklyje vyraujanc¢ios matavimo paklaidos reikia iSnagrinéti:
e termoelastiniy deformacijy susidarymg veikiant skirtingoms temperatiirinéms
salygoms ir jy poveikj matavimo tikslumui;
e dalijamosios vidaus zingsnio paklaidos priklausomybe nuo skirtingy poslinkio
matavimo greiciy;
e iSoriniy mechaniniy vibracijy jtaka matavimo paklaidos susidarymui, bei gali-
mus §ios jtakos mazinimo sprendimus.

Darbo tikslas
Sio darbo tikslas yra teoriskai ir eksperimentiskai istirti susidaranéias optinio linijiniy pos-
linkiy matavimo keitiklio paklaidas veikiant jvairioms darbinés aplinkos salygoms, sie-
kiant sukurti metodus ir pasiiilyti techninius sprendimus tokiy optiniy matavimo sistemy
kokybei gerinti.

Darbo uzdaviniai

Darbo tikslui pasiekti reikalinga spresti sekanéius uzdavinius:

1. Susisteminti moksline bei technine literatiira paremtas zinias apie optinius lini-
jinius keitiklius: iSanalizuoti egzistuojancias tokio tipo sistemas, jy veikimo principus ir
konstrukcijas; i$skirti didziausiag jtaka matavimo procesui darancius veiksnius; sudaryti
matavimo paklaidy biudzeta ir i§skirti pagrindinius paklaidy $altinius; iSanalizuoti naudo-
jamus teorinius matavimo paklaidy skaiciavimo ir eksperimentinius paklaidy jvertinimo
metodus; iSanalizuoti matavimo paklaidy mazinimo metodikas ir naudojamus techninius
sprendimus.

2. Analitiniy ir skaitiniy metody pagalba teoriskai istirti pasirinkto linijinio keitiklio
veikimg esant skirtingoms aplinkos salygoms: veikiant iSoriniasm Silumos Saltiniams ir
kintanciai aplinkos temperatiirai; vyraujant skirtingam poslinkio matavimo grei¢iui; bei
veikiant iSorinéms mechaninéms vibracijoms.
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2.1. Sudaryti skaitinj tiriamojo optinio linijinio keitiklio modelj ir atlikti kompiute-
rinj modeliavima siekiant istirti termoelastiniy deformacijy sukeliamas matavimo paklai-
das, bei sukurti sisteminés Sios paklaidos dedamosios matematinj skaic¢iuojamosios kom-
pensacijos algoritma.

2.2. Sukurti dalijamosios vidaus zingsnio paklaidos jvertinimo ir analizés metodika,
esant skirtingiems poslinkio matavimo grei¢iamas.

2.3. Skaitiniy metody pagalba nustatyti rezonansinius daznius, bei atitinkamas de-
formacijos formas.

3. Atliki sekancius eksperimentinius tyrimus:

3.1. Taikant sudaryta geometriniy ir termoelastiniy deformacijy sukelty matavimo
paklaidy kompensavimo metodika, atlikti tyrimus ir jvertinti sukurto algoritmo tinka-
muma ir patikimuma.

3.2. Pritaikyti sukurta metodika ir eksperimentiskai nustatyti interpoliacijos paklaidy
susidarymo priklausomybe nuo skirtingy poslinkio matavimo greiciy.

3.3. Atlikti eksperimentinj dinaminio poveikio tyrimg. Susieti iSmatuotus linijinio
keitiklio elementy virpesius su atliktos kompiuterinés modalinés analizés rezultatais ir
nustatyti kokios modos (keitiklio deformacijos) sukelia didziausig atsako amplitude. Jver-
tinti iSoriniy mechaniniy virpesiy poveikj matavimo paklaidos susidarymui.

Tyrimy metodika

Darbe atilikty tyrimy metodikos yra paremtos atitinkamy mokslo sri¢iy Ziniomis, kurios
yra susistemintos atlikus analiting mokslinés bei techninés literatiiros apzvalga.

Teoriniai tyrimai yra atlikti remiantis medziagy mokslo bei kieto ktino kontinuumo
mechanikos principais. Tiriamajame linijiniame keitiklyje vykstantys temperatiiriniai pro-
cesai nagrinéjami pasitelkiant termodinamikos désnius. Energijos tvermés ir virsmo dés-
nis leidzia spresti Silumos perdavimo problema ir jvertinti nusistovéjusj temperatiirinj gra-
dienta. Atsiradusiy temperatiiriniy jtempiy bei terminio plétimosi skaiiavimas padeda
nustatyti termoelastines deformacijas, kurios yra tiesiogiai susijusios su tiriamaja linijinio
poslinkio matavimo paklaida.

