
DOCTORAL THESIS

Fault Tolerant Control and 
Diagnosis Strategies for 
Cartesian Industrial Robot 
Motion Control Planning System

Siarhei Autsou

TALLINNA TEHNIKAÜLIKOOL

TALLINN UNIVERSITY OF TECHNOLOGY 
TALLINN 2025



TALLINN UNIVERSITY OF TECHNOLOGY 
DOCTORAL THESIS 

14/2025 

Fault Tolerant Control and Diagnosis 
Strategies for Cartesian Industrial Robot 

Motion Control Planning System 

SIARHEI AUTSOU 



TALLINN UNIVERSITY OF TECHNOLOGY 
School of Engineering 
Department of Electrical Power Engineering and Mechatronics 
This dissertation was accepted for the defence of the degree 12/02/2025 

Supervisor: 

Co-supervisor: 

Opponents: 

Dr. Toomas Vaimann 
Dept. of Electrical Power Engineering and Mechatronics 
School of Engineering 
Tallinn University of Technology 
Tallinn, Estonia 

Prof. Anton Rassõlkin 
Dept. of Electrical Power Engineering and Mechatronics 
School of Engineering 
Tallinn University of Technology 
Tallinn, Estonia 

Prof. Dr. Alberto Borboni 
Dept. of Mechanical and Industrial Engineering 
University of Brescia 
Brescia, Italy 

Dr. Levon Gevorkov 
Power Systems Group 
Catalonia Institute for Energy Research (IREC) 
Barcelona, Spain 

Defence of the thesis: 27/03/2025, Tallinn 

Declaration: 
Hereby I declare that this doctoral thesis, my original investigation and achievement, 
submitted for the doctoral degree at Tallinn University of Technology has not been submitted 
for doctoral or equivalent academic degree. 

Siarhei Autsou 

signature 

Copyright: Siarhei Autsou, 2025 
ISSN 2585-6898 (publication) 
ISBN 978-9916-80-265-6 (publication) 
ISSN 2585-6901 (PDF) 
ISBN 978-9916-80-266-3 (PDF) 
DOI  https://doi.org/10.23658/taltech.14/2025
Printed by Koopia Niini & Rauam

Autsou, S. (2025). Fault Tolerant Control and Diagnosis Strategies for Cartesian Industrial 
Robot Motion Control Planning System [TalTech Press]. https://doi.org/10.23658/
taltech.14/2025

https://digikogu.taltech.ee/et/Item/c9afdbf3-354b-41f5-a705-ede924a2af21


TALLINNA TEHNIKAÜLIKOOL 
DOKTORITÖÖ 

14/2025 

Tõrketaluvusega juhtimis- ja 
diagnostikastrateegiad tööstusliku 

karteesianroboti liikumise planeerimise 
juhtimissüsteemi jaoks 

SIARHEI AUTSOU 





5 

Contents 

List of Publications ............................................................................................................ 7 
Author’s Contribution to the Publications ........................................................................ 8 
Abbreviations .................................................................................................................... 9 
Symbols ........................................................................................................................... 10 
1 Introduction ................................................................................................................. 11 
1.1 Motion Planning in Industrial Robotics Control System............................................ 11 
1.2 Control Methods of Industrial Robots ...................................................................... 11 
1.3 Optimal Control Systems........................................................................................... 14 
1.4 Predictive and Robust Control Strategies ................................................................. 15 
1.5 Hypotheses................................................................................................................ 17 
1.6 Objectives of the Thesis ............................................................................................ 17 
1.7 Scientific Contributions ............................................................................................. 17 
1.7.1 Scientific Novelty .................................................................................................... 17 
1.7.2 Practical Novelty .................................................................................................... 18 
1.8 Outline of the Thesis ................................................................................................. 18 
2 State of the Art in the Industrial Robots Motion Field ................................................. 19 
2.1 Electrical Machines in Robotics as Actuators ............................................................ 19 
2.2 Gearbox Analysis: Structure and Faults .................................................................... 20 
2.3 Control Systems for Eliminating Vibrations .............................................................. 21 
2.4 Bellman’s Dynamic Programming Method ............................................................... 25 
2.5 Fuzzy Logic Algorithm ................................................................................................ 26 
2.6 Chapter Summary ..................................................................................................... 27 
3 Condition Monitoring of Robots .................................................................................. 29 
3.1 Scale Demonstrator................................................................................................... 30 
3.2 Components .............................................................................................................. 31 
3.3 Artificial Faults........................................................................................................... 33 
3.4 Measurement Analysis of Getting Data .................................................................... 35 
3.5 Chapter Summary ..................................................................................................... 38 
4 Optimal Control System for Compensation the Damage Impact ................................. 39 
4.1 Eliminating Optimal Control Model .......................................................................... 40 
4.2 Accelerating Optimal Control Model ........................................................................ 43 
4.3 Modelling Results ...................................................................................................... 44 
4.4 Chapter Summary ..................................................................................................... 49 
5 Fuzzy Logic Diagnosis and Control Algorithm .............................................................. 50 
5.1 Selecting Fuzzy Membership Functions .................................................................... 51 
5.2 Creating Fuzzy Logic Rules Database ........................................................................ 55 
5.3 Output of Diagnosis and Control Patterns ................................................................ 56 
5.4 Comparison and Combination of Both Algorithms ................................................... 59 
5.5 Chapter Summary ..................................................................................................... 60 
6 Conclusion and Future Work ........................................................................................ 61 
6.1 Conclusion ................................................................................................................. 61 
6.2 Future Work .............................................................................................................. 62 



6 

References ...................................................................................................................... 64 
Acknowledgements ......................................................................................................... 76 
Abstract ........................................................................................................................... 77 
Lühikokkuvõte ................................................................................................................. 79 
Author’s Publications ...................................................................................................... 81 
Curriculum Vitae ........................................................................................................... 170 
Elulookirjeldus ............................................................................................................... 171 



7 

List of Publications 
The list of author’s publications, based on which the thesis has been prepared: 

I Autsou, S.; Kudelina, K.; Vaimann, T.; Rassõlkin, A.; Kallaste, A. Principles and 
Methods of Servomotor Control: Comparative Analysis and Applications. Appl. Sci. 
2024, 14 (6), 2579. https://doi.org/10.3390/app14062579. 

II Autsou, S.; Kudelina, K.; Vaimann, T.; Rassõlkin, A.; Kallaste, A. Condition Monitoring 
of a Cartesian Robot with a Mechanically Damaged Gear to Create a Fuzzy Logic 
Control and Diagnosis Algorithm. Appl. Sci. 2024, 14 (10), 4241. https://doi.org/ 
10.3390/app14104241. 

III Autsou, S.; Vaimann, T.; Rassõlkin, A.; Kudelina, K. Analysis of Possible Faults and 
Diagnostic Methods of the Cartesian Industrial Robot. Proc. Est. Acad. Sci., 71 (3), 
pp. 227–240, 2022, doi: 10.3176/proc.2022.3.04. 

IV Autsou, S.; Kudelina K.; Vaimann T.; Rassõlkin A. The Usage of Fuzzy Logic for 
Detecting Mechanical Faults in Gearboxes of Robotic System. 2024 International 
Conference on Electrical Machines (ICEM), Torino, Italy, 2024, pp. 1–7, doi: 
10.1109/ICEM60801.2024.10700425. 

V Autsou, S.; Vaimann, T.; Rassõlkin, A.; Kudelina, K. Fault Diagnosis System of 
Cartesian Robot for Various Belt Tension. International Conference on Diagnostics in 
Electrical Engineering (Diagnostika), Pilsen, Czech Republic, 2022, pp. 1–4, doi: 
10.1109/Diagnostika55131.2022.9905111. 

VI Autsou, S.; Vaimann, T.; Rassõlkin, A.; Kudelina, K. Spectrum Analysis Additional 
Vibrations of Cartesian Robot by Different Control Modes. 18th Biennial Baltic 
Electronics Conference (BEC), Tallinn, Estonia, 2022, pp. 1–5, doi: 
10.1109/BEC56180.2022.9935595. 

VII Autsou, S.; Vaimann, T.; Rassõlkin, A.; Kudelina, K.; Asad, B. Influence of Different 
Tooth Belt Transmission Faults on the Work of a Cartesian Robot. 20th International 
Conference on Mechatronics - Mechatronika (ME), Pilsen, Czech Republic, 2022, 
pp. 1–5, doi: 10.1109/ME54704.2022.9982815. 



8 

Author’s Contribution to the Publications 
Contribution to the papers in this thesis are: 

I Siarhei Autsou is the primary author of this article. He developed a fuzzy logic control 
and diagnosis algorithm, based on the vibration signal occurring in conditions of 
gearbox mechanical damages. He also wrote the initial draft of the paper. 

II Siarhei Autsou is the primary author of this article. He compiled a detailed review of 
existing and popular servo motor control methods and conducted a comparison of 
these methods. He also wrote the initial draft of the paper. 

III Siarhei Autsou is the primary author of this article. He analysed the obtained results 
of the fuzzy logic algorithm for detecting the heating of the worm in the screw 
transmission. He also wrote the initial draft of the paper. 

IV Siarhei Autsou is the primary author of this article. He compiled a review of 
transmission types used in robotics systems and provided a comparative description 
of existing methods for diagnosing mechanical damages. He also wrote the initial 
draft of the paper. 

V Siarhei Autsou is the primary author of this article. He developed a mathematical 
model of the сartesian robot's gearbox and researched to determine the behavior 
of the transmission in the event of mechanical damage. He also wrote the initial draft 
of the paper. 

VI Siarhei Autsou is the primary author of this article. He researched detecting damages 
to the tooth belt transmission of a cartesian robot by analyzing the spectrum of the 
vibration signal obtained experimentally. He also wrote the initial draft of the paper. 

VII Siarhei Autsou is the primary author of this article. He conducted an experimental 
study to compare the influence of belt tension on the robot's transmission, aiming 
to determine the extent of the impact of damage on the transmission. He also wrote 
the initial draft of the paper. 



9 

Abbreviations 
AL Fuzzy logic variable of membership function indicating low 

amplitude 
AM Fuzzy logic variable of membership function indicating medium 

amplitude 
AH Fuzzy logic variable of membership function indicating high 

amplitude 
FL Fuzzy logic variable of membership function indicating low 

frequency 
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a Border of the triangle/trapezoid membership function in fuzzy logic 

algorithm 
b Border of the triangle/trapezoid function membership function in 

fuzzy logic algorithm 
c Center of the triangle / Maximum of the trapezoid / Middle of the 

gaussian membership function in fuzzy logic algorithm 
d Maximum of the trapezoid function membership function in fuzzy 

logic algorithm 
g Acceleration of free fall 
l Length of the of Z axis 
k Number of iteration 
k1 Coefficient representing weighting factors based on the specific 

system dynamics and design criteria 
k2 Coefficient representing weighting factors based on the specific 

system dynamics and design criteria 
m1 Weight of the Y and Z axes 
m2 Mass of the load 
s Current system state 
s’ Next system state 
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F Braking force acting on the robot axis 
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S Bellman function 
α System impact 
γ Discount coefficient 
σ Width of the gaussian function 
ω Natural frequency of the load oscillation 
A(s) Impact sets in the current state 
P(s’|s,α) Transient possibility to the next state after impact 
R(s,α) Optimal criteria after impact 
V(s) Optimal strategy in the current state 
Vk(s) Optimal strategy in the current state of k-iteration 
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1 Introduction 

1.1 Motion Planning in Industrial Robotics Control System 
Motion planning plays a significant role in robotics, it helps to determine a possible 
trajectory for a robot to move from the initial state to a desired location while avoiding 
obstacles and observing specific constraints [1], [2]. The motion planning control system 
in robotics is based on three key components [2]: an actuator (electric, pneumatic, 
or hydraulic) [3], [4], a control system configured according to the required parameters 
(such as performance, accuracy, and operation in unpredictable conditions) [1], [5], 
and a transmission that converts the actuator’s force into mechanical movement [6]. 
The primary actuator in nowadays robotics system is the electric motor [1], [7]. 

Electric motors have a wide range of uses and allow for the creation of new 
technologies and the modernization of existing ones [8], [9]. Each type of electric motors 
finds its application in robotics, allowing for greater efficiency, productivity, conservation 
of material and energy resources, etc. However, achieving the necessary goals depends 
not only on the use of specific types of electric motor but also on the correct selection of 
their size and control methods, depending on the specified conditions. These factors such 
as speed range, torque, accuracy, environmental and mechanical conditions play a 
critical role in this decision [10], [11]. 

Additionally, unconventional motors designed for specific application (such as 
industrial robotics) may require a completely different control method in certain 
applications than the one they are adapted to. Electrical motor used in robotics and 
automation enable the expansion of the range of applications with a high degree of 
efficiency in transportation, manufacturing, assembly, and other areas [12]–[14]. Thus, 
selecting a control method for operation in different conditions in various industrial 
sectors is extremely acute and requires careful analysis. In addition, the impact of 
mechanical factors, such as unexpected vibrations, misalignments, possible joints 
damages, and transmissions issues, should also be considered when choosing a control 
method. These factors can significantly affect the robot's performance and lifespan. 

1.2 Control Methods of Industrial Robots 
The choice of control method for industrial robots is based on achieving desired 
parameters, such as control preciseness, system performance, energy consumption, etc. 
Additionally, the control system should be resilient to disturbances, easily integrated into 
a larger network, and adaptable to changing conditions [2], [5]. Various control methods 
are used to reach the desired performance parameters of mechanisms. However, 
maintaining system reliability and stability remains a central challenge. Robotic systems 
operating in industrial environments are often subjected to various mechanical loads and 
interferences, which lead to unintended vibrations, wear, and, ultimately, equipment 
failure. Consequently, the choice of control method should also consider the monitoring 
of the robotic system’s condition and the early diagnosis of issues.  

To ensure efficient robot operation under varying conditions, the main control 
methods are summarized in Table 1.1. This analysis highlights their applicability, benefits, 
and limitations. 
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Table 1.1. The main control methods in robotics with corresponding attributes. 

Control method 
type Control algorithms Benefits and limitations 

PID-control • Classical PID-control
[15]–[17];

• Autotuning PID-control
[18], [19];

Benefits: 
• Simple to implement and tune;
• Well-suited for linear systems and stable processes;
• Widely used and applicable in most applications.

Limitations:
• Efficiency decreases with significant delays or rapidly changing conditions;
• Requires careful parameter tuning for good results, especially in complex systems;
• Sensitive to noise, which can cause instability.

Adaptive 
control 

• Gain scheduling control
[20], [21];

• Self-tuning regulators [22],
[23];

• Adaptive fuzzy logic
control [24], [25];

Benefits: 
• Ability to adjust to changing system parameters in real-time;
• Improves control accuracy under uncertainty and variable conditions;
• Applicable in systems where an accurate model cannot be created.

Limitations:
• Complex to implement and computationally intensive;
• May not handle fast or sharp changes in parameters effectively;
• Requires mechanisms for real-time parameter estimation.

Optimal control • Pontryagin’s maximum
principle [26], [27];

• Bellman’s dynamic
programming [28], [29];

• Lagrange method [30];

Benefits: 
• Allows for minimizing or maximizing a target function;
• Ensures efficient and economical trajectories and actions;
• Useful for systems requiring high precision and cost minimization.

