Violeta Krcheva

Laboratory Assistant

Goce Delcev University, Stip
Faculty of Mechanical Engineering
Republic of North Macedonia

PhD Student

University ,St. Kliment Ohridski*
Faculty of Technical Sciences — Bitola
Republic of North Macedonia

Stojance Nusev

Professor

University ,St. Kliment Ohridski*
Faculty of Technical Sciences - Bitola
Republic of North Macedonia

Misa Tomic¢
Assistant
University of Nis

Faculty of Mechanical Engineering - Ni$
Serbia

Development of a Simulation-Based
Model for Accuracy Analysis of Optical
Rotary Encoders Under Mechanical
Vibrations

This study presents the development of an innovative simulation-based
model for analysing the accuracy of optical rotary encoders subjected to
mechanical vibrations. The proposed approach establishes a digitally
controlled environment that emulates real operational conditions, enabling
systematic examination of dynamic effects on encoder performance. The
model integrates essential components that allow the formation of a system
capable of operating both within a digital simulation environment and
under real experimental conditions with controlled generation of
mechanical vibrations. By simulating diverse operating scenarios, the
model provides detailed characterisation of measurement deviations and
identifies variations in measurement error of the investigated encoder as a
function of changes in input parameters. The resulting insights support
predictive evaluation of measurement error behaviour and enable
systematic assessment of encoder accuracy under varying vibration and
operating conditions. Consequently, the proposed simulation method offers
a reliable and reproducible tool for investigating vibration-induced

measurement errors in advanced precision systems.

Keywords: SolidWorks, CAD Model, MATLAB & Simulink, Block
Diagram, Vibration Parameters, Rotational Speed.

1. INTRODUCTION

The sustained progression of digital technologies and
information-driven engineering has facilitated substan—
tial enhancements in precision, control, and automation
within technical systems and industrial operations.
Within this context, optical encoders function as high-
fidelity electromechanical sensors, extensively deployed
in modern automation, control, and metrological
applications. Depending on functional requirements,
optical encoders are generally classified as linear or
rotary. Linear encoders measure translational displa—
cement, whereas rotary encoders (Fig. 1) are designed
for the assessment of angular position and rotational
movement [ 1-3].

Figure 1. An optical rotary encoder [4]

The operating principle of a rotary optical encoder
relies on the modulation of a light beam by a rotating
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disc engineered with alternating regions of contrasting
optical characteristics, such as transparent and opaque
or reflective and non-reflective sectors (Fig. 2). This
disc is rigidly coupled to the shaft of the monitored
element, ensuring synchronous rotation and enabling
continuous real-time tracking of angular position [5,6].

DISC (CODE WHEEL)

LIGHT
SOURCE

Figure 2. The fundamental functional principle of an optical
rotary encoder [4]

In a conventional arrangement, a light source (typi—
cally a light-emitting diode) projects a focused beam
that interacts with the patterned disc, either through
transmission or reflection. As the disc rotates, the
pattern modulates the light, generating a sequence of
pulses. These variations are detected by photosensitive
elements such as photodiodes or phototransistors situ—
ated opposite the light source. Each light transition
produces a discrete electrical pulse; the series of pulses,
defined by frequency, phase, and sequence, allows
precise determination of angular position, rotational
direction, and velocity [7,8].

A key determinant of measurement fidelity is the
number of lines or windows on the coding disc. Higher
line density generates more pulses per rotation, thereby
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enhancing resolution. Each window provides a distinct
optical path, which the sensor converts into an electrical
signal. Encoders are available in a range of resolutions,
commonly 100, 200, 360, 500, or 1000 pulses per
revolution (PPR), allowing selection according to the
desired accuracy [9-11].

Sustaining high precision under operational condi—
tions necessitates that rotary encoders possess resilience
against dynamic disturbances, among which mechanical
vibrations are most pervasive. Such oscillations typi—
cally arise in automated systems, during positioning
tasks, or as a consequence of rapid changes in drive and
control regimes, imposing dynamic loads that mirror
practical industrial scenarios [12—14].

Accurate evaluation of encoder performance under
dynamic conditions requires rigorous investigation of
vibrational effects. Contemporary sensor metrology
increasingly relies on methodologies capable of
simulating such disturbances within controlled
environments. Characteristic vibration parameters:
frequency, amplitude, and exposure duration (Fig. 3),
are systematically varied to quantify their impact on
measurement integrity [15,16].
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Figure 3. Mechanical vibration parameters [17]

Vibration frequency (Hz) influences the sensor’s
dynamic response, as different ranges may induce
diverse signal distortions, from low-frequency drifts
affecting long-term stability to high-frequency oscil—
lations introducing noise or false triggering. Optical
encoders, due to their temporal sensitivity, display pro—
nounced responsiveness across low (<10 Hz), medium
(10-100 Hz), and high (>100 Hz) frequency ranges.
Vibration amplitude (mm or um) represents the intensity
of mechanical oscillations. Even micrometre-scale disp—
lacements, particularly at elevated rotational speeds, can
result in phase shifts, signal edge distortions, or loss of
discrete logical states within the output. The duration of
exposure (s) exerts a cumulative influence on measu—
rement reliability. Extended vibrational action may not
only lead to progressive measurement errors but also
trigger thermomechanical effects or structural displace—
ments that impact optical interactions and sensor
alignment [18-20].