Dinaminiai linijinio keitiklio tyrimai remiasi savityjy sistemos rezonansiniy dazniy
nustatymu bei modaline virpesiy analize. Baigtiniy elementy metodas (BEM) yra naudo-
jamas kaip labiausia tinkamas budas tokio pobiidzio trimaciy uzdaviniy, aprasomy dife-
rencialinémis lygtimis su dalinémis iSvestinémis, skaitiniam sprendimui. Kompiuteriniam
modeliavimui pasitelktas programinés jrangos paketas ,, COMSOL *.

Empiriniai duomenys surinkti eksperimentiniy tyrimy metu, kurie yra atlikti mecha-
nikos mokslo instituto (VGTU) bei UAB ,,Precizika Metrology* laboratorijose. Lazeriné
kalibravimo sistema ,, Keysight 5530 yra panaudota kaip etaloniné matavimo sistema ti-
riamojo keitiklio paklaidy nustatymui. Preciziné jmoniy “Briiel & Kjcer” ir “Hottiger”
virpesiy zadinimo bei matavimo jranga panaudota dinaminiy tiriamojo objekto parametry
analizei. Suprojektuotas ir sukomplektuotas eksperimentinis stendas, kurio pagrinda su-
daro jmonés ,, STANDA “ motorizuotas tiesioginés pavaros linijinio pozicionavimo staliu-
kas, panaudotas linijinio keitiklio interpoliacijos paklaidy priklausomybés nuo skirtingo
poslinkio matavimo grei¢io nustatymui. Diferencialiniy inkrementinio keitiklio i§é¢jimo
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signaly jraSymui panaudota duomeny rinkimo ir apdorojimo sistema paremta skaitmeni-
niu osciloskopu ,, PicoScope 3000 “. Visi eksperimentiniai matavimai atlikti remiantis ma-
tavimy teorijos pagrindais siekiant sumazinti galimg neapibréztuma.

Surinkty duomeny patikimumas jvertintas pasitelkiant matematinés statistikos skai-
¢iavimus. Detalesnis linijinio keitiklio interpoliacijos paklaidy tyrimas atliktas remiantis
harmonine paklaidos analize. Duomeny apdorojimui ir grafiniam rezultaty reprezentavi-
mui panaudoti kompiuterinés programinés jrangos paketai: “Matlab”; “Statistica”; “O-
rigin” it “Microsoft Excel”.

Darbo mokslinis naujumas

Rengiant disertacijg buvo pasiekti Sie inzinerijos mokslo naujumai:

1. Atskleisti uzdaro tipo linijiniy keitikliy poslinkio matavimo paklaidy
sistemingieji désningumai veikiant iSoriniams aplinkos poveikiams, kuriems gali biti
taikoma skaiciuojamoji paklaidy kompensacija.

2. Sudarytas, iSanalizuotas ir techninémis priemonémis realizuotas matematinis
temperatiiriniy bei geometriniy tiriamojo linijinio keitiklio paklaidy kompensavimo
modelis.

3. Pristatyta linijiniy keitikliy metrologiniy paklaidy nustatymo, bei Siy paklaidy
tyrimo metodologija.

4. Istirtos dinaminés tiriamojo linijinio keitiklio savybés veikiant iSorinéms
mechaninéms vibracijoms, bei nustatytas jy poveikis poslinkio matavo paklaidy
susidarymui.

Darbo rezultaty praktiné reikSmé

Disertacijoje yra sprendziamas kompleksinis uzdavinys apimantis biitinus teorinius ir
eksperimentinius tyrimus, siekiant iSanalizuoti ir suprasti linijiniuose keitikliuose
vyraujancius procesus, kurie pasireiSkia matavimo sistemai dirbant jvairiomis aplinkos
salygomis. Tam ijgyvendinti buvo sukurti metodologiniai bei praktinio pritaikymo
sprendimai, kuriy déka sprendziamos analitinés, empirinés bei skaitinés uzduotys. Gauti
rezultatai panaudoti matavimo sistemos elgsenos jvertinimui ir realaus laiko paklaidy
kompensavimo modelio sudarymui. Pasitilytas metodas yra patogus ir lengvai
realizuojamas pasitelkiant standartines skaitmeninio valdymo priemones, kurios gali biiti
integruotos ] linijiniy keitikliy matavimo sistemas.