Limitations:
• High computational complexity, especially for multidimensional tasks;
• May require an accurate mathematical model, which is not always available;
• Limited adaptability since optimal solutions are designed for fixed conditions.
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Control method 
type Control algorithms Benefits and limitations 

Robust control • Classic fuzzy logic control
[31];

• Multi-model control [32];
• H∞ control [33];

Benefits: 
• Resilient to significant uncertainties and disturbances;
• Ensures stability and predictability even when parameters change;
• Effective in systems with substantial modelling errors.

Limitations:
• Complex tuning requiring specialized knowledge;
• Potentially high computational cost during design;

May lead to conservative solutions, reducing system efficiency.
Predictive 
control 

• Predictive control with
finite horizon [34];

• Predictive control with
infinite horizon [35];

• Stochastic predictive
control [36]

Benefits: 
• Considers the future behavior of the system, allowing for prediction and optimization;
• Takes constraints into account, important for complex systems;
• Provides precise control and good response to external disturbances.

Limitations:
• High computational requirements, especially for large prediction horizons;
• Dependence on the accuracy of the mathematical model;

Complex implementation for tasks with rapidly changing parameters.
Discrete control • Finite state machine

control [37];
• Timed finite state machine

control [38];

Benefits: 
• Simple to implement for tasks that can be represented as a sequence of states;
• High reliability and predictability in simple systems;
• Easy-to-understand logic that simplifies debugging and testing.

Limitations:
• Limited flexibility and adaptability, unsuitable for complex or continuous processes;
• Can become cumbersome as the number of states and logical conditions increases;

Poor fit for tasks with high uncertainty or unpredictability.
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The chosen control method must effectively mitigate the consequences of 
disturbances and also prevent their occurrence. However, vibrations in the moving parts 
of the robot (transmission), caused by mechanical damage, often go unnoticed and tend 
to be cumulative. This, in turn, leads to additional wear, repair, or failure of equipment. 
Identifying signs at an early stage can not only be detected but also their impact on the 
robotic system’s structure can be minimized with the proper control method. 

When considering the control methods described above in terms of improving the 
reliability and stability of a robotic system in the presence of undesirable disturbances, 
the following advantages stand out: optimal, predictive and robust control. 

1.3 Optimal Control Systems 
Control systems are rapidly evolving, transforming, and adapting to modern conditions, 
leading to an expansion of capabilities in controlling mechanisms. New control methods, 
such as piecewise-linear control, the use of artificial intelligence, or machine learning, 
enable achieving excellent control quality [9], [39]. However, alongside these new 
methods, traditional approaches maintain their popularity and are being redefined for 
new application areas, such as optimal control systems [40]–[42]. 

Optimal control systems are a combination of methods and algorithms designed to 
achieve the best (optimal) management results for a dynamic system. The main goal of 
optimal control systems is to maximize output parameters that determine the quality of 
control and minimize undesirable criteria affecting performance. Optimal control systems 
also consider most of the constraints imposed on the dynamic system. The key aspects 
of optimal control include [43]–[45]: 

• Formalization of the problem;
• Definition of performance criteria;
• Constraints;
• Determination of optimal strategy;
• Adaptation to changes.
Building an optimal control system starts with defining the dynamic system to be

controlled, the objective function, and the performance criterion for optimization. 
The dynamic system is a mathematical model describing the system’s behavior over time. 
The objective function takes various forms depending on whether the minimization or 
maximization task is set. 

Performance criteria are parameters that determine the quality of control. Choosing 
an appropriate criterion allows monitoring how well the control objective is achieved. 
Depending on the specific task and requirements of the dynamic system, the criterion 
could involve minimizing time, cost, resource consumption, or maximizing performance 
and profit. 

When developing an optimal control system, it’s essential to consider the constraints 
imposed on the dynamic system. Constraints include various physical parameters like 
speed or time, as well as technical parameters depending on the system’s design, such 
as maximum load [44]. 

The next aspect in developing an optimal control system is finding the optimal control 
strategy to either maximize or minimize performance criteria. Various methods are used 
for determining the strategy, such as Pontryagin’s maximum principle, Bellman’s dynamic 
programming method, fuzzy logic-based algorithms, machine learning algorithms, etc 
[46]–[48]. 



15 

In the case of unpredictable optimal control problems or working in stochastic 
environments, optimal control systems must be sufficiently adaptive and flexible. 
Achieving this result involves using various combinations of methods to react to changes 
promptly and maintain the optimal control strategy. 

Based on the literature analysis, Bellman’s dynamic programming method is suitable 
for optimizing the control of a robotic system under mechanical disturbances for the 
following reasons [49]–[51]: 

1. Recursive approach to solving control problems.
By breaking the main task into smaller sub-tasks, Bellman’s dynamic programming

method increases its efficiency in decision-making under changing conditions. When 
subjected to vibrational disturbances, the Bellman approach recalculates the optimal 
solution at each step, allowing the control system to adapt to disturbances while 
maintaining operational stability. 

2. Lack of strict conditions and applicability to uncertain systems.
Unlike other methods, such as the Lagrange method or Pontryagin’s maximum

principle, the Bellman approach is better suited for systems with numerous dynamic 
parameters. Vibration parameters, such as frequency and amplitude, as well as robotic 
system parameters like speed, torque, precision, and acceleration, can change 
unpredictably in the event of mechanical damage. The Bellman method ensures a more 
reliable response by recalculating the optimal trajectory compared to other methods 
that rely on a fixed optimal trajectory. 

3. Adaptability to constraints and improved response efficiency.
Response time minimization is achieved through continuous searching for the optimal

solution, which, in turn, contributes to the stability of the mechanical system. Taking 
constraints into account at each step, especially those related to variable disturbances, 
eliminates the need for complex modeling of the robotic system. 

4. Compatibility with other algorithms.
Bellman’s method can complement certain algorithms, introducing new dimensions

to control strategy development. For instance, combining it with fuzzy logic algorithms 
can create a predictive diagnostic system, minimizing the impact of damage before its 
destructive effects begin. 

1.4 Predictive and Robust Control Strategies 
Predictive and robust control strategies are key components in the fields of industrial 
automation, robotics, and the aviation and automotive industries [52]. Predictive control 
aims to forecast equipment failure and identify potential faults to prevent breakdowns 
without adhering to a fixed schedule of maintenance tasks. In turn, robust control 
strategies address uncertainties, noise, and disturbances, as well as changes in 
environmental and operating conditions, ensuring stable operation of mechanisms under 
various circumstances [53]. These methods are crucial in systems where environmental 
conditions, processes, or external disturbances can be unpredictable [52], [54]. 

Together, predictive and robust control strategies can be broken down into key 
components [55], [56]: 
• Condition monitoring and uncertainty modelling allow to collect data from

sensors, measuring various process or mechanism parameters in real-time, allows for a 
thorough study of system dynamics and potential uncertainties. This leads to the 
development of a mathematical model describing system behavior under different 
conditions. 
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• Data analysis and controller design provide to identify patterns, anomalies,
errors, and potential equipment failures. Controllers are then developed to maintain 
system stability and performance in the presence of deviations. These controllers use 
various algorithms, such as PID control, optimal control, fuzzy logic, and artificial 
intelligence. 
• Predictive modelling and sensitivity analysis identify key stages and determine

the possibility of equipment failure and the need for maintenance. At the same time, 
sensitivity analysis of control system performance to uncertainties is conducted to 
identify potential improvement opportunities. 
• Preventive actions, simulation, and testing through analysis and prediction of

failures reliable operation of control systems and mechanisms is ensured under different 
operating conditions. 

In this context, predictive and robust control systems allow for reduced equipment 
downtime, which would otherwise be required for maintenance and adjustment to new 
operating conditions; cost savings due to high adaptability; and improved safety, quality, 
and efficiency by reducing the impact of uncertainties, noise, and disturbances on 
equipment. 

Among the control methods presented above, fuzzy logic stands out for its 
adaptability, robustness, and ability to predict events. Fuzzy logic possesses several key 
features that make it particularly effective in handling mechanical damage in robotic 
systems [57]–[60]: 

1. Adaptive approach to uncertainties.
Fuzzy logic enables the management of imprecise data, which is especially crucial for

robotic systems affected by vibrational disturbances. The absence of a requirement for 
prior parameter tuning for each event scenario allows a fuzzy logic-based control system 
to adapt to changing conditions. 

2. No requirement for a precise mathematical model.
This simplifies the process of designing, implementing, and configuring a fuzzy logic

control system, enabling generalization across various scenarios without excessive detail. 
3. Rule-based control for predictive capabilities.
The use of a rule base enables the creation of predictive control systems to assess

future states, setting fuzzy logic apart from other algorithms. The use of empirical data 
and a set of rules ensures high response speed. 

4. Integration with other control methods.
Fuzzy logic can complement other control strategies, broadening control horizons and 

achieving the required quality. The distribution of fuzzy sets to encompass various 
scenarios enables a shift from focusing solely on the system's current state to building a 
control strategy that adapts to changes. 

5. Resistance to disturbances and adaptability to changes.
Fuzzy logic ensures robust control even in the presence of significant deviations in

system operation. Furthermore, its lack of reliance on extensive calculations saves 
computational resources, enhancing system performance. 

Thus, in terms of developing a robust and predictive control strategy, the fuzzy logic 
algorithm excels due to its adaptability, precision, and computational efficiency. 
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1.5 Hypotheses 
The research field of the thesis in fault diagnosis and robust control strategies have taken 
a turn with the optimal control system integration. This integration way is assumed to 
increase the accuracy and performance of the robotic system and optimize the detection 
of mechanical faults to eliminate their consequences. Based on the vibrational analysis 
the thesis’s purposes present how to update the mathematical model of the robot to 
achieve the desired performance characteristics under various conditions. Through 
current research, the following hypotheses are proposed: 

• Vibrational analysis of a robot’s moving parts, based on using accelerometers with
special placement, will allow for precise determination of the frequency
characteristics of specific mechanical damages.

• The data from the vibrational analysis can be used to develop optimal robot
control strategies based on Bellman’s dynamic programming and an algorithm
based on fuzzy logic.

• Using optimal control based on Bellman’s dynamic programming will reduce the
control system’s response time to disturbances caused by unwanted vibrations
and increase the stability of the mechanical system.

• The fuzzy logic-based algorithm may be capable of predicting and diagnosing
mechanical damages.

• The combination of vibrational analysis and the fuzzy logic algorithm can simplify
the task of predicting repairs of robotic systems and enhancing the stability of
control systems in the presence of mechanical damages.

1.6 Objectives of the Thesis 
The main aim of the thesis is to design and develop an optimal control and diagnosis 
system for an industrial robot. The system provides detection and prediction of faults, 
also controls the robotic system behaviour using robust control strategies. The system 
should be adaptive, flexible, accurate and analyse data in real-time. At the same time, 
adaptive control and fault prediction diagnosis of the optimal control system are 
important. The research questions consider different fault types and optimal control 
strategies for interacting, predicting, and eliminating mechanical damages in robotic 
systems. In this case, the goals of this thesis are: 

• Development of a scaled demonstrator with a data acquisition system for vibration 
analysis data collection.

• Design and modelling an optimal control system based on Bellman’s dynamic
programming method for eliminating oscillations.

• Development of a fuzzy logic algorithm for diagnosing mechanical faults in robotic
system.

• Implement a fuzzy logic algorithm to control a robotic system under mechanical
damage conditions.

1.7 Scientific Contributions 

1.7.1 Scientific Novelty 
• Vibration analysis method using strategically placed accelerometers to determine

vibration characteristics (frequency and amplitude) for both normal and damaged
transmission operation.
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• Methodology of application of Bellman’s dynamic programming optimal regulator
for eliminating undesirable oscillations in the robotic systems.

• Designing a novel adaptive and suitable application oriented on the fuzzy logic
algorithm for diagnosing mechanical faults and controlling the robotic system
under these conditions without using accurate mathematical models.

• An analysis of the control characteristics of optimal control system based on
Bellman’s dynamic programming method and a novel application oriented on the
fuzzy logic for eliminating consequences of mechanical damages.

1.7.2 Practical Novelty 
• Development of a scaled demonstrator for vibration analysis data collection.
• Definition of the reference and faulty frequencies of the tooth belt transmission

and screw transmission of the robot system.
• Modelling of the Bellman’s dynamic programming optimal control regulator for

eliminating vibration based on vibrational spectrum.
• Modelling of the fuzzy logic diagnosis and control algorithm for detecting mechanical

faults and control robotic system under these conditions.

1.8 Outline of the Thesis 
The thesis is structured into five chapters are as follows. 

Chapter 2 covers the review of related works. This chapter focuses on gearbox faults, 
types of control systems, and the description and analysis of Bellman’s dynamic 
programming method and fuzzy logic method. 

Chapter 3 describes the design of the experimental part for getting vibration signals. 
This includes the description of the experimental test bench and its components, 
measurement setup, and laboratory test parameters. Also, this chapter covers the 
vibrational signal analysis by the fast Fourier transform method. 

Chapter 4 focuses on designing the optimal control system. The first part of this 
chapter includes the mathematical description of cartesian robots like two-mass system 
and contains the mathematical derivation of the optimal controller. The second part of 
the chapter covers modelling process of the optimal regulator in two ways are 
eliminating and accelerating. The chapter analyzes and compares the modelling results 
of the obtained optimal controllers. 

Chapter 5 contains details of designing the fuzzy logic algorithm for diagnosis of 
mechanical damages and control robot under these conditions. This algorithm is based 
on the analysis of vibrational signals. The chapter provides a detailed description of the 
algorithm’s derivation and output, as well as the results of its modeling using real data. 

Chapter 6 presents the conclusion and future work of this research. 
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2 State of the Art in the Industrial Robots Motion Field 
Robotic systems are widely used in modern manufacturing. These systems increase 
productivity while reducing the consumption of materials, energy, and human resources 
[61]. Robots help ensure human safety by handling hazardous materials and operating in 
unfavorable environments. However, despite their many advantages, robotic systems 
require maintenance, repair, and replacement in the event of wear or damage [62]. 
To extend the lifespan of a robotic system, properly selected actuators (primarily electric 
motors) are used. Control systems for robots are developed based on various algorithms 
to achieve the desired quality of operation. Predictive maintenance and diagnostic 
systems for moving mechanical parts of robots are being implemented and advanced to 
ensure high productivity and reduce maintenance costs [63], [64]. 

2.1 Electrical Machines in Robotics as Actuators 
One of the extensive areas of implementing electric machines is robotics. Servo motors 
play a crucial role as actuators in robotics. This type of motor has found wide application 
in this field due to its advantages, namely [I]: 
 Precise control over angular position, velocity, and acceleration, enabling high

positional accuracy of robotic actuators [65], [66]. 
 Feedback in the form of potentiometers and encoders [67], [68]. These sensors, 

integrated into the servo motor’s design, provide real-time feedback on position and 
velocity, facilitating adjustments and corrections to deviations from desired parameters, 
thereby enhancing precision and stability [69], [70]. 
 Despite their small size, servo motor-drives can deliver high torque, making

them indispensable in applications with limited installation space or requiring lifting 
heavy loads or applying significant force [71], [72]. 
 Servo motor-drives can be easily integrated into various control systems due to

the versatility of control approaches. There are numerous methods for controlling servo 
motors, allowing for the development of various applications [73]–[75]. 

The conversion of electrical energy into mechanical energy is achieved with minimal 
losses when using servo motor-drives [76], [77]. 