2. REVIEW OF LITERATURE

This section synthesises contemporary research investi—
gating the effects of mechanical vibrations on the
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metrological performance of optical encoders. Alejandre
and Artés [21] identified that encoder functionality is
predominantly influenced by structural deformations,
thermal fluctuations, and vibrational disturbances within
the mechanical system. While extensive analyses have
addressed thermal and deformation effects, compara—
tively fewer investigations have systematically explored
the response of optical encoders under dynamic vibra—
tional loads. In their subsequent study, Alejandre and
Artés [22] extended the evaluation to include vibrational
influence, offering quantitative assessment and classi—
fication of oscillatory effects, thereby elucidating ope—
rational limitations in diverse technical and industrial
settings.

Historically, investigations into positioning errors in
CNC metal-cutting machinery have concentrated on the
structural characteristics of the machine rather than the
encoder. Weck et al. [23], respectively Florussen et al.
[24] introduced methodologies for evaluating geometric
inaccuracies in multi-axis CNC systems via three-
dimensional volumetric measurements, culminating in a
generalised error model applicable across varied mac—
hine configurations. These approaches facilitated soft—
ware-based compensation and enabled precise diagnosis
of functional deviations. The studies highlighted that
meticulous design of the measurement system and
accurate error modelling, based on correlating parame—
ters affecting precision, are indispensable for reliable
diagnostics.

Although synchronisation errors in mobile
components are frequently attributed to machine
architecture, emerging evidence suggests that encoders
themselves constitute a non-negligible source of
measurement deviation. Resor et al. [25] applied a
digital time-interval technique to quantify torsional
vibrations in rotating shafts, incorporating a calibration
procedure that generated reference sequences matching
true angular intervals. A resampling algorithm ensured
equidistant temporal samples, mitigating frequency
blurring caused by rotational variability, even for high-
precision optical encoders.

Further innovations aimed at mechanical isolation of
encoders were proposed in patents by Shiro [26] and
Shinichi [27], utilising flexible couplings, sliders, and
auxiliary structures to attenuate vibrational influence.
Nonetheless, literature surveys indicate that systematic
characterisation of encoder performance across
operational frequency ranges under dynamic conditions
remains limited.

Alejandre and Artés [28] confirmed that optical
encoders generally retain high accuracy under vibra—
tional excitation, although deviations are often misat—
tributed to CNC components such as gears or belts.
They emphasised the necessity of models explicitly
evaluating encoder performance under vibrational
regimes. Their approach introduced the concept of
“measurement error within a frequency range”, moving
beyond resonance identification and signal acceleration,
thereby providing a more comprehensive assessment of
operational performance. The model considered both
error magnitudes at resonance and across non-resonant
frequencies, with critical factors including signal type,
non-linear variations, sampling rate, and signal compo—
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sition—parameters essential for accurate performance
evaluation under dynamic conditions.

Experimental application of this framework yielded
high-resolution spectra, revealing multiple instability
zones within the analysed frequency domain. Tests
adhered to EN 60068-2-6:1996 [29], exposing encoders
to variable frequencies, with amplitudes tailored to
commercial specifications. Recorded measurement
deviations reached up to threefold the nominal accuracy,
illustrating that optical encoders may act as substantial
error sources under high-frequency vibrational expo—
sure, despite compliance with international environ—
mental standards. These findings provide actionable
insights for both designers and users, facilitating
optimisation of encoder configurations and operational
strategies.

Lopez et al. [30] extended the analysis to three
commercially available optical linear encoders under
various mounting conditions, quantifying the effect of
vibrational directionality and position on measurement
accuracy. Test protocols, conducted in accordance with
EN 60068-2-6 [29], specified frequency ranges, ampli—
tudes, and exposure durations. Results highlighted that
errors frequently exceeded nominal specifications, par—
ticularly where mounting positions induced additional
resonances, emphasising the importance of installation
conditions in metrological reliability.

While linear encoders have been examined exten—
sively, systematic investigations of optical rotary enco—
ders under vibrational influence have remained sparse.
Addressing this gap, Krcheva et al. [31] developed an
experimental framework for evaluating rotational enco—
der accuracy under controlled vibrational conditions.
Their methodology encompassed three commercial
encoders of differing resolutions (100 PPR, 360 PPR,
and 1000 PPR), exposing them to precisely defined
vibration parameters—frequency, amplitude, and dura—
tion. Reference signals enabled quantification of output
deviations and identification of sensitive frequency
bands. Comparative analysis revealed that encoder re—
solution directly influenced signal stability and resis—
tance to dynamic perturbations, informing both practical
deployment and selection of encoder types for vibra—
tion-prone environments. MATLAB-based data proces—
sing facilitated detailed evaluation, encompassing
component configuration, result analysis, and graphical
visualisation of performance. The findings underscored
that high-resolution encoders are indispensable for high-
accuracy applications, whereas lower-resolution devices
may be adequate in environments with limited vibra—
tional impact.

2.1 Limitations of Existing Literature and Motivation
for a Simulation-Based Approach

Despite several experimental studies, a notable research
void persists in the development of predictive, simu—
lation-orientated models for optical rotary encoders
under vibrational influence. Current literature largely
relies on empirical testing, which constrains rapid and
cost-efficient evaluation of diverse operating scenarios
and parameter variations. Such reliance necessitates
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full-scale experimental setups for each condition, posing
significant logistical and temporal challenges.

Accordingly, the development of a simulation-based
framework is imperative. Such a model would enable
reproducible prediction of measurement errors, sensiti—
vity analysis under varying dynamic conditions, and
virtual experimentation to identify critical parameters.
This approach would substantially reduce the need for
repeated physical testing, providing a robust tool for
engineers and researchers to optimise encoder perfor—
mance and develop strategies to minimise measurement
errors in a virtual environment prior to real-world
implementation.