Darbe pateikti metodai ir techniniai sprendimai gali biiti naudingi inzinieriams ir
mokslininkams dirbantiems su precizinémis matavimo sistemomis, jy kirimu ir
tobulinimu.

Ginamieji teiginiai

1. Uzdaro tipo linijiniy keitikliy termoelastiniai, bei dinaminiai procesai ir jy
désningumai gali buti tiriami ir jvertinami naudojant kompleksing metodika.

2. Linijiniy keitikliy geometrinés ir temperattros paklaidos uzrasomos ir realiu laiku
kompensuojamos naudojant supaprastintas parametrines funkcijas.

3. Pasitlytas praktinis realaus laiko paklaidy kompensavimo sprendimas yra
efektyvus ir tinkamas termoelastiniy ir geometriniy linijinio keitiklio paklaidy
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kompensavimui, priimant, jog keitiklio tikslumas isliecka gamintojo deklaruoto dydzio
ribose.

Darbo rezultaty aprobavimas

Disertacijos tema atspausdinti 8§ moksliniai straipsniai:

o keturi, disertacijoje pateikti, straipsniai atspausdinti recenzuojamuose Clarivate A-
nalytics Web of Science duomeny bazés moksliniuose leidiniuose, turinCiuose citavimo
rodiklj;

e vienas straipsnis atspausdintas Clarivate Analytics Web of Science duomeny bazés
Conference Proceedings moksliniame Zurnale, be citavimo rodiklio;

e trys straipsniai atspausdinti kity tarptautiniy duomeny baziy moksliniuose Zurna-
luose.

Disertacijoje atlikty tyrimy rezultatai paskelbti trijose mokslinése konferencijose:
¢ kasmetinéje jaunyjy mokslininky konferencijoje “ Science — Future of Lithuania”,
2017, Vilniuje;
e 15™ tarptautinéje konferencijoje “Piezoelectric Materials and Applications in Ac-
tuators (IWPMA)”, 2018, Kobe, Japonijoje;
e 16" tarptautinéje konferencijoje “Piezoelectric Materials and Applications in Ac-
tuators IWPMA)”, 2019, Lyon, Pranciizijoje.

Disertacijos struktura

Disertacija sudaro: jvadas, analitinés literatliros apzvalga, tyrimo metodologijos ap-
tarimas, apibendrinti tyrimo rezultatai ir iSvados, literatiiros sarasas, keturi pridedami
moksliniai straipsniai ir santrauka Lietuvoje.

Darbo apimtis 145 puslapiai, kuriuose: 50 pateikty lygciy, 28 paveikslai, 2 lentelés ir
36 darbe cituojamos literattiros Saltiniai ir 4 pridedamai moksliniai straipsniai.

Tyrimy rezultatai ir iSvados

Sioje dalyje bendrame kontekste pateikiama pridedamuose 1—4 straipsniuose pateikty is-
vady santrauka. Siekiama susieti darby rezultatus su bendrais darbo tikslais. Kiekvieno i$
skirtingy aplinkos veiksniy, lemianciy linijinio keitiklio matavimo paklaidas, tyrimai pa-
teikiami atskiruose moksliniuose straipsniuose. Geometriniy ir temperattriniy paklaidy
teorinis tyrimas ir jy kompensavimo algoritmo sukiirimas pateiktas pridedamame 1
straipsnyje. Praktinis sukurtos realaus laiko kompensavimo realizavimas ir atlikti ekspe-
rimentiniai tyrimai pateikiami 2 straipsnyje. 3 straipsnyje pateikiamas eksperimentinis vi-
daus zingsnio (kitaip vadinamos interpoliacijos paklaida) paklaidos tyrimas esant skirtin-
giems poslinkiy nuskaitymo grei¢iams. Mechaniniy virpesiy jtaka kodavimo jrenginio
matavimo paklaidoms istirta ir pateikta pridedamame 4 straipsnyje. Taip pat pateikiamos
bendrosios baigiamojo darbo iSvados.
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Straipsnio 1 tyrimy rezultatai