Thus, servo motor-drives enhance the accuracy, versatility, and performance of 
mechanisms and applications. However, the motor control system also significantly 
influences operational characteristics [65], [78], [79]. The robot’s diagnostic and control 
system are equipped with an adequate number of sensors to monitor the mechanism’s 
behavior in real-time during work operations. However, these sensors only track 
parameters in the power and control systems of the machines [80]–[82]. This leads to 
the inability to prevent or predict the robot’s behavior in case of mechanical part failure. 
As a result, damages such as wear, heating, or breakdown of parts in the robot’s 
transmissions and connecting links go unnoticed and lead to serious consequences. 
Consequently, mechanisms lose their efficiency, working characteristics decrease, or 
they may completely fail. 

Based on this literature review, discusses what faults in mechanical parts (e.g. 
gearboxes, reductors, couplings, joints, etc.) may occur during work operations and how 
a fuzzy logic-based control system can be used to create a predictive robust control 
system capable of operating under specified conditions. 
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2.2 Gearbox Analysis: Structure and Faults 

Gearboxes play an important role in robotic systems. They consist of various transmission 
types, transfer force from the actuator to other parts of the robot, and coordinate the 
movement of these parts [83]. The correct choice of transmission types in gearbox affects 
the system’s efficiency, maneuverability, precision, and lifecycle. Depending on the 
purpose, characteristics, and conditions, several types of transmissions are used in 
robotic systems [83]–[85], [II]: 

1. Tooth transmission is used for working with high loads and minimal backlash. It is 
popular in small systems due to its compactness. 

2. Belt transmission is used to transmit force in more complex and larger robotic 
systems. It is popular for its constant gear ratio, lightweight, and noiseless operation. 

3. Chain transmission is used in large robotic systems where significant forces and 
loads need to be transmitted. 

4. Screw or worm transmission is used in linear systems requiring precise positioning. 
An example of a robot gearbox is shown in Figure 2.1. 
 

 

Figure 2.1. The example of the gearbox (previously published in article V). 

Faults in the gearbox can significantly affect the performance, operational 
characteristics, durability, and energy efficiency of robotic systems. Gearbox failures 
develop gradually and don’t instantly lead to system failure [86]. This process can extend 
over a long period, and even minor damage can result in serious consequences, disrupting 
system operation and eventually leading to complete failure. The most common gearbox 
damages include [II, III]: 
✓ Wear and tear of wheels and pulleys. 
All moving parts of the gearbox are subject to wear. Over time, gears and pulleys wear 

out due to constant friction, resulting in increased clearance between them and 
potentially reducing the system’s accuracy and performance [87], [88]. 
✓ Misalignment of pulley centers. 
Misaligned pulleys cause excessive friction, noise, and wear on gears and transmission 

belts. Improper pulley alignment can result from manufacturing defects, additional 
vibration, and mechanical stress [89]. 
✓ Lubrication and contamination issues. 
Insufficient lubrication and contamination accelerate wear, increase friction, and lead 

to overheating and breakdown of transmission components. Lubrication is necessary to 
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prevent metal-to-metal contact and reduce friction. Inadequate lubrication in the 
gearbox can lead to frequent repairs and downtime [90], [91]. 
 Overloading, vibrations, and impacts.
Subjecting the gearbox to loads beyond its design capacity, as well as shocks and

vibrations, accelerates wear, deformation, and stress on transmission parts [92], [93]. 
Overloading, along with additional vibration, arises from excessive loads, sudden 
impacts, external forces, and mechanical imbalances [94]. 

Addressing gearbox issues requires a combination of servicing methods and the 
installation of modern monitoring and control systems to prevent frequent inspections 
and repairs. Reliable design solutions will ensure reliability and performance under 
various operating conditions. 

2.3 Control Systems for Eliminating Vibrations 
When addressing the task of mitigating and preventing damage in transmissions, five 
main types of control methods are distinguished based on system constraints and 
environmental conditions [95], [96]: 

• Regulation;
• Optimal control with a finite or infinite forecasting horizon;
• Optimal control with constraints;
• Adaptive and robust control;
• Stochastic control.
Regulation mainly aims to minimize the error between the output signal of the

dynamic system and the desired (specified) value [97]. Methods such as the least squares 
method or PID control are used for this purpose [98], [99]. 

Optimal control with a finite or infinite forecasting horizon is used to determine the 
control strategy based on the forecast of the system’s state and future conditions [100], 
[101]. In the case of a finite horizon, the optimal control system aims to determine the 
control strategy over a fixed time interval [102]. In the case of an infinite horizon, 
the optimal control system determines the control strategy over an infinite time interval, 
considering the subsequent states of the system and the conditions of influence [103]. 
Dynamic programming algorithms like Bellman’s equations are used to implement such 
control strategies. 

Optimal control with constraints creates a control strategy for a dynamic system 
considering the presence of constraints to maximize or minimize performance criteria 
under specified conditions [46], [104]. Algorithms such as Pontryagin’s maximum principle 
or quadratic programming are used to solve constrained control problems [46], [105]. 

Adaptive and robust control combines some algorithms, which can adjust to changing 
environmental conditions or control task requirements while maintaining the optimal 
control strategy [106]–[108]. Algorithms based on adaptive regulation, fuzzy logic, and 
machine learning are used to tune adaptive and robust control systems [109], [110]. 

Stochastic control systems are designed to operate in dynamic systems where random 
processes occur [111], [112]. These control systems consider the probability distribution 
and statistics of finding the optimal control strategy [113], [114]. To solve such problems, 
algorithms like the Kalman filter or Markov decision processes are typically used. 

Each of these methods is applied in various fields depending on the task at hand and 
has its benefits and limitations. However, only three of them are often used in robotics 
and their comparison is presented in Table 2.1.  
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Table 2.1. Comparison of optimal control system types. 

Control system 
type Applicable algorithms Benefits and 

limitations 
Optimal control 
with a finite or 
infinite forecasting 
horizon 

• Bellman’s dynamic programming
[47];

• Linear quadratic regulation [115];
• Model predictive control [116].

Benefits: 
• Forecasting. Ability to anticipate future changes and manage them.
• Flexibility. Allows for determining optimal control strategy at any time interval.

Limitations:
• Mathematical complexity. Working with large time intervals requires

significant computational resources.
• Noise sensitivity. The presence of additional or unwanted noise that cannot

be eliminated leads to the destabilization of the control system.
Optimal control 
with constraints 

• Pontryagin’s maximum principle
[46];

• Constrained model predictive
control [117].

Benefits: 
• Safety. Ensuring compliance with imposed constraints on the mechanism

enhances control stability.
• Adaptability. Allows for determining control strategy under any constraints.

Limitations:
• Implementation complexity. Calculation and application of complex

algorithms are required to account for all constraints, which complicates the
design of the control system.

Probability of obtaining a suboptimal control strategy. 
Adaptive and 
robust control 

• Robust model predictive control
[118];

• Adaptive neural network control
[119];

• Fuzzy logic algorithm [48].

Benefits: 
• Forecasting. Working in variable conditions allows for predicting system states

and adapting to changes without full reconfiguration of the control system.
• Flexibility. The ability to adapt to any environmental conditions enhances

real-time control efficiency.
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Control system 
type Applicable algorithms Benefits and 

limitations 
Limitations: 

• Complexity of tuning. Parameter tuning and adaptation rules adjustment are
required, which can be labour-intensive.

Instability. Incorrect settings selection may lead to loss of control system 
stability. 

Stochastic control • Linear quadratic gaussian [120];
• Stochastic model predictive

[121];
• Monte Carlo optimization [122].

Benefits: 
• Uncertainty management. Ability to account for random disturbances and

occurrences of external forces to enhance control system stability.
• Operation in a stochastic environment. Enables the construction of a control 

system for any environment with uncertain data.
Limitations: 

• Computational complexity. Requires significant computational power for the 
design and operation of the control system.

Sensitivity to precise mathematical models. An accurate mathematical model 
of the process or mechanism operating in a stochastic environment is required, 
which can be labor-intensive in real-world conditions. 
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Based on the literature review of control methods for robotic systems, two 
approaches stand out for the task of mitigating, preventing, and diagnosing transmission 
damage: optimal control with a finite or infinite forecasting horizon and adaptive and 
robust control. These methods possess the necessary qualities to build a control system 
based on analyzing vibrations that arise in the event of transmission damage. 

Among the algorithms, Bellman’s dynamic programming stands out due to its features, 
like forecasting, flexibility, and overcoming dynamic complexity [49]. This algorithm allows 
for optimizing control considering the current and future states of the system. This 
property is crucial for assessing system damage since the known vibration spectrum can 
be used to establish an optimality criterion that minimizes the consequences. Moreover, 
the ability to adapt the optimal control trajectory at each step guarantees optimal 
control. The algorithm is well-suited for both finite and infinite horizons, making it 
applicable for long-term use. By breaking the main task into smaller subtasks, Bellman’s 
dynamic programming is particularly effective under conditions of mechanical damage 
to a robot, as it enables the division of the overall task into manageable parts. Such an 
approach reduces the influence of damage on the robot’s performance by ensuring that 
the system can adapt dynamically to changing operational conditions while accounting 
for the future impact of the damage. 

For controlling a robotic system with a damaged transmission, fuzzy logic stands out 
due to its properties, as functioning under uncertainty, adaptation to changes, and ease 
of setup and integration [57], [60]. Fuzzy logic is indispensable in situations where the 
mathematical model of a robotic system becomes unclear due to damage. This is 
critically important for control, as fuzzy rules can be configured to operate effectively 
under uncertainty. Furthermore, the vibration spectrum can be easily interpreted 
through linguistic variables, simplifying control and configuration. In cases of system 
degradation, such as worsening transmission damage, fuzzy logic easily adapts to changes, 
enhancing the reliability and robustness of the control system. Despite the complexity 
and multitasking nature of the system, the implementation and configuration of fuzzy 
logic remain relatively straightforward, and integration with other control methods is 
seamless. 

Based on the above, Bellman’s dynamic programming and fuzzy logic together create 
a synergistic control system combining adaptability, optimality, and robustness. Fuzzy 
logic mitigates noise sensitivity, while dynamic programming ensures global optimality. 
Furthermore, combining these two algorithms allows for assessing the current state of 
the mechanical system and calculating an optimal control strategy. 

Unfortunately, the high computational demand of these algorithms complicates their 
integration into modern systems, which is why most studies lack precedents for exploring 
such a control system. Additionally, the insufficient development of diagnostic methods 
means that using vibration spectra as input data requires the development of new 
diagnostic approaches and evaluations. Therefore, it is essential to examine these two 
algorithms in more detail to assess their potential for building a control system for a 
robotic system operating with a damaged transmission. 
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2.4 Bellman’s Dynamic Programming Method 
Bellman’s dynamic programming is a mathematical approach to solving optimal control 
problems, based on the principle of breaking down the problem into smaller fragments 
and finding the optimal solution for each of them [123], [124]. 

The main stages of dynamic programming are as follows [125], [126]: 
1. Problem formulation.
The main task is broken down into fragments, for which optimality conditions are

defined, and an optimal solution is found at each step. The most common example for 
such type of control is robot control with a specific sequence of actions. 

2. Quality assessment.
For each step, an assessment of optimality is made. A quality function is created,

which, considering various factors such as resource costs, desired outcomes, etc., 
evaluates the optimality of the solution. 

3. Finding the optimal path.
Considering each step individually allows for determining the optimal control strategy 

for the overall problem solution. 
4. Strategy preservation.
To reduce computational complexity, intermediate data is stored to avoid redundant

calculations for simpler tasks. 
5. Formation of a complete control strategy.
After determining the optimal solutions for all tasks, they are combined, and an overall 

control strategy is formed. 

Two main expressions are used for forming optimal control according to Bellman’s 
dynamic programming principle: the Bellman optimality equation (1) and the Bellman 
recurrence equation (2) [126]–[128]. 

𝑉𝑉(𝑠𝑠) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎∈𝐴𝐴(𝑠𝑠) �𝑅𝑅(𝑠𝑠, 𝑚𝑚) + 𝛾𝛾� 𝑃𝑃(𝑠𝑠′| 𝑠𝑠, 𝑚𝑚)𝑉𝑉(𝑠𝑠′)
𝑠𝑠′∈𝑆𝑆

� ; (2.1) 

where, s – current system state; s’ – next system state; α – system impact; 
V(s) – optimal strategy in the current state; A(s) – impact sets in the current state; R(s, α) 
– optimal criteria after impact; γ – discount coefficient; P(s’ | s, α) – transient possibility
to the next state after impact.

𝑉𝑉𝑘𝑘+1(𝑠𝑠) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎∈𝐴𝐴(𝑠𝑠) �𝑅𝑅(𝑠𝑠, 𝑚𝑚) + 𝛾𝛾� 𝑃𝑃(𝑠𝑠′| 𝑠𝑠, 𝑚𝑚)𝑉𝑉𝑘𝑘(𝑠𝑠′)
𝑠𝑠′∈𝑆𝑆

� ; (2.2) 

where Vk(s) – optimal strategy in the current state in k-iteration. 
Bellman’s dynamic programming algorithm is an excellent fit for addressing the problem 

of mitigating vibration effects. This is supported by the algorithm’s distinct advantages. 
By breaking down the problem into smaller functions, the control algorithm enables a 

detailed understanding of local dynamics, including nonlinear behavior. For example, 
in the case of a robotic manipulator subject to oscillations, dynamic programming 
optimizes the control input for each joint, minimizing vibration amplitude step by step 
[123], [124]. 

The quality criterion of this algorithm allows for considering various developmental 
scenarios and adapting the control system to specific needs. This approach not only 
mitigates the effects of damage and vibrations but also minimizes energy consumption 
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and system wear. Thus, vibration suppression can simultaneously manage multiple 
parameters influencing production quality and safety [129]. 

To solve the problem of vibration suppression, it is essential to identify a trajectory 
and control strategy that avoids resonance frequencies and effectively reduces the 
impact of vibrations on the system. By analysing the system’s response at each step, 
dynamic programming can create a global control strategy. In this way, the algorithm 
determines the sequence of actuator forces needed to compensate for disturbances 
[130]. 

It should also be noted that due to its step-by-step optimization, this algorithm is ideally 
suited for dynamically changing environments. Given that vibration characteristics can 
change in real time almost instantaneously, the adaptability of Bellman’s dynamic 
programming ensures the stability of the control system [131]. 

2.5 Fuzzy Logic Algorithm 
Given the diversity of methods, optimal control finds applications in aerospace 
engineering, for optimizing the movement and trajectory of ships and aircraft, and 
robotics, for developing controllers, autonomous vehicles, and controlling robotic 
manipulators. Fuzzy logic-based control systems enable the processing of imprecise data 
and categorizing them into belonging to a particular output, unlike binary logic, where 
the output parameter can only take on values of “0” or “1”. Fuzzy logic is an excellent 
tool for creating control systems for mechanisms with nonlinear dynamics, complex 
relationships, and ambiguous or insufficient input parameters [110], [132], [133]. 

A fuzzy logic-based control system operates according to a specific algorithm. 
Fuzzy logic replaces traditional binary sets with fuzzy sets, which allow elements to 

have partial membership in a set. Each fuzzy set is characterized by a membership 
function that assigns degrees of membership to elements in the universe of discourse 
[134], [135]. 

Fuzzy rules form the basis of the control logic in the fuzzy logic control system. These 
rules are expressed in the form of “if-then” statements, where linguistic variables (e.g., 
“low”, “medium”, “high”) are used to represent inputs, outputs, and control actions. 
Fuzzy rules capture expert knowledge and heuristics about the system’s behavior [136], 
[137]. 