3. MODEL DESIGN AND DEVELOPMENT
3.1 Graphical Design of the Mechanical System

During the preliminary design stage, a schematic
representation of the integrated mechanical system was
developed, comprising the drive unit, transmission
assembly, and the optical rotary encoder under investi—
gation, with each component assigned a distinct func—
tional role within the system’s overall dynamic beha—
viour. At this conceptual phase, the framework was
designed to enable controlled and isolated application of
mechanical vibrations to the encoder while maintaining
the stability and reference characteristics of the remai—
ning components (Fig. 4).

MECHANICAL COUPLING

‘OPTICAL ROTARY ENCODER
ENCODER HOUSING

ELECTRIC MOTOR

STATIC PLATFORM DYNAMIC PLATFORM

Figure 4. Design of the system

The drive unit was represented by an electric motor,
serving as an idealised reference source of rotational
motion and assumed to operate under perfectly stable
and predictable conditions. Mechanical disturbances
were neglected, and the degrees of freedom were strictly
constrained, thereby establishing an invariant angular
reference for subsequent comparative analyses within
the simulation environment.

The transmission interface, realised through a mec—
hanical coupling between the drive unit and the encoder,
was conceptualised as a rigid and lossless system,
devoid of elastic deformation or geometric misalign—
ment. Within this framework, torque was transmitted
with complete fidelity, ensuring that any observed
deviations in angular position originated exclusively
from vibrational effects acting on the encoder.

The encoder was treated as a mechanically sensitive
element and was mounted on a dynamic platform engi—
neered to introduce controlled and localised vibrations.
This configuration ensured that oscillatory loads were
applied solely to the encoder, while the remainder of the
system maintained structural stability.

The operational principle of the simulation was fou—
nded on a comparative measurement approach, whereby
the angular position of the encoder under test was
monitored relative to the reference provided by the drive
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unit. For this purpose, the electric motor incorporated a
high-resolution encoder, which provided reliable and
reproducible reference data for subsequent error quanti—
fication.

Dynamic excitations, in the form of mechanical
vibrations, were expected to induce measurable devia—
tions in the encoder output. Accordingly, the simulation
framework was designed to detect and quantify these
deviations, correlate them with the imposed vibration
parameters, and evaluate their impact using appropriate
numerical metrics.

The outcome of this phase was the establishment of
a coherent structural and functional framework, deline—
ating the interaction logic between the system compo—
nents and providing a systematic foundation for the
subsequent development of the CAD model.

3.2 Development of the CAD Model

Based on the conceptual framework, a detailed three-
dimensional CAD model was developed in SolidWorks
(version 2022-2023), in which the principal geometry,
structural configuration, and spatial arrangement of the
components were specified in accordance with the
established design logic (Fig. 4).

The electric motor was positioned on the left-hand
side of the assembly and was modelled as the source of
rotational motion with a stable shaft (Fig. 5). Its
attachment to the static platform was constrained to
ensure mechanical stability and reproducibility of
motion within the CAD model.

1

Figure 5. CAD model of the system: 1 — Electric motor; 2 —
Mechanical coupling; 3 — Encoder housing; 4 — Dynamic
platform; 5 — Static platform

Torque transmission between the motor and the
encoder was realised via a mechanically aligned
transmission mechanism, designed to preserve coaxial
alignment and ensure reliable kinematic connectivity
between the connected components.

The optical rotary encoder was located on the right-
hand side and was enclosed within a precisely modelled
housing (Fig. 6). Kinematic constraints were applied to
both the housing and shaft to secure accurate alignment
with the drive shaft, thereby guaranteeing mechanical
integration and stability within the system.

A critical structural feature was the dynamic
platform supporting the encoder, highlighted by the blue
upper surface in Fig. 5. This platform functioned as a
localised mechanical base for introducing controlled
vibrations, ensuring that oscillatory effects were
confined to the encoder and its housing, without
affecting the remaining system components.
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Figure 6. Optical rotary encoder position (1)

The resulting CAD model generated a core geo—
metric and structural representation, providing the stru—
ctural basis for its subsequent integration into
MATLAB & Simulink.

3.3 Importing the CAD Model into MATLAB &
Simulink

Transferring the CAD representation of the mechanical
assembly from SolidWorks into MATLAB & Simulink
constitutes an essential step in the simulation workflow,
as it converts the three-dimensional structural model
into a functionally organised block-diagram framework.
The CAD assembly was exported using the Simscape
Multibody Link plugin, which generated an XML file
containing the geometric configuration, mass properties,
joint definitions, and dynamic parameters of the indivi—
dual components. This XML-based representation was
subsequently imported into MATLAB & Simulink,
where the physical structure was automatically trans—
lated into an interconnected multibody model. This pro—
cess required the systematic mapping of kinematic
linkages, mechanical constraints, and component inter—
actions into corresponding mathematical and logical
blocks within the simulation environment.

The imported CAD model functions as a structural
reference, defining spatial arrangement, orientations,
kinematic couplings, and mechanical constraints (fixed,
coaxial, concentric, or mobile). Essential data—
including geometry, mass properties, coordinate
positions, and constraint definitions—are extracted and
mapped to the system’s degrees of freedom, forming the
structural basis for the functional simulation.