Straipsnyje 1 pateikiama geometriniy bei temperatiiriniy linijiniy poslinkiy matavimo kei-
tiklio paklaidy analizé bei sudaromas skaiciuojamosios kompensacijos matematnis mode-
lis. Siekiant i§samiau atskleisti problema, jvadingje straipsnio dalyje pristatomi matavimo
sistemose vyraujantys temperatiiriniai procesai ir aptariami temperatiiriniy matavimo pak-
laidy mazinimo metodai. Straipsnyje atlikty tyrimy objektu pasirinktas uzdaro tipo optinis
linijinis keitikis. Atliktas tiriamgjame objekte nusistovinéiy temperatiiriniy lauky ir termo-
elastiniy deformacijy sukelty matavimo paklaidy kompiuterinis modeliavimas, paremtas
baigtiniy elementy metodu (BEM). Gauti rezultatai atskleidzia sistemingg temperattirinés
paklaidos elgsena, kai keitiklj veikia pastovaus galingumo iSoriniai Silumos Saltiniai, bei
kintanti aplinkos temperatiira. Tai sudaro prielaidg matematinio temperatiiriniy paklaidy
modelio sudarymui. Pasiiilytas skai¢iuojamosios kompensacijos modelis pagrjstas geo-
metriniy ir termoelastiniy linijinio ketiklio paklaidy aproksimavimu paprastomis paramet-
rinémis funkcijomis ir sisteminiy, tiesinés prigimties, temperatiiriniy paklaidy skaicia-
vimu pagal aplinkos temperatiiros svyravimus. I§vesta dvimaté funkcija sudaro pagrinda
kompensacinés vertés 4 apskai¢iavimui.

A(q, T) = Fy(q) + Fyr (@) + Fo (AT, ). (3.1)

Jos argumentai yra poslinkis ¢ ir temperatiiros reikSmé 7, iSmatuota viename specia-
liai pasirinktame keitiklio profilio taske, kuris geriausiai apibiidina vidutinj temperatiiros
pokytj. Fy (q) — nustatytos geometrinés klaidos aproksimaciné funkcija; Fg,. (q) — termoe-
lastinés paklaidos aproksimaciné funkcija, kai Siluminis gradientas iSilgai tiesinés koda-
vimo skalés yra pastovus, o aplinkos temperatiira stabili; F,, (47, g) — $iluminés paklaidos
sudedamoji dalis, iSreiskianti matavimo skalés tiesing deformacija kintant aplinkos tem-
peratiirai.

Fo (AT, q) = @correctea * AT - q. (3.2)

Cia: Georrecied— tai pataisytas matavimo skalés linijinio $iluminio plétimosi koeficien-
tas (nustatomas analizuojant aliuminio korpuso ir nertdijan¢io plieno matavimo skalés
saveika); AT — aplinkos temperatiiros T skirtumas nuo vardinés 7n (AT = Tn —T), 0 g —
iSmatuotas poslinkis (matuojamoji padétis).

Straipsnyje 1 analizuojamo linijinio keitiklio matavimo paklaidos kompensavimo dy-
dzio grafinis vaizdas gali biti pateiktas kaip 3D diagrama, kaip parodyta Pav.1.
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1 pav. Kompensuojamos paklaidos priklausomybé nuo iSmatuoto poslinkio dydzio ir aplinkos
temperaturos

Tokj skaiCiuojamajj matavimo paklaidy mazinimo metoda galima realizuoti naudo-
jant standarting skai¢iavimo jranga, kuri biity naudojama kaip iSorinis elektronikos modu-
lis jungiamas prie jrenginio arba integruota i pacio keitiklio konstrukcija.

Straipsnio 2 tyrimy rezultatai

Straipsnyje 2 pateiktas optinio linijinio keitiklio temperatiiriniy ir geometriniy paklaidy
realaus laiko kompensacijos metodas. Ankstesniame moksliniame straipsnyje 1 sudarytas
matematinis skai¢iuojamosios kompensacijos modelis yra realizuotas panaudojant lauku
programuojamo loginio masyvo (angl. FPGA) platforma. Principiné sukomplektuotos
technologinés keitiklio pozicijos kompenavimo jrangos blokiné schema parodyta Pav.2.