Fuzzy inference involves applying fuzzy logic rules to determine the system’s response 
to input conditions [138]. It consists of two main steps: fuzzification and inference. 
Fuzzification converts crisp input values into fuzzy sets using membership functions, 
while inference combines fuzzy rules to produce fuzzy output sets [139], [140]. Three 
main types of membership functions are used in this step. There are triangle (2.3), 
trapezoidal (2.4), and gaussian (2.5) membership functions. 

𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑚𝑚; 𝑚𝑚, 𝑏𝑏, 𝑐𝑐) =

⎩
⎪
⎨

⎪
⎧

0, 𝑚𝑚 ≤ 𝑚𝑚
𝑚𝑚 − 𝑚𝑚
𝑏𝑏 − 𝑚𝑚

, 𝑚𝑚 ≤ 𝑚𝑚 ≤ 𝑏𝑏
𝑐𝑐 − 𝑚𝑚
𝑐𝑐 − 𝑏𝑏

, 𝑏𝑏 ≤ 𝑚𝑚 ≤ 𝑐𝑐

0, 𝑐𝑐 ≤ 𝑚𝑚

; (2.3) 

where, a, b – borders of the triangle function; c – the center of the triangle function. 
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𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑚𝑚; 𝑚𝑚, 𝑏𝑏, 𝑐𝑐,𝑡𝑡) =

⎩
⎪⎪
⎨

⎪⎪
⎧

0, 𝑚𝑚 ≤ 𝑚𝑚 
𝑚𝑚 − 𝑚𝑚
𝑏𝑏 − 𝑚𝑚

, 𝑚𝑚 ≤ 𝑚𝑚 ≤ 𝑏𝑏

1, 𝑏𝑏 ≤ 𝑚𝑚 ≤ 𝑐𝑐
𝑐𝑐 − 𝑚𝑚
𝑐𝑐 − 𝑏𝑏

, 𝑐𝑐 ≤ 𝑚𝑚 ≤ 𝑡𝑡

0, 𝑚𝑚 ≤ 𝑡𝑡

; (2.4) 

where, a, b – borders of the trapezoid function; c, d – the maximum of the trapezoid 
function. 

𝑡𝑡𝑚𝑚𝑔𝑔𝑠𝑠𝑠𝑠𝑡𝑡𝑚𝑚𝑡𝑡(𝑚𝑚; 𝑐𝑐,𝜎𝜎) = 𝑡𝑡−
1
2�
𝑥𝑥−𝑐𝑐
𝜎𝜎 �

2

; (2.5) 

where, c – the middle of the gaussian function; σ – the width of the gaussian function. 
Fuzzy aggregation combines the outputs of multiple fuzzy rules to generate a single 

fuzzy output set. This process can involve methods such as minimum, maximum, or 
weighted averaging to aggregate the contributions of individual rules [139]. 

Defuzzification converts the fuzzy output set into a crisp control action or decision. 
This involves determining a single value or a set of values that best represents the fuzzy 
output set, typically using methods such as centroid defuzzification or weighted average 
[140]. 

Based on the fuzzy logic control algorithm, it can be said that this method is highly 
adaptable to any task. Moreover, fuzzy logic does not require the calculation of an exact 
mathematical model of the process or mechanism. Additionally, fuzzy logic mirrors 
human reasoning, making it relatively easy to apply to various conditions. Consequently, 
the fuzzy logic control algorithm finds its application in areas such as autonomous 
systems, enabling smooth and efficient control, industrial automation, allowing the 
control of many transient processes, and robotics, facilitating transportation and precise 
control of machines and robots [141], [142]. 

2.6 Chapter Summary 
There are numerous methods for controlling robotic systems, each designed for specific 
purposes, as evidenced by the review presented in this chapter. Control systems are 
constantly evolving to achieve greater performance, precision, or to mitigate undesirable 
effects caused by external factors. Faced with new challenges, robotic control systems 
are modernized to enable prediction, data analysis, and stable operation under varying 
conditions. 

Despite significant advancements in the development of control systems, certain gaps 
remain in the application of specific control algorithms across different domains. This is 
because many issues are not yet considered significant, or the algorithms have not been 
optimized for external conditions (such as mechanical damages, environmental 
contamination, etc.). Such algorithms include Bellman’s dynamic programming and fuzzy 
logic. In the field of condition monitoring and diagnostics of the mechanical components 
of robotic systems, these algorithms have not been fully developed. Many approaches 
to building control systems are focused on machine learning rather than vibration 
analysis, leaving the potential of dynamic programming and fuzzy logic in this area 
untapped. These algorithms offer unique advantages and demonstrate their capabilities 
when additional parameters for evaluating vibrational signals are available. This enables 
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the development of a control system capable of mitigating undesirable effects caused by 
damage to the mechanical components of robotic systems. It also provides the possibility 
of controlling the robot under these conditions and diagnosing damage at early stages, 
ensuring timely maintenance, reducing wear on other mechanical components, and 
predicting the behavior of the mechanism in uncertain conditions. 

The limited use of fuzzy logic and Bellman’s dynamic programming algorithms can be 
attributed to their high computational resource requirements and the complexity of 
adapting these algorithms to uncertain scenarios of mechanical failures. However, 
by studying potential damage in robot transmissions, it is possible to obtain the 
necessary data to significantly reduce the computational demands of these algorithms 
and facilitate their integration into existing control systems. Addressing this gap could 
lead to significant advancements in the reliability, performance, and safety of industrial 
robotic systems, motivating further research in this direction. 
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3 Condition Monitoring of Robots 
Robots in industry play an important role in many industrial applications, ensuring safety 
in the workplace and various production conditions. Monitoring the condition and 
implementing reliable control strategies for robots has always been significant in the 
industry. The use of optimal control systems in areas of predictive maintenance and 
condition assessment is advancing in modern research [63], [64]. 

The application of reliable control strategies, specifically optimal control systems, 
in industrial applications is evolving towards predictive maintenance to increase 
productivity and reduce the number of scheduled and unscheduled repairs and 
maintenance. Periodic and unscheduled repairs lead to loss of time and resources due to 
equipment downtime and loss of production productivity. Therefore, more research is 
focused on identifying damages at an early stage to prevent downtimes and find new 
ways to ensure equipment maintenance [86], [95], [96]. 

This allows for the development of an algorithm for real-time damage detection data 
assessment. Combining condition monitoring and reliable control strategies enables the 
use of several types of analysis: vibration, thermal, acoustic, and performance. Each type 
of analysis is intended to detect specific faults [143]–[146]. 

Vibration analysis is based on measuring the vibration levels of robot components, 
such as transmissions, bearings, and joints. Accelerometers are used for this purpose, 
recording the necessary data. Increased vibration levels can indicate imbalance, 
misalignment, or wear of moving parts. This method is useful for detecting damage in 
moving parts that are subject to increased friction [145]. 

Thermal analysis is based on determining thermal signatures using infrared cameras. 
Overheating of the robot’s moving parts can indicate lubrication problems, friction, 
or stress on the robot’s body. This method is effective for detecting overheating of 
motors and joints [143]. 

Acoustic analysis involves analyzing high-frequency sounds emitted by materials 
under load or friction. Cracks, friction, or other anomalies and damages generate sounds. 
Acoustic sensors or sensitive microphones are used to capture sounds, allowing early 
detection of fatigue cracks and component wear [144]. 

Performance analysis is based on assessing the working parameters of the robot, 
such as speed, torque, or energy consumption. Robot sensors and software are used for 
real-time data analysis. However, deviations from working parameters can indicate both 
mechanical damages and system errors [146]. 

Based on a literature review of these methods, it can be stated that vibration analysis 
integrates well into the strategy of reliable control systems and condition monitoring. 
Thus, this type of analysis can be taken as the basis for diagnosing and managing robots 
under the influence of mechanical damages. 
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3.1 Scale Demonstrator 
The scale demonstrator is built for experiments and getting vibration data from the 
robot. The demonstrator consists of the Hirata cartesian robot, vibration sensors, and a 
data acquisition system. The view of the scale demonstrator to collect data for different 
faults is presented in Figure 3.1. 

Figure 3.1. The view of the scale demonstrator with data collection system. (previously published in 
article IV) 

The scale demonstrator was constructed to evaluate the impact of transmission 
damage on the structure of the Cartesian industrial robot. For this purpose, the operational 
characteristics of vibration were assessed under normal transmission conditions. 
Subsequently, damage was introduced, and experiments were conducted to evaluate the 
vibration performance of the robot with a damaged transmission. 

These experiments are essential for obtaining data on vibration frequency and 
amplitude to understand the relationship between damage and its effects on the robot’s 
vibrations during operation. By collecting sufficient data and analyzing it, a correlation 
between damage and vibrations can be established. Based on this data, a control system 
can be developed to enable the robotic system to operate under these conditions and to 
diagnose the damage effectively. 

The data is collected from the robot in a healthy and faulty state using Data Acquisition 
System Dewetron and acceleration sensors. Data are collected in safe conditions to 
prevent extreme situations. For this purpose, the robot’s parameters are set to certain 
limits. The specification of the robot and parameters for the experiment are presented 
in Table 3.1. 
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Table 3.1. Specification of the robot and parameters for the experiment. 

Parameter 
Value 

Specification parameters Experimental parameters 
Number of axes 4 2 

Motor 
power, W 

X 400 400 
Y 200 200 
Z 100 — 
W 30 — 

Max. speed, 
mm/s 

X 1200 200 
Y 1200 200 
Z 1000 — 
W 1200° — 

Stroke, mm 

X 1200 1000 
Y 700 700 
Z 200 — 
W 540° — 

Repeatability. 
mm 

X 
±0.02 

Y 
Z ±0.01 
W ±0.02° 

Only two out of four axes were chosen for the experiment on collecting vibration 
signals. This was done because the Z and W axes have sufficiently rigid mounting, making 
capturing the required vibration characteristics impossible. Additionally, it is important 
to note that both axes represent a separate structure that can be easily replaced, which 
is why these axes are not considered valuable resources for obtaining the necessary data. 

3.2 Components 
The proposed data acquisition and control system for the experimental setup consists of 
the robot controller, teach pendant and three accelerometers (DIS-QG40N) united into 
one network. The control components allow to control of the robot in semi-automatic 
mode and help to avoid undesirable oscillations during the experiment. Teach pendant 
is used for setting needed parameters into the robot controller and implemented of the 
necessary robot operations. The technical specification for the accelerometers is given 
in Table 3.2. 

Table 3.2. Technical specification for the accelerometer DIS-QG40N. 

Parameter Value 
Measuring ways 3 axis (XYZ) 
Measuring range ±4 g. 
Output signal 0.5 – 4.5 V 
Resolution 4 mg 
Sensitivity error ± 2% 
Output refresh rate 3 ms 
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The sensors were installed on the top and bottom of the test bench (presented in 
Figure 3.1), as well as on the robot’s gripping system. These positions allow for capturing 
the robot’s vibrations directly and eliminate unwanted oscillations from the test bench 
frame in the main signal. Consequently, the robot's vibration signal is fully filtered from 
extraneous interference, except for noise caused by the vibration of individual parts of 
the robot’s structure. However, since these vibrations are insignificant, they can be 
disregarded. 
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3.3 Artificial Faults 
During the experiment, it was determined that the gearbox has its natural frequencies, 
which indicate its normal operation. Each transmission of the gearbox has distinct 
frequencies, but when combined, they provide an overall representation of the 
transmission’s performance. However, to obtain the necessary data, it is essential to 
introduce damage to the gearbox structure. This will generate erroneous signals with 
additional amplitudes and frequencies, which will serve as the basis for developing the 
control system. 

Under operating conditions, three types of mechanical faults can occur in the 
transmission of a cartesian robot: over-tension of the timing belt in the tooth belt 
transmission, heating of the worm in the screw transmission, and damage or excessive 
wear of the gears and pulleys in the transmissions. The experiment considered two types 
of failure: over-tension and heating. The third type was not considered, as the chance of 
this damage occurring in real conditions is quite low. Additionally, the transmission parts 
where this type of failure could occur are made of wear-resistant materials to avoid 
jamming. 

Belt over-tension occurs when the centers of the pulleys are vertically misaligned 
relative to each other. This type of damage is shown in Figure 3.2. 

Figure 3.2. The example of the belt over-tension in the tooth belt transmission. (previously published 
in article II) 

Over-tension creates additional force and load on the shaft of the robot’s servomotor, 
which, in turn, leads to vibrations during transition points, when the direction of the 
robot’s movement changes to the opposite. 

Worm heating in the screw transmission occurs when there is insufficient lubrication 
or contamination. This type of damage is shown in Figure 3.3. 

Figure 3.3. The example of the worm heating in the screw transmission. (previously published in 
article II) 

Worm heating causes additional vibrations throughout the robot’s workspace, 
reducing positioning accuracy and accelerating the wear of transmission components. 
This type of damage is also directly related to the parts of the transmission that are in 
constant contact. Due to additional wear, it can be assumed that the third type of 
damage is a consequence. 
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To obtain necessary data about the reference and faulty gearbox state the steps of 
the experiment for getting natural and artificial vibration data are presented in Figure 
3.4. 

Figure 3.4. The flowchart of the experiment steps. 

1. This step involves mounting sensors on the lab stand, connecting instruments to
the data acquisition system, and setting the robot’s operating parameters, such as speed, 
acceleration, the number of working axes, and movement paths. 

2. At this stage, mechanical damage was introduced into the robot’s transmission
structure (first belt over-tension, then worm heating) separately for each axis of the 
robot. 

3. Loading the robot’s program in semi-automatic mode using the control panel, as
well as monitoring control parameters and tracking the robot's movement trajectory. 

4. Reading and recording data from vibration sensors along the three axes X, Y, and Z
for the two robot axes, X and Y. The axes are considered separately to avoid “overlapping” 
of data. 

5. Changing the data format to obtain an accurate representation of the processes
occurring within the robot’s structure and extracting the necessary parameters from the 
sensor’s output signal. 

6. Extracting the frequency spectrum of the vibration signal using fast Fourier
transform for further use in the development of diagnostic and control algorithms. 

7. To get a full picture of the ongoing processes, the experiment was conducted
multiple times for each of the robot’s axes and under various conditions, specifically: 
healthy conditions (without additional noises and artificial failures), introducing an 
over-tension fault for the X and Y axes, and implementing a heating fault for the X and Y 
axes. 
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3.4 Measurement Analysis of Getting Data 
Based on the experimental setup the vibration spectrums are obtained. During of the 
experiment, the reference signal (healthy state of the robot) and faulty signal (state of 
the robot under over-tension or heating faults) are received. The data analysis was 
carried out using the FFT method to determine the reference (natural) frequencies of the 
robot’s transmission, as well as to isolate frequencies that are generated directly as a 
result of mechanical damage. To achieve more accurate results, the FFT window was 
selected with a range of 500 Hz. This was done because the mechanical components of 
the robot’s transmission typically have vibrational frequencies in the low to mid-frequency 
ranges [147]–[149], and most mechanical damage is detected below this limit. Therefore, 
there is no point in considering a window with a higher frequency range. 

The results of vibration signal analysis for timing belt over-tension of the tooth belt 
transmission by X and Y axes are presented in Figure 3.5. 