A key aspect is component abstraction. While
SolidWorks maintains full geometric fidelity, MATLAB
& Simulink represent components based on functional
roles. The electric motor is abstracted as a rotational
source block with a defined reference axis for connected
components. Couplings and intermediary mechanisms
are represented as transmission blocks, incorporating
compliance or constraint parameters. The optical rotary
encoder, originally a mechanical element, is represented
as a sensor block interfacing with signal-processing
blocks to convert angular position into digital output for
analysis.

Subsidiary components are parameterised as discrete
blocks capable of receiving external inputs. Motions
that are mechanically feasible in the CAD model are
transformed into controllable input signals, enabling
parameterised experimentation and maintaining a direct
relationship between geometric configuration and
functional behaviour.
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Mechanical linkages are interpreted as causal and
functional connections within the block diagram. Coor—
dinate systems and spatial relationships are converted
into signal variables, prioritising information flow and
dynamic response over physical form. Simscape Multi—
body enables direct conversion of CAD assemblies into
block-diagram format, preserving bodies, joints, and
reference frames while supporting hierarchical organi—
sation, parameterisation, and systematic evaluation.

The functional model interfaces with control and
signal-processing blocks, allowing dynamic manipula—
tion of inputs such as rotational speed and real-time
acquisition of encoder signals. The block diagram does
not replicate CAD geometry visually but establishes a
functionally coherent system consistent with the mecha—
nical logic defined in SolidWorks.

This approach enables the import of the CAD model
as a preliminary step towards generating the final block
diagram, representing the complete system model and
facilitating subsequent simulations.

3.4 Structure and Function of the Block Diagram

The simulation model implemented in MATLAB &
Simulink (R2023a) represented a direct functional
extension of the CAD model developed in SolidWorks,
whereby the system’s spatial and structural logic was
transformed into a dynamic simulation framework
organised through a block-diagram architecture. The
model was configured to enable the parallel generation
of two angular trajectories: a reference angular position
serving as an idealised kinematic benchmark, and a
measured angular position resulting from the physical
transmission system and the measurement process under
realistic constraints and disturbances. This approach
established a clear and direct relationship between the
prescribed input parameters and the resulting deviations,
extending the simulation beyond purely visual signal
inspection to include quantitative results displayed
directly within the block-diagram environment. For
improved clarity and structural transparency, the
complete block-diagram architecture is presented in two
complementary segments (Fig. 7a and Fig. 7b).

The input parameters were positioned on the left-
hand side of the diagram and were organised to allow
explicit specification of the fundamental operating
conditions. Within the MOTOR SPEED INPUT (RPM)
section, the rotational speed was defined via the
Motor _Speed Command block, which provided a
constant speed value expressed in RPM (Fig. 8). To
ensure compatibility with the remainder of the model,
the signal was passed to the RPM to RadPerSec block,
where it was converted into angular velocity in rad/s.
Subsequent signal conditioning was performed by the
Motor Speed Signal Product block, which prepared
the signal for integration with the time axis and the
mechanical subsystem.

The temporal component of the simulation was
defined within the SIMULATION TIME INPUT (s)
section, where the simulation duration was specified
using the Simulation_Time block (Fig. 9). Within this
part of the model, the fundamental kinematic relati—
onship for generating the reference angular position was

218 = VOL. 54, No 2, 2026

established through the Angular Displacement Com—
putation block. The resulting signal represented a stable
and idealised reference angular trajectory, serving as the
basis for subsequent comparison with the measured
angular position obtained from the mechanical and
measurement subsystems.

In parallel with the kinematic reference branch, a
dedicated structure for mechanical vibration generation
was implemented in the lower-left section of the block
diagram. The frequency parameter was specified via the
Vibration_Frequency Command block (Fig. 10) within
the VIBRATION FREQUENCY INPUT (Hz) section,
after which it was converted to angular frequency using
the Hz to RadPerSec block. The frequency argument
was prepared in the Angular Frequency Computation
block, while the resulting time-dependent oscillation
was generated through the Vibration Excitation_Signal
block.

The vibration amplitude was defined independently
via the Vibration Amplitude Command block (Fig. 11),
located within the VIBRATION AMPLITUDE INPUT
(mm) section. The linear displacement representing the
physical vibrational excitation of the system was
obtained by combining the prescribed amplitude with
the sinusoidal signal in the Vibration Displacement
Product block. This configuration enabled clear,
modular, and precise control of the two key vibration
parameters—frequency and amplitude—thereby ensur—
ing stable and reproducible conditions for simulation-
based analysis.

The central section of the block diagram corres—
ponded to the physical representation of the mechanical
system and was implemented through blocks identified
by the prefixes MECH and JNT . This segment
constituted a simulation analogue of the real mechanical
transmission, in which rotational motion was modelled
as a mechanical interaction between interconnected
bodies. Spatial orientation and the coordinate reference
frame were defined by the REF WorldFrame block,
while the connection to the system’s base structure was
established via TF BaseToWorld and MECH Base
Frame. In this way, a well-defined geometric frame—
work was established, within which all subsequent
rotations and displacements were interpreted in a
consistent and physically meaningful manner.