LINUINIS KEITIKLIS KOMPENSAVIMO ELEKTRONIKA

777 Bommise T~
i wmobuLis '

CLOCK [+] : -
j
CLOCK [-] ] ;
—— : J— .
1 ' i 1

| MATEMATINIS |

€ Rl
MECHANINIS ==, ; ! { |
POSLINKIS . e DATA [-] : ! pata | Pozcua | Weowmws |
DATA [+] iss22a T —q——
] | 1 A(q,T) |
| H 1 |

GND
SUPPLY =

KOMPENSUOTA

POZICIA

|||—
|_

APLINKOS TEMPERATOROS |

VERTE

2 pav. Principiné blokiné keitiklio pozicijos kompensavimo jrangos schema
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Eksperimentinio tyrimo metu, sukomplektuotos technologinés irangos pagalba, buvo
atliekamas iSvestos dvimatés kompensacinés funkcijos skaiciavimas ir linijinio keitiklio
padéties rodmeny koregavimas realiuoju laiku. Uzdaro tipo linijinio optinio keitiklio
elgsena istirta esant keturioms skirtingoms aplinkos temperatiiroms. Termo stabilioje la-
boratorijoje iSmatuotas keitiklio tikslumas esant 20 + 0,2 °C temperatiirai priimamas kaip
nominalus. Sios nustatytos paklaidos vidurkiy grafikg aproksimuojanti parametriné funk-
cija toliau yra naudojama geometriniy ir temperattriniy paklaidy kompensavimo vertéms
apskaiCiuoti. Palyginamieji kompensuotos ir nekompensuotos keitiklio matuojamosios
pozicijos paklaidos grafikai pateikti Pav.3.

——  Paklaidos verté esant 22,6 C
— Kompensuota paklaidos verté

——  Paklaidos verté esant 25,3°C
_— Kompensuota paklaidos verté
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3 pav. Kompensuotos keitiklio paklaidos grafikai (raudona linija / deSinés Y aSies vienetai) ir ati-
tinkami nekompensuotos keitiklio paklaidos grafikai (juoda linija / kairés Y asies vienetai) prie
skirtingy aplinkos temperatiiry: (a) 22,6 °C; (b) 25,3 °C; (¢) 17,8 °C

Gauti rezultatai rodo, jog termoelastiniy deformacijy sukelta matavimo paklaida gali
buti sékmingai sumazinta iki 98 procenty. Pasitilytas paprasty paklaidas aproksimuojanciy
funkcijy ir elektroninés jrangos pasirinkimas uztikrina skai¢ivimo spartg, kuri yra tinkama
realaus laiko sistemoms. Straipsnyje taip pat pristatomas temperatiiriniy paklaidy kom-
pensavimo algoritmo patikslinimo metodas. Jis pagrjstas optinio keitiklio matuojamosios
skalés realaus linijinio temperatiirinio plétimosi koeficiento (angl. CTE) vertés apskaiia-
vimu i§ eksperimentiskai surinkty duomeny. Glaustas rezultaty palyginimas pateiktas len-
teléje 1.
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Lentelé 1. Temperattriniy paklaidy kompensavimo tyrimo rezultatai

Aplinkos temperatiira

P t
arametras 17,8 oC 20 °C 22,6 °C 25,3 oC
Ne.k.on?pensuo.ta vidutiné +30,08 £2.20 +37.74 +75,09
keitiklio paklaida, [um]
IKompensuota vidutiné +1,52 +1,08 +1,62 +1,95

keitiklio paklaida, [um]

IApskaiciuota keitiklio
paklaida naudojant ekspe-|
rimentiskai nustatyta tem- +1,42 - +1,46 +1,48
peratiirinio plétimosi koe-
ficienta, [um]

Pasitlytas paprasty parametriniy aporksimuojanciy funkcijy ir standartiniy elektro-
niniy skaiCiavimo priemoniy pasirinkimas leidzia uZztikrinti pakankama skaiciavimo
spartg, tinkancig realaus laiko kompensacijos realizavimui.