(a) (b) 

Figure 3.5. The spectra analysis of the output vibration signal by X-axis (a) and Y-axis (b) for the 
over-tension fault of tooth belt transmission. (previously published in article I) 
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The vibrational spectra in Figure 3.5 illustrate the frequency analysis of two distinct 
signals: a reference signal representing the healthy operation of a cartesian robot gearbox 
and a faulty signal that captures the effects of over-tension due to misaligned pulley axes. 
These graphs help to understand how the system’s vibrational characteristics shift under 
faulty conditions, providing valuable insights into mechanical performance and fault 
diagnosis. 

In both spectra, the reference signal (shown in blue) corresponds to the nominal or 
healthy state of the gearbox, where the belt tension is set according to factory 
specifications. This signal exhibits clear peaks at approximately 50 Hz, 100 Hz, and 
150 Hz, representing the fundamental frequencies associated with the gearbox’s normal 
operation. These frequencies are characteristic of the system when functioning under 
normal conditions, and the vibrational amplitudes at these points are relatively low, 
indicating a well-tuned, stable system. In contrast, the faulty signal (shown in red) shows 
the system’s response under over-tension, a condition where the transmission belt is 
subject to excessive tension due to pulley misalignment. 

Focusing on the vibrational spectrums by both axes, the reference signal shows 
dominant peaks in the expected frequency range. The system, in its healthy state, 
maintains low amplitudes at these critical frequencies, ensuring smooth operation. 
However, the faulty signal reveals a starkly different behavior. In addition to the 
fundamental peaks seen in the reference signal, the faulty spectrum introduces new 
peaks in higher frequency ranges, particularly 200 Hz and 250 Hz. This broadening of the 
frequency response, along with the substantial increase in amplitude, indicates that the 
over-tension causes increased mechanical stress and friction, leading to a more energetic 
vibrational response. The amplitude of these faulty peaks is significantly higher. This 
elevated response signals that the system is under abnormal strain, a direct consequence 
of the excessive tension in the transmission belt. 

In both spectra, the faulty signal demonstrates a markedly different vibrational profile 
compared to the reference signal. The presence of these higher frequency components 
and their elevated amplitudes suggest that over-tension introduces significant resonances 
that were not present in the nominal state. These resonances likely stem from increased 
friction, belt tension, and mechanical misalignment, all of which contribute to the 
generation of excess vibrational energy. Moreover, the noise floor in the faulty signal 
appears to be elevated across the spectrum, particularly at lower frequencies, which may 
indicate additional vibrations from external sources, such as adjacent machinery or loose 
components within the system. 

The over-tension fault’s impact on the system is clear: the increased vibrational 
amplitude and the expansion of the frequency range up to 250 Hz signal that the system 
is experiencing abnormal mechanical stress. This stress could lead to faster degradation 
of the transmission components, such as the belt, pulleys, or even the gearbox itself, 
if not corrected promptly. By comparing these spectra, it becomes evident that a healthy 
system maintains a controlled vibrational response, while over-tension introduces 
significant irregularities that can be detected through spectral analysis. Thus, monitoring 
the vibrational spectrum of a transmission system is crucial for early fault detection, 
allowing for timely maintenance and avoiding potential mechanical failures. 

The results of vibration signal analysis for worm heating of the screw transmission by 
X and Y axes are presented in Figure 3.6. 
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(a) (b) 

Figure 3.6. The spectra analysis of the output vibration signal by X-axis (a) and Y-axis (b) for the 
heating fault of screw transmission. (previously published in article III) 

In contrast, the second set of vibrational spectra examines the vibrational behavior 
of the cartesian robot gearbox under the influence of a worm heating fault in the screw 
transmission. The reference signal (blue) again represents the normal state of the system, 
with stable peaks at 50 Hz, 100 Hz, and 150 Hz, while the faulty signal (red) captures the 
effects of heating. 

In the spectrums, the faulty signal due to the heating fault shows an increase in 
amplitude, particularly in the 200–450 Hz range. The heating of the screw transmission 
causes thermal expansion and deformation, which leads to increased friction and 
mechanical misalignment. These changes generate broader vibrational peaks across a 
wide frequency range, indicating that the heating fault excites multiple vibrational 
modes. The higher frequencies in this case are indicative of the system’s struggle to 
maintain stability under thermal stress. The heating-induced vibrations are not confined 
to specific points in the system; instead, they have a stochastic nature, affecting multiple 
components simultaneously and leading to erratic behavior. 
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Unlike the over-tension fault, which manifests as a more predictable increase in 
vibrational amplitude at higher harmonics, the heating fault introduces randomized 
vibrational disturbances that are more challenging to mitigate. The broadening of the 
frequency range and the significant increase in amplitude suggest that overheating 
impacts the entire system, leading to increased wear on bearings, gears, and other 
mechanical parts. 

3.5 Chapter Summary 
This chapter covers a unique vibration analysis method using strategically placed 
accelerometers (shown in Figure 3.1) on the novel Cartesian scale demonstrator for 
mechanical fault testing, enabling precise identification of frequency and amplitude 
characteristics under both normal and damaged transmission conditions. Experiments 
involving artificial damage to the Cartesian robot’s gearbox revealed key vibration 
signals and spectra, distinguishing normal operational frequencies from those indicating 
damage. These findings provide a foundation for creating advanced control strategies, 
including systems based on Bellman’s dynamic programming to mitigate damage 
effects and fuzzy logic algorithms for effective damage diagnosis and operation under 
compromised conditions. 
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4 Optimal Control System for Compensation the Damage 
Impact 
In the case of mechanical damage to the robot's transmission, which can lead to 
undesirable load oscillations, optimal control (Bellman dynamic programming) can offer 
effective solutions for several reasons [129]–[131]: 

• Dynamic programming allows finding the optimal solution based on minimizing
a cost function. The algorithm accounts for the system’s dynamics and finds the optimal 
trajectory for the entire process, effectively preventing undesirable oscillations. 

• The algorithm can account for random disturbances and uncertainties in the
system, allowing for flexible real-time control adaptation to changing conditions. 

• Optimal control relies on precise mathematical models of the system, enabling
consideration of all physical parameters. 

• Optimal control can minimize load oscillations and vibrations by finding optimal
control actions at each step. This ensures smooth and steady control, even in the 
presence of damage. 

To create an optimal control system for eliminating robot vibrations, it is necessary 
to define its mathematical model for the given case. In this context, we consider the 
elimination of load vibrations caused by mechanical damage to the robot’s transmission. 
When damage occurs, and therefore, the resulting vibrations intensify the impact on the 
robot’s load, leading to additional undesirable effects such as reduced positioning 
accuracy and increased dynamic load on the motors. To address this type of impact,  
the Cartesian robot axis should be represented as a two-mass system, and optimality 
criteria should be defined [123], [124]. 

Figure 4.1 presents the two-mass model for moving the load with a Cartesian robot 
along the Y-axis. The Z-axis in this model represents the load’s attachment point, 
and only its weight is considered in creating the mathematical model. 

Figure 4.1. Two-mass model of the movement mechanism of Cartesian robot. 



40 

It is also important to note that the distance from the X-axis to the attachment point 
of the load can be neglected due to the rigid connection of the robot’s axes to each other. 
In this regard, the system of differential equations describing the behavior of the 
two-mass system for moving the robot with the load will be as follows [49], [150]: 

�
𝑚𝑚1

𝑑𝑑2𝑥𝑥1
𝑑𝑑𝑡𝑡2

+ 𝑚𝑚2𝑚𝑚2
𝑔𝑔
𝑙𝑙

= 𝐹𝐹 −𝑊𝑊

𝑚𝑚2 �
𝑑𝑑2𝑥𝑥2
𝑑𝑑𝑡𝑡2

− 𝑑𝑑2𝑥𝑥1
𝑑𝑑𝑡𝑡2

� + 𝑚𝑚2𝑚𝑚2
𝑔𝑔
𝑙𝑙

= 0
, (4.1) 

where m1 is the weight of the Y and Z axes; m2 is the mass of the load; x1, x2 are the 
coordinates of the mass centers of the load in initial and final positions, respectively; g is 
the acceleration of free fall; l is the length of the Z axis; F is the total traction or braking 
forces acting on the frame; W is the strength of resistance of the frame movement. 

Consider that when the robot moves without changing speed during operation, even 
in the case of changing the direction of movement, the system of differential equations 
can be reduced to a single second-order equation: 

𝑡𝑡2𝑚𝑚
𝑡𝑡𝑡𝑡2

+ 𝜔𝜔2𝑚𝑚 =
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where 𝜔𝜔 = �𝑔𝑔
𝑙𝑙
�1 + 𝑚𝑚2

𝑚𝑚1
� is the natural frequency of the load oscillation. 

The differential equation (4.22) can be transformed into a system of canonical 
equations by introducing the following notation 𝑔𝑔 =  𝐹𝐹−𝑊𝑊

𝑚𝑚1
, 𝑡𝑡1 = 𝑚𝑚: 

�
�̇�𝑡1 = 𝑡𝑡2
�̇�𝑡2 = (𝑔𝑔 − 𝜔𝜔2𝑡𝑡1). (4.3) 

Two optimal criteria are obtained based on the mathematical model of the two-mass 
system. One of them is criteria based on the value load deviation from the vertical and 
dynamic component of the driving force, another one is criteria based on the value 
transition time and dynamic component of the driving force. These two criteria are the 
backbone of two optimal control models: the eliminating model and the accelerating 
model. 

4.1 Eliminating Optimal Control Model 
As an optimization criterion, the complex integral criterion is chosen. This criterion shows 
a relationship between the square of deviation load from the vertical and the square of 
the dynamic component of the driving force [49], [150]: 

𝐼𝐼 = ��𝑘𝑘1𝑚𝑚2 + 𝑘𝑘2 �
𝐹𝐹 −𝑊𝑊
𝑚𝑚1

�
2

� 𝑡𝑡𝑡𝑡
𝑇𝑇

0

 (4.4) 

where k1, k2 are the coefficients representing weighting factors based on the specific 
system dynamics and design criteria, which influence the importance of each term in the 
cost or performance index. 

The coefficient k1 is tied to the control force and how much penalty you assign to the 
mismatch between 𝐹𝐹 and 𝑊𝑊, normalized by the mass m1. A larger k1 means you prioritize 
minimizing this force error. 
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The coefficient k2 means it can prioritize reaching the desired performance (force 
balance) more quickly. 

Considering the previous notations the criterion can be rewritten in the next form: 

𝐼𝐼 = �[𝑘𝑘1𝑡𝑡12 + 𝑘𝑘2𝑔𝑔2]𝑡𝑡𝑡𝑡
𝑇𝑇

0

 (4.5) 

The method of dynamic programming Bellman is used for minimizing the optimal 
criterion. The main functional equation is based on minimizing a specific functional that 
accounts for both the state variables and the control input. The Bellman functional 
equation is written as [49], [150]: 

𝑚𝑚𝑡𝑡𝑡𝑡 �𝑘𝑘1𝑡𝑡12 + 𝑘𝑘2𝑔𝑔2 +
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(𝑔𝑔 − 𝜔𝜔2𝑡𝑡1)� = 0, (4.6) 

where S is the Bellman function, which represents the value function that we aim to 
minimize. The function S depends on the state variables z1 and z2, and its partial 
derivatives concerning these states play a key role in the control process. 

The optimal control law u is obtained by the first differentiate equation (4.6) to u. 
It gives the necessary conditions for minimization. Setting this condition to zero leads to 
the following relationship: 
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= 0. (4.7) 

Solving for the control variable u, the optimal control law is calculated: 

𝑔𝑔 = −
1
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. (4.8) 

This equation (4.8) provides the control input u as a function of the state variables 
through the partial derivative of the Bellman function concerning z2. 

After substituting the expression for u back into the original Bellman equation (4.6) 
the following equation is got: 
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To solve the partial differential equation (4.9) the Bellman function S can be 
represented in a quadratic form, which is a standard approach for linear-quadratic 
control problems. In this case, the equation for the Bellman function is next: 

𝜕𝜕 = 𝐴𝐴1𝑡𝑡12 + 𝐴𝐴2𝑡𝑡1𝑡𝑡2 + 𝐴𝐴3𝑡𝑡22, (4.10) 

where A1, A2, and A3 are unknown constants to be determined through further 
analysis. This quadratic form is typical in optimal control problems, where the value 
function is often a second-order polynomial in the state variables. 

To find the constants need to take partial derivatives of S concerning z1 and z2: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡1

= 2𝐴𝐴1𝑡𝑡1 + 𝐴𝐴2𝑡𝑡2, (4.11) 
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𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡2

= 2𝐴𝐴3𝑡𝑡2 + 𝐴𝐴2𝑡𝑡1, (4.12) 

These expressions can now be substituted into equation (4.9) to determine the values 
of the coefficients A1, A2, and A3. The resulting system of equations will provide the 
specific solution for the Bellman function, and thereby, the optimal control strategy for 
the system. 
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(4.13) 

The equation (4.13) will be true if the expressions in parentheses are equal to zero 
since the variables z1 and z2 cannot be zero. Therefore, the equation (4.13) can be 
rewritten as a system of algebraic expressions: 
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(4.14) 

This system of equations (4.14) typically results in two real solutions and two complex 
ones. However, only one real solution is selected because, in this scenario, the system’s 
motion is smooth, and the maximum control effort remains small. The real solution 
ensures the physical feasibility and stability of the control system. After solving the 
system of nonlinear equations and finding the roots, we substitute the real root into the 
optimal control equation (4.8) derived earlier. The optimal control law can now be 
written as: 

𝑔𝑔 =
𝑡𝑡1(𝑅𝑅 − 𝑇𝑇)

𝑘𝑘2
, (4.14) 

where 

𝑅𝑅 = 𝑘𝑘2𝜔𝜔2 − �[𝑘𝑘2(𝑘𝑘1 + 𝑘𝑘2𝜔𝜔4)], (4.15) 

𝑇𝑇 = √2𝑡𝑡2�𝑘𝑘2 ��[𝑘𝑘2(𝑘𝑘1 + 𝑘𝑘2𝜔𝜔4)] − 𝑘𝑘2𝜔𝜔2�. (4.16) 

Thus, by synthesizing the control law, the final expression for the optimal control is 
successfully derived with input u, a function of the state variables z1, z2, and the 
parameters k1, k2, ω. This function represents the control strategy that minimizes the 
cost function while maintaining system stability. 
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4.2 Accelerating Optimal Control Model 
The algorithm for determining the optimal acceleration control model is similar to the 
previous model; however, the difference lies in the form of the integral optimality 
criterion, which, in turn, leads to a completely different form of the optimal controller. 
This criterion shows a relationship between the square of transition process time and the 
square of the dynamic component of the driving force [150], [151]: 
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The criterion can be rewritten in the next form: 
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The main Bellman’s functional equation written as: 
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The optimal control law is calculated as: 
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After substituting the expression for u back into the original Bellman equation (4.19) 
the following equation is got: 
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To solve the partial differential equation (4.21) the Bellman function S can be 
represented in a quadratic form, which is a standard approach for linear-quadratic 
control problems. In this case, the equation for the Bellman function is next: 

𝜕𝜕 = 𝐴𝐴1𝑡𝑡22 + 𝐴𝐴2𝑡𝑡1𝑡𝑡2 + 𝐴𝐴3𝑡𝑡12, (4.22) 

To find the constants need to take partial derivatives of S concerning z1 and z2: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡1
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𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡2

= 2𝐴𝐴1𝑡𝑡2 + 𝐴𝐴2𝑡𝑡1, (4.24) 

These expressions can now be substituted into equation (4.19) to determine the 
values of the coefficients A1, A2, and A3. The resulting system of equations will provide 
the specific solution for the Bellman function, and thereby, the optimal control strategy 
for the system. 
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The equation (4.25) will be true if the expressions in parentheses are equal to zero 
since the variables z1 and z2 cannot be zero. Therefore, the equation (4.25) can be 
rewritten as a system of algebraic expressions: 
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𝑘𝑘1

− 2𝐴𝐴1𝜔𝜔2 = 0.