The drive section of the system was modelled by the
MECH Motor block, which generated rotational
motion. This motion was transmitted through the
revolute joint JNT Revolute MotorOutput and propa—
gated along the mechanical axis MECH MotorShaft.
Further transmission towards the Cardan section was
achieved via MECH DriveShaft ToCardan and the
DriveShaft ToCardan interface, ensuring that the
rotation followed a physically defined pathway relevant
for the analysis of dynamic effects. The Cardan
structure was modelled as a system of revolute joints
and mechanical cross elements, with the input rotation
defined via JNT Revolute Cardaninput. The first
Cardan element was implemented using MECH
CardanCross_1, while the output rotation was trans—
mitted  through  JNT Revolute CardanOutput  to
MECH IntermediateShaft. Further transmission was
realised through the second Cardan segment, compri—
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sing MECH CardanCross 2 and JNT Revolute Car— representation of the kinematic relationships and their
danlntermediate. This configuration enabled an accurate sensitivity to mechanical vibration exposure.
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Block Para
Constant

Output the constant specified by the 'Constant value' parameter. If 'Constant
value' is a vector and 'Interpret vector parameters as 1-D' is on, treat the
constant value as a 1-D array. Otherwise, output a matrix with the same
dimensions as the constant value.

Main  Signal Atfributes
Constant value:

100

B Interpret vector parameters as 1-D

Sample time:
inf
7 ] Cancel Help Apply
Figure 8. Motor_Speed_Command block window
Clock

Output the current simulation time.
Parameters

[l Display time

Decimation:

10

" oK Cancel Help Apply

Figure 9. Simulation_Time block window

Constant

Output the constant specified by the 'Constant value' parameter. If 'Constant
value' is a vector and 'Interpret vector parameters as 1-D' is on, treat the
constant value as a 1-D array. Otherwise, output a matrix with the same
dimensions as the constant value.

Main  Signal Attributes
Constant value:

100

B Interpret vector parameters as 1-D
Sample time:

inf

" | oK Cancel Help Apply

Figure 10. Vibration_Frequency_Command block window

Constant

Output the constant specified by the 'Constant value' parameter. If 'Constant
value' is a vector and 'Interpret vector parameters as 1-D' is on, treat the
constant value as a 1-D array. Otherwise, output a matrix with the same
dimensions as the constant value.

Main  Signal Attributes
Constant value:

0.0001

-] Interpret vector parameters as 1-D
Sample time:
inf

2 ] Cancel Help Apply
Figure 11. Vibration_Amplitude_Command block window

Vibrations within the mechanical system were reali—
sed through prismatic elements enabling linear oscil—
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latory motion. The actuation function was implemented
using JNT Prismatic Shaker and MECH ShakerActu—
ator, while the point of vibration input was defined by
JNT Prismatic_Vibration_Source. Through the mecha—
nical connection MECH IntermediateShaft To Encoder,
the vibrational effect was transmitted to the encoder,
whereby the disturbance acted as a real physical quantity
rather than an artificially introduced signal.

The mechanical structure of the encoder was
composed of JNT Revolute Encoderinput, MECH _
EncoderShaft, MECH EncoderDisk, and MECH Enco-
derHousing. This configuration clearly distinguished the
rotational element carrying the measurement informa—
tion from the static component serving as the reference
and supporting structure. Such a separation enabled a
more realistic interpretation of relative motion and
potential micro-displacements induced by mechanical
vibrations.

In the upper central segment, the reference angular
component was generated using the parameters defined
by Angle Ref and PI Gain, which enabled the
specification of the initial angle and precise angular
conversions. The combination of angular components
was realised through Angle Summation, yielding the
Angular Position signal. Prior to its use as a
measurement quantity, the signal was subjected to
additional processing within Angular Position_Prep—
rocessing, thereby ensuring signal stability and
structural consistency.

The encoder resolution was specified via the
Encoder_Resolution_Command block (Fig. 12) within
the ENCODER RESOLUTION INPUT (PPR) section,
thereby defining the discrete nature of the measurement
process. Quantisation of the angular signal was perfor—
med in the Encoder Quantization block, whose output
qpab_encoder_angle rad represented the quantised
angular position. This step modelled a fundamental
characteristic of optical encoders, namely that angular
position is not measured continuously but through
discrete pulses, which directly affects the accuracy and
sensitivity of the system.

BIc
Constant

Output the constant specified by the 'Constant value' parameter. If 'Constant
value' is a vector and 'Interpret vector parameters as 1-D' is on, treat the
constant value as a 1-D array. Otherwise, output a matrix with the same
dimensions as the constant value.

Main  Signal Attributes
Constant value:

360

B Interpret vector parameters as 1-D
Sample time:

inf

J oK Cancel Help Apply
Figure 12. Encoder_Resolution_Command block window

The effect of vibrations was further monitored
through the VB _Excitation _Signal and VB_Transmi—
ssion_Path blocks, enabling insight into the mechanical
excitation and its transmission. The effective angular
disturbance resulting from vibrations was formed within
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Vibration_Influence, where the input components X and
Y yielded the output signal deltatetaVibracija, repre—
senting a measurement-relevant angular deviation.

Following the definition of the vibration-induced
angular disturbance, the simulation was executed by
initiating the Run command to verify the correct
operation of the developed model. This action launched
the Mechanics Explorer window, which enabled
visualisation of the simulated mechanical behaviour and
provided real-time insight into the dynamic response of
the system throughout the simulation interval.

3.5 Simulation of the Developed Model

Within this environment, the resulting mechanical
assembly was visualised in Fig. 13 and Fig. 14. The
figures presented a three-dimensional depiction of the
simulated system, obtained through the import of the
CAD model and its integration within the MATLAB &
Simulink simulation framework.