Straipsnio 3 tyrimo rezultatai

Straipsnis 3 pateikia eksperimentinj linijinio keitiklio dalijamosios vidinio Zingsnio pak-
laidos (angl. Sub-divisional error, SDE) tyrimg esant skirtingiems poslinkio nuskaitymo
grei¢iams. Jvadinéje mokslinio straipsnio dalyje aptariami metrologiniai procesai vyks-
tantys optiniuose keitikliuose ir dalijamosios paklaidos svarba bei jos daroma jtaka mata-
vimo sistemos veikimui. Siekiant nustatyti skirtingy nuskaitymo greiciy jtaka dalijamo-
sios paklaidos formavimuisi, sukurta metodika, pagrista eksperimentiniu pastovaus
greicio bandymu. Tyrimy metu linijinio keitiklio poslinkio matavimo procesas buvo rea-
lizuotas esant skirtingiems nuskaitymo grei¢iams nuo 100 mm/s iki 1100 mm/s. Analogi-
niai keitiklio i$é¢jimo signalai buvo jrasomi, o dalijamosios auksto daznio matavimo pak-
laidos reikSmés ir jos kitimo tendencija jvertinama pritaikant skai¢iuojamajj arktangento
algoritmg (atan2). Statistinés tiesinés regresijos analize, atlikta apskaiciuotiems duome-
nims, parodo tiesioginj rysj tarp nustatytos paklaidos absoliutaus dydzio ir keitiklio nus-
kaitymo galvutés linijino judéjimo greicio (R=0,8581). Nustatytos absoliuciosios SDE
paklaidos pavaizduotos grafike pateiktame Pav.4.
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4 pav. Absoliu¢iy SDE paklaidos veréiy priklausomybés nuo poslinkio skenavimo greicio grafikas

ISsamesniam tyrimui atlikta harmoniné nustatyty dalijamyjy paklaidy analizé pag-
rjsta greitaja Furje transformacija (angl. FFT). Dalijamosios paklaidos i§skaidomos j ats-
kirus harmoninius komponentus. Pastebéta, jog pirmosios trys harmonikos sudaro didziaja
dalj paklaidos vertés. DidZiausig dalj i§ jy sudaro antroji harmonika. Nustatyta, jog pasta-
roji tiesiogiai koreliuoja su poslinkio nuskaitymo greiciu ir atsiranda dél didéjancio kei-
tiklio i8¢jimo signaly amplitudziy ar faziy skirtumo. Trijy pirmyjy harmoniky ir poslinkio

skenavimo greicio priklausomybés grafikas pateiktas Pav.5.
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Siekiant sumazinti tokio tipo paklaidas pasiiilytas techninis sprendimas integruoti
maziau skenavimo dazniui jautry ,,vieno skenavimo laukelio® (angl. single-field) optinj
signaly formavimo metoda arba iSoring i$¢jimo signaly monitoringo ir koregavimo elekt-
roning jrangg. Kitas sitilomas metodas yra skaic¢iuojamoji keitiklio padéties rodmeny kom-
pensacija. Atlikus papildoma surinkty eksperimentiniy duomeny apdorojima galima is-
vesti dvimate funkcija, kurios argumentai yra atitinkama interpoliuota keitiklio pozicija
vidiniame matuojamosios skalés zingsnyje, bei pagal poslinkio skenavimo daznj nustaty-
tas matavimo greitis. Apskaiciuota tokios funkcijos reik§mé galéty nusakyti apytiksle ap-
roksimuotos dalijamosios paklaidos verte esant tam tikram skenavimo greiiui ir gali biiti
naudojama kaip kompensuojamasis dydis matavimo sistemose.

Straipsnio 4 tyrimo rezultatai

Straipsnyje 4 pateikta optinio linijinio keitiklio dinaminés elgsenos analizé veikiant iSori-
néms mechaninéms vibracijoms. Eksperimentiniy tyrimy metu uzdaro tipo keitiklio kor-
pusas bei nuskaitymo galvuté jtvirtinami fiksuotoje padétyje ant elektrodinaminio vibro
stendo. Nepageidaujamas nuskaitymo karietélés judesys iilgai matuojamosios skalés, at-
sirandantis keitiklio konstrukcija veikiant vibracijai, yra esminis §io tyrimo aspektas. Nau-
dojamas vibro stendas generuoja zinomo dydzio mechaninj periodinj judesj, o pjezoelekt-
riniy akselerometry pagalba matuojami nuskaitymo galvutés ir keitiklio aliuminio korpuso
atsakai. Eksperimenty metu jraSomi analoginiai inkrementiniai keitiklio i$¢jimo signalai
padeda nustatyti sugeneruotos dinaminés paklaidos verte naudojant skai¢iuojamajj ark-
tangento algoritma (atan2), bei vizualiai analizuoti atitinkamas Lissajous kreives. Pirmiau-
sia buvo istirtas linijinio keitiklio atsakas j kintancio daznio sinusines vibracijas ir nusta-
tyti testo metu iSryskéje savitieji konstrukcijos dazniai. Sekanciame etape vibro stendas
zadino linijinj keitiklj periodinémis vibracijomis nuo 100 Hz iki 2000 Hz, kas 100 Hz
zingsniu jtraukiant ir prie§ tai nustatytus rezonansinius daznius. Tokiu biidu nustatomos
keitiklio nuskaitymo galvutés ir korpuso atsako amplitudziy vertés. Atlikta kompiuteriné
modaliné tiriamojo keitiklio analizé pagrjsta baigtiniy elementy metodu. Remiantis Sios
analizés ir eksperimenty metu surinktais duomenimis, didziausios keitiklio elementy at-
sako vertés susietos su atitinkamomis modalinémis vibracijos formomis. Teoriskai, di-
dziausia keitiklio paklaida turéty buti sugeneruojama kai vieno i$ keitiklio elementy: nus-
kaitymo galvutés arba korpuso virpesiy iSilgine skalés kryptimi amplitudé yra gerokai
didesné uz kito elemento. [vertinant $ig prielaida sudarytas Siy elementy atsako skirtumy
grafikas prie skirtingy zadinimo dazniy. Jis pateikiamas Pav.6.
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6 pav. Keitiklio nuskaitymo galvutés ir aliuminio korpuso atsako amplitudziy skirtumo grafikas