(4.26) 

This system of equations (4.26) typically results in two real solutions and two complex 
ones. However, only one real solution is selected because, in this scenario, the system’s 
motion is smooth, and the maximum control effort remains small. The real solution 
ensures the physical feasibility and stability of the control system.  

The optimal control law can now be written as: 

𝑔𝑔 = 2𝜔𝜔2𝑡𝑡1 −
𝑡𝑡2�𝑘𝑘1(𝑘𝑘2 − 4𝜔𝜔2𝑘𝑘1)

𝑘𝑘1
. (4.27) 

Thus, by synthesizing the control law, the final expression for the optimal control is 
successfully derived with input u, a function of the state variables z1, z2, and the 
parameters k1, k2, ω. This function represents the control strategy that minimizes the 
cost function while maintaining system stability. 

4.3 Modelling Results 
To conduct simulations of eliminating and accelerating optimal control systems, it is 
necessary to recreate the optimal controller derived mathematically in the Simulink 
environment. The input parameters for this controller include acceleration and braking 
forces, and a vibration signal from the accelerometer is integrated into the controller to 
simulate real operating conditions of the optimal control system. 

Thus, Figure 4.2 shows a model of the optimal control system for the Cartesian robot, 
designed to eliminate unwanted load (shown in Figure 4.1) oscillations caused by 
mechanical damage to the gearbox. 
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Figure 4.2. The optimal controller structural scheme for the Cartesian robot by eliminating modelling. 

The optimal controller (gray blocks) shown in the diagram is designed to manage and 
mitigate the undesirable load oscillations in a Cartesian robot, particularly under 
conditions where mechanical damage may occur – damage that was illustrated by the 
vibrational spectra in previous analyses. This controller is structured to provide real-time 
feedback and adjustments to the robot’s movements, ensuring stability and precision 
even in the presence of mechanical disturbances, such as the ones caused by over-tension 
or heating faults. 

The main part of this scheme is the state-space representation of the robot (blue 
block), which models its dynamic behavior. The robot’s transfer function – the block 
labeled with matrices A, B, C, and D – describes how the system responds to inputs and 
how the outputs are generated based on its internal state. This forms the foundation of 
the control system, as it encapsulates the essential characteristics of the robot’s 
mechanical structure and dynamics. 

The controller continuously monitors the difference between the desired and actual 
states of the robot using feedback loops. These feedback mechanisms are crucial for 
detecting deviations caused by external disturbances, such as those generated by 
vibrational faults. The system takes this error signal and feeds it back into the control 
algorithm to adjust the robot’s actions dynamically. The gain blocks, represented by the 
components labeled k1 and k2, play a critical role in scaling the control actions based on 
the feedback. These gains are optimized to ensure that the corrections made by the 
controller are proportional to the error magnitude while preventing excessive or 
insufficient adjustments. Proper tuning of these gains is vital to minimizing oscillations 
without introducing instability into the system. The controller includes mechanisms for 
disturbance rejection, which are particularly important given the unpredictable nature 
of mechanical damages, such as those associated with over-tension and heating faults. 
The blocks that estimate disturbances assess external forces or vibrations acting on the 
robot, allowing the controller to distinguish between expected behavior and abnormal 
conditions that require corrective action. 
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This optimal controller can be integrated into the Cartesian robot’s control system by 
replacing or enhancing its existing motion control module. In a real-world setting, the 
controller would be implemented using a digital signal processor or a programmable 
logic controller capable of executing the real-time control algorithms required by the 
dynamic programming approach. The system would continuously receive feedback from 
position sensors, velocity sensors, and accelerometers, which measure the robot’s state 
and detect any anomalies caused by mechanical issues. All controller parameters would 
need to be carefully tuned during the commissioning phase to ensure optimal 
performance under varying load conditions and disturbances. 

The responses of the control system on the undesirable oscillations and elimination 
of the dynamic load of the servomotor in conditions of mechanical damage are 
presented in Figure 4.3. 

(a) (b) 

Figure 4.3. The control system’s response to asymmetric load oscillations (a) and dynamic load (b) 
in conditions of mechanical damage in the robot's gearbox by eliminating modelling. 

In the case of asymmetric load oscillations (a), the system’s reaction is characterized 
by an initial overshoot, with the right side (z1 right) peaking at approximately 0.13 p.u. 
An overshoot of this magnitude indicates that the system’s control action is quite 
aggressive initially, likely to quickly counterbalance the load imbalance. However, 
excessive overshoot could lead to unnecessary stress on the robot’s components, so 
careful tuning of this parameter is essential. 

As time progresses, the oscillations gradually decay, and the system moves towards 
stabilization. This is measured by the settling time, which in this case occurs 0.6 ms. 
This relatively fast settling time demonstrates that the control system is effective at 
damping the oscillations, reducing them to within a small margin around the steady-state 
value. The system exhibits good damping characteristics, as the oscillations diminish 
smoothly without escalating or persisting for too long, which would have indicated 
instability or poor control. The response is underdamped, meaning that oscillations are 
allowed initially but are progressively reduced, which is typically desirable for 
maintaining both stability and responsiveness in dynamic systems. 
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The oscillations in dynamic load are minimal, remaining close to zero throughout the 
response. This indicates that the control system efficiently manages load variations, 
maintaining the robot’s stability with minimal deviation from the desired state. Notably, 
there is no significant overshoot or oscillation in this response, further demonstrating 
the control system’s ability to smoothly adapt to changes in load without requiring 
aggressive corrections.  

The smoothness and stability of the dynamic load response (b) are key indicators of 
the control system’s robustness under varying load conditions. The system reacts 
promptly to these changes, with fluctuations settling almost immediately. The transient 
process here is extremely short, with the response stabilizing in less than 0.3 ms, which 
underscores the system’s ability to provide rapid corrections and maintain control under 
dynamic loads. 

As the system stabilizes, both the right and left sides converge toward values near 
zero, signifying a minimal steady-state error. This reflects the controller’s ability to 
accurately bring the robot’s components back to their intended positions, effectively 
compensating for the disturbances. The minimal steady-state error is monitored in both 
cases, in the asymmetric oscillations and dynamic load reactions. 

Figure 4.4 presents the model of the optimal control system for the Cartesian robot 
during the accelerated transient process under conditions of undesirable oscillations 
resulting from gearbox mechanical damage. 

Based on an accelerating regulator, the control system is also founded on the optimal 
control law derived using Bellman’s dynamic programming method. The structure of this 
control system differs significantly from the previous one, with the main goal of this 
regulator being to accelerate the transient process of damping oscillations and reducing 
the dynamic load on the robot’s servomotor as quickly as possible without additional 
oscillations. The main components of this system, as in the previous case, include the 
block for converting the transfer function of the Cartesian robot into state space, and the 
gains k1 and k2, which are responsible for the quality of the transient process. 

Figure 4.4. The optimal controller structural scheme for the Cartesian robot by accelerating modelling.  
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(a) (b) 

Figure 4.5. The control system’s response to asymmetric load oscillations (a) and dynamic load (b) 
in conditions of mechanical damage in the robot's gearbox by eliminating modelling.  

In the case of accelerating modelling the control system reaction to asymmetric 
oscillations (a) has also overshoot, but smaller than in eliminating modelling. The right 
side peak (z1 right) reaches the amplitude of approximately 0.11 p.u., while the left side 
(z1 left) lags slightly behind, peaking at a slightly lower value. This difference between the 
right and left sides highlights an imbalance in how the system reacts to the disturbance, 
which can be attributed to the nature of the mechanical damage. 

The overshoot seen here reflects the control system’s initial aggressive response to 
counteract the load imbalance and to restore equilibrium as quickly as possible. However, 
a higher overshoot may also indicate increased stress on the robot’s mechanical 
components, potentially leading to additional wear and tear over time. After this initial 
peak, the oscillations begin to decay gradually, reflecting the system's damping 
mechanism, which works to reduce vibrational energy over time. 

The system stabilizes in 0.8 ms, indicating its settling time – the period within 
which the oscillations have decreased to a minimal, steady-state level. The response 
demonstrates an underdamped characteristic, where oscillations occur but are 
controlled and gradually decrease without leading to instability. 

In dynamic load response (b), the system displays a more controlled and less 
oscillatory reaction compared to the asymmetric load case. The dynamic load fluctuations 
are minimal and remain close to zero throughout the transient process, with no 
significant oscillations or overshoot observed. 

The system’s handling of dynamic load changes demonstrates smoothness and 
stability compared to eliminating modelling, as the oscillations settle rapidly with no 
major deviation from the steady-state value. The transient process in this case is 0.2 ms. 
It’s less than the system stabilizing, underscoring the control system’s ability to manage 
dynamic forces with minimal correction time. This level of performance suggests that the 
system is well-tuned to address dynamic loads efficiently, ensuring the robot remains 
stable and maintains operational precision even under varying external forces. 
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The steady-state error appears minimal, as both sides eventually converge towards 
zero, showing that the system effectively restores the robot to its intended operational 
state after compensating for the disturbance. 

4.4 Chapter Summary 
The chapter presents a unique methodology for applying Bellman’s dynamic 
programming to design optimal regulators that effectively eliminate undesirable 
oscillations in robotic systems. By leveraging this approach, the response time of the 
control system to disturbances caused by unwanted vibrations is significantly reduced, 
and the mechanical system’s stability is enhanced. 

The chapter synthesizes and simulates two types of regulators, derived based on 
optimality equations for eliminating and accelerating modeling criteria. These regulators, 
using vibration signals obtained from prior experiments, demonstrate their ability to 
manage external disturbances effectively. Results confirm success in two critical areas: 
eliminating undesirable oscillations and reducing the dynamic load on the robot’s 
servomotor. The transient response characteristics validate the stability of the system 
even under maximum disturbance, with rapid damping, absence of oscillatory behavior 
after the transient phase, and no static error. 

An optimal and unique solution was achieved, showcasing the integration of the 
regulator into the robot’s control system by replacing the existing module. Real-time 
feedback enables sensor signal tracking to adjust outputs dynamically. This approach 
provides a robust foundation for enhancing the performance and reliability of robotic 
systems under varying operational conditions. 
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5 Fuzzy Logic Diagnosis and Control Algorithm 
Creating a fuzzy logic algorithm for fault diagnosis and robot control in error-prone 
conditions is based on analyzing vibration signal spectra in both normal and faulty states. 
The development process includes several key stages, each crucial for ensuring the 
accuracy and reliability of the system’s operation: 

1. The first step is identifying the parameters for fault diagnosis and proper robot
control. Since fuzzy logic models human decision-making processes, key variables must 
be identified during experiments and system characteristic studies. These variables 
describe the parameters to be monitored (e.g., vibration amplitude and frequency) and 
form the basis for further calculations. 

2. Membership functions play a critical role in fuzzy logic as they define the
relationship between the input data (e.g., vibration signals) and the degree of their 
belonging to certain categories that describe the system’s state (e.g., “movement speed”, 
“presence of damage”). For each fuzzy variable, an appropriate membership function 
must be selected. Choosing the right shape of these functions (e.g., triangular, 
trapezoidal, Gaussian) allows for adequate modelling of the real system’s behavior. 
These functions should accurately reflect the nature of the variable's changes related to 
the robot’s condition. 

3. A fuzzy rule base is created after defining the variables and membership functions.
These rules consist of logical “if-then” operators that connect the input data with output 
decisions. For example, a rule might be: “If the vibration frequency exceeds a certain 
threshold and the amplitude is within a critical range, then the robot is likely to have 
suffered significant mechanical damage”. The rule base serves as the logical backbone of 
the fuzzy logic algorithm and is used for fault diagnosis and adaptive control of the robot 
in fault conditions. 

Figure 5.1. Overview of obtaining a fuzzy logic algorithm. 
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Thus, the process of creating a fuzzy logic algorithm for robot control and condition 
diagnosis consists of sequential stages: data collection, signal analysis, forming the fuzzy 
rule system (Figure 5.1.), as well as testing and tuning the system to ensure proper 
operation under real-world conditions. This approach allows effective robot management 
and early fault diagnosis, improving reliability and resistance to mechanical damage. 

Implementing the fuzzy logic algorithm into the existing robot control system is 
carried out using the real input and output signals from the controller used in the control 
system. Therefore, the general operation of the fuzzy logic algorithm can be represented 
in the form shown in Figure 5.2. 

 

 

Figure 5.2. The general operation of the fuzzy logic algorithm. 

5.1 Selecting Fuzzy Membership Functions 

During experimental work, it was determined that the following parameters were 
accepted as input variables for the fuzzy logic: vibration frequency and amplitude,  
over-tension frequency, heating vibration frequency, and fault amplitude. The output 
variables of the fuzzy logic are the robot’s speed, torque, acceleration, and the fault type 
degree. The scheme of the fuzzy logic algorithm processes is presented in Figure 5.3. 

The presented diagram illustrates the integration of the robot control system under 
mechanical damage and the damage diagnosis system. The vibration frequency and 
amplitude parameters are directly used for the robot control system and influence the 
output parameters of the robot’s drive speed, torque, and acceleration. The parameters 
of frequency over-tension, frequency heating, and fault amplitude are used to determine 
the presence of damage. Both control systems, based on the fuzzy logic algorithm, use 
data obtained during experiments to identify the robot's reference and faulty operating 
frequencies. The variables in the diagram are described by membership functions, with 
each variable having its function shape that best reflects its behavior in real-time 
operation. 
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Figure 5.3. The scheme of the fuzzy logic algorithm processes. (previously published in article II) 

Membership functions are described the control system parameters are illustrated in 
Figure 5.4. 

(a) (b) 

Figure 5.4. The control membership functions of input (a) and output (b) variables. (previously 
published in article I) 

The vibration amplitude membership function includes three variables labeled as AL 
(Amplitude Low), AM (Amplitude Medium), and AH (Amplitude High). 

AL corresponds to low amplitudes, where vibrations have minimal effect on the 
system’s components. 

AM represents medium amplitude, which could indicate the maximum of nominal 
robot vibration and the beginning of potential issues, such as minor misalignments or 
early signs of wear. 

AH covers high amplitudes, which usually signify severe mechanical damage or 
over-stress conditions, such as those caused by over-tensioning or worm screw 
transmission faults. The triangle shape in the AM zone reflects a smoother transition 
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between low and high values, allowing for more sensitivity control when the amplitude 
is in a mid-range. This ensures the control system does not react too aggressively when 
the amplitude is neither low nor critically high, providing stability in response. 

The vibration frequency membership function also has two variables: FL (Frequency 
Low) and FH (Frequency High). 

FL covers low-frequency vibrations, which correspond to nominal operational 
conditions or vibrations caused by less critical disturbances, such as minor imbalances or 
misalignments. 

FH corresponds to high-frequency vibrations, which may indicate severe issues like 
mechanical damage in the transmission system, as seen in the spectra of over-tension 
and heating faults. The change between FL and FH is more abrupt, reflecting that 
high-frequency vibrations tend to be more detrimental and require faster, more 
immediate control action. This sharper boundary helps the system respond quickly to 
prevent undesirable conditions. 