Figure 13. Simulation Overview

The visualised model described the complete mec—
hanical chain, comprising the drive unit, the mechanical
coupling, and the optical rotary encoder, assembled
according to the defined kinematic constraints and joint
configurations. Each component was treated as a rigid
body, while the relative motion between elements was
governed by the corresponding joints and constraint
definitions established during model setup. This for—
mulation enabled direct correspondence between the
physical structure of the system and its functional
simulation counterpart.

i

Figure 14. Representation of the Encoder in the Simulation

The Mechanics Explorer operated in synchronisation
with the numerical solver, providing real-time visua—
lisation of the system’s kinematic behaviour during
simulation execution. Although the visual output did not
serve as a source of quantitative data, it played a critical
role in verifying the correctness of the mechanical
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configuration, joint alignment, and motion consistency
under dynamic operating conditions. Potential model—
ling inconsistencies, such as unintended degrees of
freedom or constraint conflicts, could thus be readily
identified and corrected.

The numerical solution of the governing equations of
motion was carried out in the time domain using an app—
ropriate integration scheme, allowing continuous tracking
of the system state throughout the simulation interval.
The dynamic response of the system was evaluated
through time-dependent signals generated within the
block-diagram framework, while the Mechanics Explorer
provided complementary qualitative insight into the
physical plausibility of the simulated motion.

Overall, the visualised simulation model constituted
a validated virtual representation of the experimental
setup, supporting both structural verification and dyna—
mic analysis. This integrated visual-numerical approach
established a reliable basis for subsequent investigation
of encoder behaviour under controlled excitation
conditions and for systematic assessment of vibration-
induced measurement deviations.

4. RESULTS AND DISCUSSION

4.1 Results

Based on the specified input parameters defined within
the block-diagram model, the performed simulation
produced a set of results that can be directly examined
within the simulation environment. For the input confi—
guration illustrated in Fig. 7—corresponding to an
optical rotary encoder rotational speed of 100 RPM, a
simulation duration of 10 s, a vibration frequency of 100
Hz, a vibration amplitude of 0.00001, and an encoder
resolution of 360 PPR—the obtained results are pre—
sented and discussed in the following.

The simulation yielded reference and measured
angular signals that were available in a consistent form
suitable for direct comparison in the angular domain. As
part of the obtained results, angular quantities were
expressed in degrees and aligned with discrete-time
operation, enabling a uniform representation of both
signals.

Consequently, the outputs REFERENCE ANGU-
LAR POSITION (deg) and MEASURED ANGULAR
POSITION (deg) were obtained and visualised via the
Reference Position and Measured Position blocks.
Their corresponding time-domain responses are pre—
sented in Fig. 15 and Fig. 16, respectively.

These responses illustrate the temporal evolution of
the reference and measured angular positions under the
specified operating conditions, thereby providing a clear
basis for evaluating the deviations between the two signals.

REFERENCE ANGULAR POSITION (deg)
T

°
kS

o
o

Reference Angular Position (deg)

I I I
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 15. Reference_Position block window
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Figure 16. Measured_Position block window

The measurement error was formed using the Sub—
tract block, where the difference between the reference
and measured angular positions was treated as the signal
delta_e deg. Following additional alignment in Output
Sampling, this signal was displayed via Measurement
_Error as ANGULAR POSITION MEASUREMENT
ERROR (deg), thereby enabling visual analysis of the
temporal evolution of the measurement error (Fig. 17).
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Figure 17. Measurement_Error block window

In addition to the graphical representation, a
numerical presentation of the measurement error results
was also provided within the block-diagram framework
(Fig. 7) to enable a more detailed and quantitative inter—
pretation of the optical rotary encoder performance.
These numerical indicators complemented the time-
domain plots and allowed direct assessment of both the
magnitude and stability of the measurement error under
the considered operating conditions.

The overall accuracy of the measurement was pri—
marily assessed using the root mean square error, RMSE
(deg), which reflects the energy content of the error signal
and is therefore particularly sensitive to larger deviations.
In the analysed case, the obtained value RMSE = 0.07368
deg indicated that the measurement error remained at a
relatively low level throughout the simulation, confirming
good global accuracy of the encoder despite the presence
of vibrational excitation.

To characterise the typical magnitude of the devi—
ation without overemphasising isolated extreme values,
the mean absolute error, MAE (deg), was considered.
The value MAE = 0.07368 deg demonstrated that the
average absolute deviation closely matched the RMSE,
indicating a stable and well-behaved error profile
without sporadic peaks or irregular disturbances.

The presence of a systematic component in the mea—
surement error was examined through the Bias (deg)
metric, which captures the mean offset of the error
signal over time. In this analysis, Bias = 0.07368 deg
revealed a small but consistent offset, suggesting a
steady systematic deviation that may be attributed to
mechanical transmission asymmetries, assembly tole—
rances, or a static offset in the encoder electronics rather
than to random effects.

The temporal stability of the measurement was
further evaluated using the standard deviation, Std
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(deg), which quantifies the dispersion of the error
around its mean value. The obtained result Std = 0 deg
indicated that the error exhibited virtually no variability
over time, confirming highly repeatable behaviour and
the absence of random fluctuations of significant
amplitude during the simulation interval.

From a worst-case perspective, the maximum abso—
lute error, Max|e| (deg), was analysed to determine the
largest deviation observed irrespective of sign. The value
Maxle| = 0.07368 deg demonstrated that even under the
most unfavourable conditions, the deviation remained
tightly bounded, which is particularly important for
applications subject to strict accuracy tolerances.

The range of error variation was further charac—
terised by the maximum and minimum error values,
Max e (deg) and Min ¢ (deg). In the present case, the
identical values of these limits indicated symmetric and
non-oscillatory error behaviour, suggesting that the
deviation did not alternate between positive and
negative extremes.