Gauti rezultatai iSrySkina potencialiai pavojingiausius daznius, kuriais Zadinama kei-
tiklio konstrukcija ima rezonuoti ir gali sugeneruoti didziausias matavimo paklaidas. Eks-
perimentiskai nustatytos paklaidos vertés Siuose dazniuose siekia iki ~11 pm. Tai yra
reik§mingas dydis, kadangi matavimo skalés periodas siekia 40 um. Siekiant pamatyti,
kokia jtaka Sios iSorinés mechaninés vibracijos turi elektriniams keitiklio i§¢jimo signa-
lams, pastarieji yra jrasyti ir poslinkio matavimo metu. Kaip pavyzdys, Pav.7 pateikiama
Lissajous kreivé veikiant 85,5 Hz iSoriniam zadinimui

Signalas 1
=
=

Pilnas apsisukimas (815,5 Hz)

- =

— =
"

~—

Signalas 2

~

7 pav. Lissajous kreivé keitiklio veikiamo 815,5 Hz iSorinémis mechaninémis vibracijomis:

raudona linija — testuojamo keitiklio Lissajous kreivé; briksniné juoda linija —

idealaus apskritimo kreivé
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Pateikti technologiniai mechaniniy vibracijy sukelty paklaidy mazinimo metodai
sitilo didesnio dydzio plieninés skalés jtempimg, tokiu biidu padidinant sistemos stan-
duma, arba papildomy mechaniniy elementy integravima juostos fiksacijai keliuose tas-
kuose. Aptartas dinaminio poveikio tyrimas gali biti pritaikomas kaip matavimo sistemy
analizés metodas.

Bendrosios iSvados

Teoriskai ir eksperimentiskai iStyrus optinio linijinio keitiklio veikima skirtingomis dar-
binés aplinkos salygomis gauti Sie rezultatai:

1. Atlikta mokslinés ir techninés literatiiros apzvalga rodo, jog realiy aplinkos sg-
lygu, tokiy kaip: Siluminis poveikis, mechaninés vibracijos, jvairios deformacijos ir pos-
linkiai gamybos ir montavimo metu daro reikSminga jtaka matavimo paklaidos susidary-
mui. Pastebimas naujy patikimy Sios problemos sprendimo metody poreikis. Triksta
iSsamesnio tyrimo apie linijinio keitiklio dalijamyjy matavimo paklaidy susidaryma esant
skirtingiems poslinkio nuskaitymo grei¢iams.

2. Atlikus analitinius ir skaitinius linijinio keitiklio veikimo skirtingomis darbinémis
salygomis tyrimus, suformuluojamos Sios mokslinés iSvados:

2.1. Pastebétas sistemingas termoelastiniy deformacijy pobitidis, kuris sukuria prie-
laidg pristatytos skai¢iuojamosios temperatiiros paklaidy kompensacijos sudarymui ir jos
realizavimui standartinémis techninémis priemonémis. Sukurtas matematinis skai¢iuoja-
mosios kompensacijos modelis.

2.2. Sukurta dalijamosios vidaus zingsnio paklaidos jvertinimo ir analizés metodo-
logija. Sis metodas leidzia nustatyti vyraujanéia interpoliacijos paklaidos tendencija ir ja
iSanalizuoti nenaudojant didelio tikslumo etaloninio keitiklio ar kitos precizinés metrolo-
ginés jrangos.