The speed membership function has four variables: SLL (Speed Low Low), SL (Speed 
Low), SM (Super Medium), and SH (Super High). 

SLL and SL indicate slow speeds, where the system is operating in low-performance 
conditions. In the event of mechanical damage (i.e., an increase in vibration amplitude and 
frequency), the robot’s speed is reduced to a minimum to avoid serious consequences. 

SM reflects a medium speed, where the system runs optimally under normal conditions. 
SH covers higher speed ranges, suggesting that the system can increase performance 

but at the risk of higher vibration and potential mechanical stress. Also, this variable 
symbolizes stable robot workability without any faults. 

Thanks to the overlapping nature of the functions and the Gaussian function shape, 
the change occurs smoothly rather than abruptly. 

The torque function is divided into four variables: TLL (Torque Low Low), TL (Torque 
Low), TM (Torque Medium), and TH (Torque High). 

TLL and TL are associated with lower torque values. As the speed increases, 
the required torque decreases because less force is needed to maintain movement at 
higher speeds in normal conditions. 

TM represents the optimal torque range for regular operation. 
TH reflects high torque, which could be necessary in cases of mechanical damage at 

low speeds, the situation is different. The system must compensate by applying more 
torque to ensure smooth transmission and prevent further damage. This increased force 
helps overcome any additional resistance or friction caused by the fault, allowing the 
robot to maintain its performance even under compromised conditions.  

The overlap between TL and TM, as well as TM and TH, allows the control system to 
apply precise adjustments to torque based on varying operational demands and vibration 
data. The Gaussian function shape helps to change torque between different regimes 
smoothly and decreases the vibration consequences. 

The acceleration function has four key variables: Neg (Negative), ZeroNeg (Zero 
Negative), ZeroPos (Zero Positive), and Pos (Positive). 

Neg represents deceleration, which is required to mitigate vibrations and prevent the 
system from further accelerating during critical conditions. 

ZeroNeg and ZeroPos reflect states of minimal change, where the system remains in 
a steady operational mode. 

Pos refers to positive acceleration, indicating an increase in velocity when the system 
is stable and can safely handle greater speeds.  
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The symmetrical layout of this membership function ensures balanced control when 
transitioning between increasing or decreasing accelerations. The trapezoidal forms of 
the function help to hold the torque on the necessary level until incoming changes are 
ended. 

Membership functions are described the control system parameters are illustrated in 
Figure 5.4. 

(a) (b) 

Figure 5.5. The diagnosis membership functions of input (a) and output (b) variables. (previously 
published in article I) 

Over-tension frequency covers two distinct frequency zones (F200, F250), representing 
levels of over-tension fault frequencies. 

F200 and F250 correspond to over-tension frequencies (200 and 250 Hz), which may 
indicate belt tension issues. The triangle form of this function shows that transmission is 
not immediately damaging but requires attention. 

Heating frequency covers four distinct frequency zones (F300, F350, F400, F450), 
representing levels of heating fault frequencies. 

The occurrence of any of these frequencies (300, 350, 400, 450 Hz) will signal the 
onset of mechanical damage to the worm in the screw transmission, and attention 
should be given to this situation before it becomes critical. In this case, the triangular 
shape of the membership function is necessary for accurately tracking frequency peaks, 
as well as nearby values, which are presumed to indicate the beginning of the worm’s 
heating process. 

The fault amplitude function represents vibration amplitudes, with two regions: 
FAL (Fault amplitude low) and FAH (Fault amplitude high). 

FAL corresponds to low-amplitude faults, where mechanical vibration levels are 
minor and do not pose an immediate threat to the system. 

FAH covers high-amplitude faults, which could indicate severe mechanical problems, 
such as overloading, misalignments, or transmission defects. The sharp boundary between 
these two functions ensures that the system reacts quickly to critical amplitude changes, 
as they may indicate imminent mechanical failure. 
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5.2 Creating Fuzzy Logic Rules Database 
The rule base of the fuzzy logic algorithm is founded on the ‘if...then’ principle, allowing 
for the selection of the best control method for the mechanism under different 
conditions. This same principle is applied in damage diagnosis, simplifying the process of 
defining conditions for the system. 

The rules for the fuzzy logic algorithm are based not only on the chosen variables and 
their membership functions but also on the observation of the behavior of the controlled 
system. This means that the rules are developed during the experimental stage of 
collecting vibration data. Through these observations, it was determined that a reduction 
in vibration amplitude is directly proportional to a decrease in speed and inversely 
proportional to an increase in torque. Likewise, the robot's acceleration also affects the 
vibration amplitude. 

In the context of diagnosing mechanical damage, the fuzzy logic rules are based on 
analyzing the spectra of vibration signals. By monitoring these spectral characteristics, 
the system can detect deviations that signal potential mechanical damage, allowing 
preventive actions to be taken before a critical failure occurs. This diagnostic capability 
enables the fuzzy logic system to respond in real-time, adjusting control parameters to 
mitigate the effects of emerging damage, such as reducing speed to lower vibration levels 
or increasing torque to compensate for mechanical stress. Thus, the algorithm enhances 
both operational safety and the longevity of the robot’s components by providing a 
proactive approach to damage management. 

The fuzzy logic rules for controlling Cartesian robot under gearbox mechanical 
damages and diagnosis of them are presented in Table 5.1. 

Table 5.1. Rules of fuzzy logic algorithm. 

Number IF THEN 

1 Vibration frequency is FH AND Frequency 
over-tension is F200 

Fault type degree is 
Overtension 

2 Vibration frequency is FH AND Frequency 
over-tension is F250 

Fault type degree is 
Overtension 

3 Vibration frequency is FH AND Frequency 
heating is F300 

Fault type degree is 
Heating 

4 Vibration frequency is FH AND Frequency 
heating is F350 

Fault type degree is 
Heating 

5 Vibration frequency is FH AND Frequency 
heating is F400 

Fault type degree is 
Heating 

6 Vibration frequency is FH AND Frequency 
heating is F450 

Fault type degree is 
Heating 

7 
Vibration frequency is FL AND Frequency 
over-tension is NOT F200 AND Frequency 
heating is NOT F300 

Fault type degree is 
Normal 

8 
Vibration frequency is FL AND Frequency 
over-tension is NOT F250 AND Frequency 
heating is NOT F350 

Fault type degree is 
Normal 
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Table 5.1. Rules of fuzzy logic algorithm. (continued) 

9 Vibration frequency is FL AND Frequency 
heating is NOT F400 

Fault type degree is 
Normal 

10 Vibration frequency is FL AND Frequency 
heating is NOT F450 

Fault type degree is 
Normal 

11 Vibration frequency is FL AND Fault 
amplitude FAH 

Fault type degree is 
Overtension 

12 Vibration frequency is FL AND Fault 
amplitude FAH 

Fault type degree is 
Heating 

13 Vibration frequency is FH AND Fault 
amplitude FAL 

Fault type degree is 
Overtension 

14 Vibration frequency is FH AND Fault 
amplitude FAL 

Fault type degree is 
Heating 

15 Vibration amplitude is AL AND Vibration 
frequency is FL 

Speed is SH 
Torque is TLL 
Acceleration is Positive 

16 Vibration amplitude is AM AND Vibration 
frequency is FL 

Speed is SH 
Torque is TLL 
Acceleration is ZeroPos 

17 Vibration amplitude is AH AND Vibration 
frequency is FL 

Speed is SL 
Torque is TL 
Acceleration is Neg 

18 Vibration amplitude is AL AND Vibration 
frequency is FH 

Speed is SM 
Torque is TH 
Acceleration is Positive 

19 Vibration amplitude is AM AND Vibration 
frequency is FH 

Speed is SM 
Torque is TH 
Acceleration is ZeroNeg 

20 Vibration amplitude is AH AND Vibration 
frequency is FH 

Speed is SLL 
Torque is TM 
Acceleration is ZeroPos 

5.3 Output of Diagnosis and Control Patterns 
As a result of the simulation, behavior patterns of the robot’s control parameters (speed, 
torque, and acceleration), as well as the degree of diagnosis of mechanical damage, were 
obtained. The results of the control system simulation based on the fuzzy logic algorithm 
are presented in Figure 5.6. 
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(a) (b) 

(c) 

Figure 5.6. Results of modelling fuzzy logic algorithm for control parameters speed (a), torque (b), 
and acceleration (c). (previously published in article II) 

Figure 5.6 (a) presents the simulation pattern of the dependence of vibration 
amplitude and frequency on the robot’s movement speed. The robot’s speed increases 
significantly with a decrease in amplitude, reaching a limit in the range between 0.1 and 
0.4g. As the vibration frequency rises, the speed drops to an average value at the same 
vibration amplitude levels. The movement speed decreases substantially when higher 
amplitudes and frequencies are reached, where mechanical damage in the robot’s 
transmission is detected. The fuzzy logic algorithm responds to the increase in vibration 
levels by reducing the speed to compensate for the added stress and maintain the robot’s 
movement stability. This highlights the system’s adaptation to mechanical damage in the 
transmission. 

Figure 5.6 (b) shows the simulation of torque. The relationship between torque and 
vibration amplitude and frequency is inverse to that of speed. As the speed increases, 
the torque decreases, but when mechanical damage occurs, particularly at higher 
frequencies and amplitudes, the torque rises to maintain proper operation. Torque 
increases when the amplitude exceeds 0.4g, ensuring that sufficient force is applied to 
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the transmission to prevent further mechanical stress in the system. The higher torque 
values for greater vibration amplitudes and frequencies are due to the system adjusting 
to meet the increased demand for force caused by potential faults. 

Figure 5.6 (c) describes the simulation of acceleration depending on the vibration 
amplitude and frequency. The fuzzy logic algorithm allows necessary adjustments during 
the occurrence of mechanical damage. At higher vibration levels, the acceleration 
decreases, which correlates with the need to adjust the robot’s movements to mitigate 
the impact of mechanical damage. The fuzzy logic system increases acceleration at lower 
vibration amplitudes, ensuring that the robot responds quickly to disturbances and 
reduces the likelihood of malfunctions. The change in acceleration following this pattern 
reflects the system’s adaptability to the impact of mechanical damage, allowing for a 
faster response to faults. 

The fuzzy logic algorithm effectively adjusts the robot’s control parameters in 
response to mechanical failures based on the degree of vibration amplitude and 
frequency. It reduces speed to compensate for mechanical damage, increases torque to 
ensure sufficient force is applied and regulates acceleration to maintain a quick response 
to vibration disruptions. These results indicate a reliable control system capable of 
maintaining performance despite faults, enhancing the robot’s reliability and stability in 
dynamic operating conditions. 

The results of the diagnosis system simulation based on the fuzzy logic algorithm are 
presented in Figure 5.7. 

(a) (b) 

Figure 5.7. Results of modelling fuzzy logic algorithm for fault type degree: over-tension (a) and 
heating (b). 

Figure 5.7 (a) shows the relationship between the severity of belt over-tension failure 
in the robot’s tooth belt transmission and the frequency, determined during the analysis 
of vibration signals, as well as the amplitude of vibrations. The system detects the 
presence of damage across the entire amplitude range when frequencies caused by 
over-tension occur. The model suggests that at higher vibration amplitudes, especially 
in the range of 0.4g and above, the system quickly identifies the severity of the fault, 
indicating a higher degree of failure. The failure severity decreases for lower amplitudes 
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or frequencies, which suggests that the system is highly sensitive to increased fault levels 
under these conditions. The degree of the over-tension fault is set to –1 (indicating 100% 
detection of the failure in the transmission). This degree is determined using a membership 
function. 

Figure 5.7 (b) displays the appearing degree of worm heating failure in screw 
transmission. This pattern shows a similar trend to the previous one. The failure severity 
sharply increases with higher vibration amplitudes (above 0.4g) and remains relatively 
constant in the presence of heating frequencies. This indicates that, as in the previous 
graph, the system’s diagnostic sensitivity to vibration amplitude is high, allowing it to 
distinguish between different failure levels based on vibration frequency. In this case, 
the maximum degree of damage is 1 (indicating 100% detection of the fault in the 
transmission), and it is artificially set using a membership function, just like in the first 
case. 

Both graphs demonstrate the diagnostic system’s ability to identify faults based on 
vibration characteristics, focusing on amplitude and frequency. The fault severity increases 
significantly at high amplitudes, while frequency serves as an identifier. This highlights 
the system’s effectiveness in detecting failures in the gearbox or mechanical components 
by analyzing vibration signatures, allowing it to respond appropriately to mechanical 
damage and ensure optimal performance under fault conditions. 

5.4 Comparison and Combination of Both Algorithms 
Since both methods are effective for achieving the set goals, a comparative analysis of 
both methods is warranted. Both optimal control and the fuzzy logic algorithm have their 
advantages and disadvantages, which should be considered when choosing a method. 

Optimal control uses a mathematical model of the system to optimize performance 
and minimize undesirable oscillations and vibrations. This method ensures smooth and 
stable control by minimizing a cost function, and maintaining stability even in the 
presence of mechanical damage. Moreover, both proposed approaches for optimal 
control aim to address different consequences. The eliminating method focuses on 
reducing load oscillations, while the accelerating method is aimed at shortening 
regulation time and dynamic load, allowing for flexible control depending on the 
situation. It is important to note that this method requires an accurate mathematical 
model, which makes it sensitive to errors and noise. Additionally, implementing optimal 
control requires significant computational resources due to the iterative nature of the 
method. 

Fuzzy logic, on the other hand, adapts to changing conditions and disturbances 
without needing an exact mathematical model, making this algorithm more flexible in 
uncertain environments. The presented method diagnoses faults and adjusts parameters 
based on vibration signal analysis, ensuring reliable operation in unpredictable 
conditions. Fuzzy logic is also easier to integrate into existing equipment due to its  
rule-based approach. However, the accuracy of control depends on the completeness 
and quality of the rule base and membership functions, and extensive experimental data 
is required to fine-tune these rules for effective use. 

Thus, both methods have their strengths and weaknesses. The choice between them 
depends on the requirements for model accuracy, computational resources, and the 
specific application of the control system. 

Combining these methods is proposed with fuzzy logic as the primary level for 
real-time diagnosis and control. The optimal control algorithm would be used only in 
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cases requiring high precision and fast response and recovery from disturbances. 
Additionally, optimal control can be used for calculating adjustments for future impacts, 
thus predicting the behavior of the controlled system. In the case of damage, fuzzy logic 
would serve as the diagnostic tool, while optimal control would focus on compensating 
for the damage and optimizing performance. 

5.5 Chapter Summary 
This chapter proposes a new method for diagnosing mechanical damage in a robot’s 
gearbox and controlling the mechanism under the influence of such damage. The method 
is based on a fuzzy logic algorithm and data from vibration signal analysis. Mechanical 
damage induces undesirable oscillations with specific amplitudes and frequencies, and 
this information was used to develop an algorithm for diagnosing these faults and 
controlling the robot under such conditions. As simulations demonstrate, the algorithm 
successfully achieves the set goals and shows a high degree of efficiency in assessing the 
damage. Furthermore, the control system, based on fuzzy logic, adjusts the robot’s 
control parameters to the desired outcome, thereby minimizing the consequences of 
mechanical damage. The presented results are promising, and the control and diagnostic 
system can be successfully achieved using the proposed method. However, it is 
important to note that this algorithm requires testing with various complex combinations 
of faults to adjust the fuzzy rule base and improve the results respectively. 
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6 Conclusion and Future Work 
This chapter concludes the results of the research based on the objectives. Besides, 
the future work is introduced to improve and continue the current research. 