This observation was reinforced by the peak-to-peak
error, P2P (deg), which represents the total excursion of
the error signal and is sensitive to oscillatory dynamics.
The value P2P = 0 deg directly confirmed the absence
of periodic or vibration-induced oscillations of appre—
ciable amplitude in the measurement error.

Compliance with predefined accuracy limits was
assessed using the Threshold Analysis block, which
quantifies both the duration and the relative proportion
of time during which the error exceeds a specified
threshold of 0.5 deg. The resulting values T thr = 0 s
and R thr = 0 % demonstrated that the measurement
error remained entirely within acceptable bounds
throughout the simulation, indicating robust system
behaviour under the applied excitation.

The long-term tendency of the error was evaluated
using the Drift Trend analysis, where the drift rate Drift
(deg/s) represents the linear evolution of the error over
time. The extremely small value Drift = 1.569 x 100][]
deg/s indicated negligible long-term degradation, con—
firming that no cumulative error growth occurred during
the simulation interval.

The spectral characteristics of the measurement error
were examined through frequency-domain analysis,
with the peak frequency f peak (Hz) identifying the
dominant spectral component. The obtained value
f peak = 1.6 Hz suggested that the error was primarily
associated with low-frequency dynamic excitations,
typically linked to mechanical vibrations rather than
high-frequency encoder noise.

Finally, the sensitivity of the measurement error to
variations in system parameters was quantified using the
Sensitivity Index (SI). The obtained value SI = 0.1417
indicated moderate sensitivity of the error to vibration-
related dynamic parameters, confirming that mechanical
vibrations exert a noticeable but not dominant influence
on angular measurement accuracy.

5. DISCUSSION
The developed simulation model represents an integ—

rated analytical framework that encompasses the mec—
hanical, optical, and electronic parameters relevant to
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the operation of optical rotary encoders. Such integ—
ration enables precise and systematic quantitative ana—
lysis of angular measurement error under a wide range
of dynamic operating conditions, including variations in
rotational speed and vibration parameters. The model is
clearly structured, functionally coherent, and numeri—
cally stable, providing high accuracy and reproducibility
of results. Consequently, the proposed simulation app—
roach constitutes an advanced methodological basis that
combines the strengths of analytical modelling and
numerical simulation, enabling reliable and practically
applicable analysis of measurement errors under
conditions relevant to modern industrial systems.

One of the most significant aspects of this research
lies in the systematic analysis of the results obtained
through the developed simulation model, as well as in
their internal consistency, stability, and predictability
under variation of input parameters. The obtained re—
sults indicate high numerical stability of the model, with
the observed deviations remaining within the expected
tolerances arising from the mathematical formulation
and the selected numerical methods. Such consistency
supports the conclusion that the simulation model
accurately represents the dynamic behaviour of the
system and may be regarded as a methodologically and
engineering-wise valid tool for measurement error
analysis. Its formal structure, based on clearly defined
mathematical relations and controlled input quantities,
enables reliable interpretation of the results and con—
firms the conceptual validity of the proposed approach.

The strengths of the present study stem from the
fully integrated simulation framework, which provides a
coherent, reproducible, and analytically closed environ—
ment for quantitative assessment of the accuracy of
optical rotary encoders under vibrations. The developed
model enables systematic investigation of the influence
of individual parameters, such as rotational speed,
vibration frequency and amplitude, encoder resolution,
and simulation time settings, with results obtained at a
high level of repeatability and analytical clarity. This
positions the simulation model as a valid and efficient
alternative to conventional approaches, particularly in
cases where direct experimental investigation is
technically complex, financially demanding, or
methodologically constrained.

An additional advantage of the developed
simulation model lies in its flexibility with respect to the
definition and variation of input parameters. The model
allows systematic introduction of different combinations
of operating conditions, yielding a range of output
parameters that describe angular behaviour and
measurement errors. In this manner, multiple scenarios
can be analysed within the same simulation structure
without the need for structural modification. This
parametric approach facilitates sensitivity analysis,
identification of critical operating regimes, and compa—
rative evaluation of results, with the model functioning
as a universal platform for scenario-based analysis of
dynamic states.

The potential for further application of the simula—
tion model is considerable, particularly within the field
of mechanical engineering, where reliable prediction of
measurement errors is a key prerequisite for system
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stability and optimisation. In the design and optimi—
sation of CNC machines, the model enables rapid and
accurate simulation of expected measurement errors
under different operating regimes, thereby providing a
solid analytical foundation for engineering decision-
making already in the early stages of system design. In
this way, the simulation-based approach contributes to
risk reduction and increased efficiency of manufacturing
processes.

The broad applicability of the proposed simulation
model is also evident in industrial automated systems,
robotics, and related engineering technologies, where
system stability, reliability, and safety depend on accu—
rate prediction of dynamic behaviour. Owing to its
ability to deliver reproducible results under systematic
variation of input parameters, the model is well suited
for sensitivity analysis, development and testing of
control algorithms, and simulation of systems exposed
to complex dynamic loads. As such, the simulation
model represents a powerful tool for virtual testing and
optimisation of engineering systems.

The scientific and engineering value of this research
is further reflected in the development of a unified
simulation framework that combines mathematical
rigour, numerical stability, and practical applicability.
This approach provides a solid foundation for future
research aimed at advancing simulation techniques and
developing more sophisticated models for measurement
error analysis. Of particular importance is the scalability
of the model, which allows its extension and adaptation
in accordance with technical requirements and specific
industrial applications.