2.3. Atlikta skaitiné linijinio keitiklio modaliné analizé. Nustatyti savitieji sistemos
dazniai bei virpéjimo formos leidzia perprasti komponenty virpéjimo prigimt;.

3. Atlikti eksperimentiniai tyrimai leidzia suformuoti §ias mokslines iSvadas:

3.1. Atlikti bandymai rodo, jog sudarytas matematinis kompensacijos modelis yra
tinkamas linijiniy keitikliy geometrinés ir termoelastinés paklaidos nustatymui ir kompen-
savimui. Matavimo paklaida gali biti sumazinta iki 98%. Pristatytas skai¢iuojamosios
kompensacijos metodas, realizuotas lauko programuojamy varty masyvo (angl. FPGA)
skai¢iavimo platforma, pademonstravo pakankamg skai¢iavimo naSumg ir yra tinkamas
naudoti realaus laiko sistemose.

3.2. Atliktas dalijamosios linijinio keitiklio paklaidos tyrimas atskleidzia tiesing Sios
paklaidos priklausomybg nuo poslinkio nuskaitymo greicio. Didéjant keitiklio nuskaitymo
galvutés perslinkimo greiciui - dalijamosios paklaidos absoliutusis dydis didéja. Antroji
harmonika sudaro didziaja nustatytos paklaidos dalj ir gali biiti interpretuojama kaip atsi-
randantis kintantis skirtumas tarp analoginiy keitiklio i$¢jimo signaly amplitudziy arba jy
tarpusavio fazés.

3.3. Atlikti eksperimentiniai dinaminiai linijinio keitiklio tyrimai (pagal IEC/EN
60068-2 standartg) rodo matavimo paklaidos susidaryma, kuris siekia iki ~11 pm. Toks
paklaidos susidarymas siejamas su atitinkamais plieninés matavimo skalé, korpuso ar nus-
kaitymo galvutés judesiais nustatytais modalinés analizés metu.
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Darbe pristatyta kompleksiné metodologija, kuri gali biti pritaikyta uzdaro tipo
linijiniy keitikliy temperattiros ir dinaminéms paklaidoms tirti. Aptarti nustatyty paklaidy
matematinio apraSymo ir praktinio paklaidy kompensavimo realizavimo pavyzdziai gali
biiti integruoti j naujos kartos matavimo sistemas arba padéti jau esamy sistemy tyrimams,
bei jy tobulinimui.

Ateityje, Sioje disertacijoje pristatytus darbus galima biity testi taikant konkrecius
techninius bei eksperimentinius sprendimus:

1. Temperatiiriniy paklaidy skai¢iuojamosios kompensacijos modelj biity galima pa-
tobulinti pritaikant pazangesnius matematinius aproksimavimo metodus. Dinamiskai laike
kintantis iSoriniy Silumos $altiniy ir aplinkos temperattiros poveikis gali biti jvertinti ir
prideéti kaip korekciné verté pristatytame kompensavimo algoritme.

2. Atlikty tyrimy metu nustatytas dalijamosios matavimo paklaidos vertes esant skir-
tingiems grei¢iams galima papildomai apdoroti ir i§vesti dvimatg funkcijg paklaidy kom-
pensavimui. Tokia funkcija galéty biiti integruota j jau pristatyta temperatiiriniy paklaidy
kompensavimo algoritma. Tokiu biidu linijinis keitiklis tapty atsparus ne tik Siluminiams
poveikiams, bet ir maziau jautrus nuskaitymo greiiui.

3. Siekiant sumazinti mechaniniy vibracijy poveikj, patartina pritaikyti techninius
sprendimus, tokius kaip: naudoti didesnj plieninés matavimo skalés jtempima, ar j aliumi-
nio korpusa integruoti juostos prispaudimo elementus. Tokiu budu biity padidintas siste-
mos standumas ir rezonansiniai keitiklio elementy dazniai. Vieno laukelio (angl. ,,single-
field”) elektriniy signaly formavimo sistemos integravimas sumazinty sistemos jautruma
iSoriniam mechaniniam zadinimui, o tuo paciu ir nuskaitymo greicio jtakai.

Daugumos i$ Siy pasitilymy jgyvendinimui reikalinga pakeisti keitiklio konstrukcija
ar gamybos technologinius aspektus. Bet kuriuo atveju yra reikalingi i§samesni teoriniai
ir eksperimentiniai tyrimai
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