In a broader context, implementation of such a
simulation-based approach offers substantial practical
value through improved prediction and analysis of
encoder errors under vibrational conditions. By enabling
analytical evaluation already at the modelling stage, the
approach creates opportunities for enhancing accuracy,
reliability, and efficiency of mechanical systems, with
direct implications for productivity and quality in
industrial processes.

The perspectives for future research within the
proposed simulation framework are multifaceted. One
direction involves the integration of advanced optimi—
sation algorithms and adaptive modelling techniques to
enable automated adjustment of the simulation model
under varying operating conditions. Another direction
concerns the development of multiphysics simulation
models that integrate mechanical, thermal, and electro—
magnetic effects, thereby achieving increased realism and
analytical depth. In addition, application of the simulation
concept may be extended to other types of encoders and
sensor systems, significantly enhancing its generality.

In conclusion, this research represents a substantial
contribution to the development of an advanced simu—
lation model for analysing the accuracy of optical rotary
encoders under vibrations. Through a systematic,
mathematically grounded, and reproducible approach,
the proposed model offers an innovative and practically
applicable methodology with high engineering and
industrial relevance, opening new opportunities for
advancement in modern engineering and simulation-
orientated industrial automation.
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6. CONCLUSION

This study presents and details the development process
of an innovative simulation-based model designed for
analysing the accuracy of optical rotary encoders. The
model establishes a structured and integrated platform
that captures dynamic interactions and measurement de—
viations, enabling systematic evaluation of the effects of
varying operational conditions on encoder performance.

The development of the CAD model in SolidWorks
provides a precise definition of the spatial arrangement,
interconnections, and mechanical logic of individual
system components. This model forms a necessary
foundation, establishing the structural framework upon
which the simulation model is constructed. Full imple—
mentation is achieved by importing the digital model
into MATLAB & Simulink and converting it into a
corresponding block diagram, in which geometric ar—
rangements are represented through functional relations
and dynamic signals.

Within the resulting simulation model, variable
parameters such as vibration characteristics and rotati—
onal speed are introduced and controlled, representing
key factors that influence measurement errors in optical
rotary encoders. Through the clearly defined block
diagram structure, these parameters are linked, estab—
lishing a transparent relationship between input varia—
bles and corresponding outputs.

The model enables the generation of numerical
results for encoder measurement error and provides
graphical representations, rendering the simulation out—
comes clear, interpretable, and suitable for further
analysis.

In conclusion, the developed simulation model
offers a consistent, systematic, and methodologically
validated tool for investigating encoder accuracy under
dynamic conditions. Its novel approach provides a
foundation for future improvements, including the
integration of additional environmental factors, refine—
ment of encoder models, and adaptation to other pre—
cision electromechanical systems. The framework sup—
ports practical applications in design verification,
predictive error assessment, and optimisation of high-
precision measurement processes, thereby demons—
trating the relevance, novelty, and utility of the model in
engineering practice.
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PA3BOJ CUMYJIAIMOHOI' MOJIEJIA 3A
AHAJIN3Y TAYHOCTH OIITUYIKUX
POTAIIMOHUX EHKOJEPA IIOJ] IEJCTBOM
MEXAHUYKHUX BUBPALINJA

B. Kpuegsa, C. Hyces, M. Tomuh

OBa cTyamja mpencTaBba pa3Boj HHOBATHBHOT MoOJeEia
3aCHOBAaHOT Ha CHMYJNALMjU 3a aHAIU3Y TayHOCTH
ONTHYKUX POTALMOHHUX EHKOJEepa H3IO0KEHHX MeXa—
HUYKUM BuOpanujama. IIpenoxkeHn NMpUCTyH ycroc—
TaBJba JMUIMTAIHO KOHTPOJHMCAHO OKPYXKEHE KOje CH—
MyJIMpa CTBapHe pajHe yciose, omoryhaBajyhu cucre—
MATCKO MHCIIMTUBAKLC TUHAMUYKUX e(l)eKaTa Ha paj
eHKoziepa. Mojesl MHTErpuile OCHOBHE KOMIIOHEHTE
Koje omoryhaBajy QopMupame cucreMa CIocoOHOT na
(GYHKLHOHHMIIE M Y JUTHTATHOM CHMYJIAlIMOHOM OKpY—
KEHbY U NOJI CTBAPHUM EKCIICPUMEHTAJIHUM YCIOBHMA
ca  KOHTPOJMCAaHUM  TCHEPHCameM  MEXaHHYKHX
BuOparuja. CUMyIHpameM pa3IHIUTAX PaTHUX CleHA—
pHja, MOZEN MpyXa JeTajbHy KapakTepHu3alujy OJCTy—
nama y MepemrMa U HIeHTU(HKY]e BapHjalije IpeiiKe
Mepema HMCHHTHBAHOI E€HKOJAepa Y 3aBHCHOCTH O
NpoMeHa yla3HHUX napamerapa. JJoOujeHu yBuIu omMo—
ryhaBajy npeAuMKTHBHY IpOIIEHY MOHAIlama TIPELIKe
Meperma U CHCTEMATCKy OLIEHY TauHOCTH €HKoJiepa Mo
pa3IMYUTEM BHOPALOHUM W pamHuM ycioBuma. Kao
pe3yiTaT, NPEeUIOKEHN CHUMYJIAIIMOHW METOH IIpeJic—
TaBJba MOY3JaH U PENPOAYKTHUBAH ajlaT 32 UCIUTUBAKE
Tpelraka y MepelmnMa H3a3BaHUX BHOpammjamMa y
HaIpeHUM MPELM3HIM CUCTEMUMA.
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