6.1 Conclusion 
The main objectives of this research are threefold. The first is to develop a data collection 
system for assessing damage conditions in robotic systems. The second is to create an 
optimal control algorithm to suppress unwanted oscillations of the transported load 
caused by mechanical damage. The third, and most crucial, is to develop an algorithm for 
diagnosing and monitoring the robot’s condition to ensure smooth operation and 
prevent mechanical damage. 

The primary focus of the data collection system is the accuracy of the collected data, 
free from excessive noise and deviations. This was achieved through the proper 
placement of sensors on the experimental setup, accounting for potential noise. 
Experiments on data collection and analysis demonstrated that the use of spectral 
analysis, specifically the Fast Fourier Transform method, allows for the detection of 
damage at early stages. The resulting vibration spectra showed changes in the frequency 
characteristics of the robot’s gearbox in both reference and damaged states. The analysis 
identified frequencies associated with two types of damage, namely, over-tension in the 
tooth belt transmission and worm heating in the screw transmission. This opens up 
opportunities for further research in predictive maintenance and the development of 
diagnostic and control algorithms. This will help reduce equipment downtime and 
increase the overall productivity of robotic systems. 

The second part of the thesis focuses on the application of optimal control methods, 
particularly Bellman dynamic programming, to address the issue of eliminating 
unwanted oscillations. Using this method allows for the creation of an optimal control 
system to minimize costs and make the system adaptive and resistant to disturbances.  
A key feature of this strategy is the use of an accurate mathematical model of the robot 
in state space. This allows for the consideration of important physical parameters and 
provides predictions based on real dynamic characteristics. The robot’s movement axis 
is modeled as a two-mass system, enabling adequate assessment of oscillation processes 
occurring due to mechanical damage. 

The use of real data from accelerometers allows for highly accurate assessments of 
the model’s state. The feedback and error control mechanisms in the model facilitate the 
prompt detection of deviations and corresponding adjustments in the robot’s motion 
control. Analysis of the model’s response to asymmetric oscillations shows a significant 
level of overshoot, indicating the system’s aggressive response to external disturbances. 
The absence of oscillations in the transient process indicates good system stability. 
The quick settling time demonstrates the control system’s high efficiency under 
dynamically changing load conditions. The proposed optimal control strategies will 
significantly improve the robot’s positioning and reduce dynamic loads on the drives, 
which in turn will lower the likelihood of system failures in the event of mechanical 
damage. 

The final important part of this thesis is the development of a fuzzy logic algorithm 
for fault diagnosis and robot control in conditions of increased likelihood of mechanical 
damage, based on the analysis of vibration signal spectra. The process of creating the 
algorithm consists of several stages. 
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First, linguistic variables are defined, which describe certain system parameters (e.g., 
vibration amplitude and frequency). These variables form the basis for further algorithm 
development. Second, the membership functions of the linguistic variables are 
constructed, allowing for the consideration of input parameters according to various 
criteria, such as vibration levels, frequencies of over-tension, or heating errors. Clear 
boundaries of these functions ensure the system’s rapid response to critical changes. 
Third, fuzzy logic rules are established, playing a central role in robot control and 
diagnostics. These rules are formed based on experimental data obtained from observing 
the system’s behavior. They allow the system to account for the relationship between 
changes in vibration frequency, amplitude, and the robot’s parameters, such as speed, 
torque, and acceleration, and are used to develop a damage diagnosis algorithm. 

Simulation modelling has shown that the fuzzy logic algorithm is capable of effectively 
responding to changes in vibration characteristics by adjusting the robot’s control 
parameters. For example, when high-amplitude and high-frequency vibrations occur, the 
system reduces the robot’s speed and increases torque to compensate for the additional 
load on the mechanical components. The system also adjusts the robot’s acceleration to 
prevent further vibration growth and stabilize operation under damaged conditions. 

The diagnostic system, based on fuzzy logic, allows real-time monitoring of vibration 
spectral characteristics and timely detection of deviations that signal possible mechanical 
damage. The algorithm responds to such damage by adjusting control parameters, 
which helps prevent critical failures and extends the lifespan of the robot’s components. 
Vibration signals are used to determine the presence of damage, such as worm screw 
transmission overheating or belt tension issues, allowing the system to respond before 
the damage becomes critical. 

Thus, the proposed fuzzy logic algorithm not only improves the reliability of the robot 
control system but also ensures early fault diagnosis. This contributes to increased 
system resilience to mechanical damage, extends the lifespan of its components, and 
minimizes the risk of failures. 

6.2 Future Work 
The proposed control systems can be validated through laboratory tests on a real 
object, as well as experiments involving the introduction of additional faults or their 
combinations. This will help assess the flexibility and accuracy of the proposed models, 
improve their performance, and identify potential limitations of the algorithms. 

For optimal control systems, testing should be conducted under various operating 
conditions of the robot, including variable loads and increased positioning demands. This 
will help identify weak points in the model’s behavior and improve the optimal control 
strategy. 

The fuzzy logic-based control algorithm also requires additional experiments with 
various vibration signals to ensure its robustness against larger disturbances. Introducing 
other faults will expand the database of linguistic variables and fuzzy rules, potentially 
increasing the accuracy of fault detection with a greater number of diagnostic criteria. 
Additionally, integrating the fuzzy logic algorithm with machine learning systems should 
be considered to enhance the system’s ability to detect faults at earlier stages. 

Thus, future research will focus on expanding diagnostic capabilities and improving 
the robustness of mechanisms against mechanical damage, which will ultimately 
significantly increase the reliability and efficiency of robotic systems in industrial 
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environments. Combining both methods is proposed with fuzzy logic as the primary level 
for real-time diagnosis and control. The optimal control algorithm would be used only in 
cases requiring high precision and fast response and recovery from disturbances. 
Additionally, optimal control can be used for calculating adjustments for future impacts, 
thus predicting the behavior of the controlled system. In the case of damage, fuzzy logic 
would serve as the diagnostic tool, while optimal control would focus on compensating 
for the damage and optimizing performance.  
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Abstract 

Fault Tolerant Control and Diagnosis Strategies for Cartesian 
Industrial Robot Motion Control Planning System 
The main objective of this research is to develop a multi-level approach to enhancing the 
reliability and efficiency of unconventional machines and applications, including robotic 
systems. The basis for developing this approach is mechanical damage in the 
transmissions of robotic systems and unstable operating loads characteristic of industrial 
environments. The primary goals are to improve control, diagnostics, and failure 
prediction to minimize downtime, increase productivity, and prevent critical system 
failures. These tasks are becoming increasingly relevant due to the growing use of robotic 
systems across various industries. 

The research sets out three key objectives. The first involves developing a data 
collection system to monitor the mechanical condition of the robot, particularly when 
mechanical damage occurs or there is a risk of it. To achieve this, an experimental lab 
setup with sensors was developed to collect data on the robot’s vibrations and 
oscillations during its operations. Using spectral analysis, specifically Fast Fourier 
Transform, it was possible to identify mechanical issues such as belt over-tension in a 
tooth belt transmission and worm heating in the screw transmission. The results of 
vibration signal analysis indicate significant differences in the frequency spectra of the 
robot in its reference condition versus when damage is present. This, in turn, allows for 
early identification of damage and prevention of further degradation. This approach 
provides the foundation for predictive maintenance and minimizes maintenance costs. 

The second objective of the research is to develop an optimal control system capable 
of suppressing unwanted load oscillations caused by mechanical damage to the gearbox. 
To achieve this, Bellman dynamic programming is applied, allowing for the creation of an 
adaptive control system that minimizes time costs and enhances the system’s robustness 
against stochastic disturbances. A two-mass system model of the robot was adopted to 
evaluate the oscillatory processes with sufficient accuracy and optimize the control 
system to minimize oscillations. As shown through modelling, the proposed 
strategy demonstrates high accuracy and stability under disturbances. This approach 
reduces the dynamic load on the robot’s drives, which mitigates the impact of 
mechanical damage on the overall structure, thereby extending the system’s operational 
life. 

The final part of the study focuses on the development of a fault detection and control 
algorithm for the robot in the presence of damage, based on fuzzy logic. The fuzzy logic 
algorithm is designed to process vibration signal analysis and make control decisions. 
To ensure the algorithm’s accuracy, appropriate linguistic variables and their membership 
functions were selected, along with a base of fuzzy rules. These components were chosen 
based on experimental data from vibration collection. The fuzzy logic algorithm links 
changes in vibration characteristics with the condition of the robot’s transmissions, 
enabling control under mechanical damage conditions without severe consequences. 
Simultaneously, real-time gearbox diagnostics are conducted to assess the state of the 
mechanical system. Modelling results show that the system responds effectively to 
changes in vibrations by adjusting the robot's parameters to stabilize its operation and 
prevent further structural damage. This approach allows the robotic system to adapt to 
changes, maintaining operability even under conditions of mechanical failure. 
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The research results demonstrate the significant potential of the proposed solutions 
for improving the performance and reliability of robotic systems in real-world industrial 
processes. It is expected that the proposed control and diagnostic algorithms will not 
only allow timely responses to mechanical damage but also prevent such issues, reducing 
the likelihood of critical failures and extending equipment life. Thus, this research 
represents an important step forward in the field of control and diagnostics for robotic 
systems operating under the increased probability of mechanical damage. The proposed 
methods and algorithms provide substantial improvements in both control accuracy and 
fault diagnosis, ultimately contributing to enhanced overall reliability and efficiency of 
robotic systems in industrial environments. 
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Lühikokkuvõte 

Tõrketaluvusega juhtimis- ja diagnostikastrateegiad 
tööstusliku karteesianroboti liikumise planeerimise 
juhtimissüsteemi jaoks 
Selle uurimistöö peamine eesmärk on välja töötada mitmetasandiline lähenemine, et 
suurendada ebatraditsiooniliste masinate ja rakenduste, sealhulgas robotisüsteemide, 
töökindlust ja tõhusust. Selle aluseks on robotisüsteemide ülekannete mehaanilised 
kahjustused ja ebastabiilsed töökoormused, mis on iseloomulikud tööstuskeskkondadele. 
Peamised eesmärgid on täiustada juhtimist, diagnostikat ja rikete prognoosimist, et 
minimeerida seisakuid, suurendada tootlikkust ja ennetada kriitilisi süsteemirikkeid. 
Need ülesanded muutuvad üha olulisemaks seoses robotisüsteemide kasvava 
kasutamisega erinevates tööstusharudes. 

Uuringus seatakse kolm põhieesmärki. Esimene eesmärk on välja töötada 
andmekogumissüsteem roboti mehaanilise seisundi jälgimiseks, eriti kui esineb 
mehaanilisi kahjustusi või on nende oht. Selle saavutamiseks töötati välja 
eksperimentaalne laboriseade koos anduritega, et koguda andmeid roboti vibratsioonide 
ja võnkumiste kohta tööprotsessi käigus. Spektraalanalüüsi, täpsemalt kiire Fourier’ 
teisenduse abil,  tuvastati mehaanilisi probleeme, nagu rihmülekande liigpinge ja 
kruviülekande kuumenemine. Vibratsioonisignaali analüüsi tulemused näitasid olulisi 
erinevusi roboti sagedusspektrites kahjustuste korral ning normaaltalitluse puhul. See 
võimaldab kahjustusi varakult tuvastada ja rikke edasist süvenemist ennetada. Selline 
lähenemine loob aluse ennustavale hooldusele ning vähendab hoolduskulusid. 

Uuringu teine eesmärk on välja töötada optimaalne juhtimissüsteem, mis suudab 
summutada soovimatud koormusvõnkumised, mis on põhjustatud käigukasti 
mehaanilistest kahjustustest. Selle saavutamiseks rakendatakse Bellmani dünaamilist 
programmeerimist, mis võimaldab luua adaptiivse juhtimissüsteemi, omakorda 
minimeerides ajakulu ja suurendades süsteemi vastupidavust stohhastilistele häiretele. 
Roboti kahe massi süsteemi mudelit kasutati võnkeprotsesside täpseks hindamiseks ning 
juhtimissüsteemi optimeerimiseks, et vähendada võnkumisi. Modelleerimise 
tulemusena näitas pakutud strateegia häirete korral suurt täpsust ja stabiilsust. See 
lähenemine vähendab roboti ajamitele mõjuvaid dünaamilisi koormusi, leevendades 
mehaaniliste kahjustuste mõju kogu struktuurile ja pikendades süsteemi tööiga. 

Uuringu viimane osa keskendub tõrgete korral töötava roboti rikete tuvastamise ja 
juhtimise algoritmi väljatöötamisele, kasutades hägusloogikat. Hägusloogika algoritm on 
loodud töötlema vibratsioonisignaali analüüsi ja tegema juhtimisotsuseid. Algoritmi 
täpsuse tagamiseks valiti sobivad muutujad ja nende kuuluvusfunktsioonid ning 
hägusreeglite baas. Need komponendid valiti vibratsioonide kogumise eksperimentaalsete 
andmete põhjal. Hägusloogika algoritm seob vibratsioonitunnuste muutused roboti 
ülekannete seisundiga, võimaldades juhtimist mehaaniliste kahjustuste korral ilma 
tõsiste tagajärgedeta. Samal ajal viiakse läbi käigukasti reaalajas diagnostika mehaanilise 
süsteemi seisundi hindamiseks. Modelleerimise tulemused näitavad, et süsteem 
reageerib vibratsioonide muutustele tõhusalt, kohandades roboti parameetreid 
tööprotsessi stabiliseerimiseks ja edasiste kahjustuste ennetamiseks. Selline lähenemine 
võimaldab robotisüsteemil kohaneda muutustega, säilitades töövõime isegi mehaaniliste 
rikete tingimustes. 
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Uuringu tulemused näitavad pakutud lahenduste märkimisväärset potentsiaali 
robotisüsteemide jõudluse ja töökindluse parandamisel reaalses tööstusprotsessis. 
Eeldatakse, et väljapakutud juhtimis- ja diagnostikaalgoritmid võimaldavad mitte ainult 
õigeaegset reageerimist mehaanilistele kahjustustele, vaid ka nende ennetamist, 
vähendades kriitiliste rikete tõenäosust ja pikendades seadmete eluiga. Seega tähistab 
see uuring olulist sammu edasi robotisüsteemide juhtimise ja diagnostika valdkonnas, 
kus suureneb mehaaniliste kahjustuste tõenäosus. Pakutud meetodid ja algoritmid 
tagavad olulise täiustuse nii juhtimistäpsuses kui ka rikete diagnoosimises, aidates lõpuks 
kaasa robotisüsteemide töökindluse ja efektiivsuse parandamisele tööstuskeskkonnas. 
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F������FJ�FîYFe_YfFTUF{b}hFoEoEF�Ir�wyvIvFG�vsu�Fy�Fs�uFptxFîYFg_c̀ZTX_XFXjX]Y\FTUF]̂YF{b}FmTZX_X]XFTUF]̂YFmTZ][TkkY[MF]̂YF]Ycm̂FlYZgec[_TaXFXYZXT[XMFXam̂FcXFTeY[kTcgFcZgFT[_̀_ZFXYZXT[XMFk_\_]YgFXf_]m̂YXMFcZgFY�R�MQR�hFîYFe_YfFTUF]̂YFmTZ][TkkY[FcZgF]Ycm̂FlYZgcZ]FTUF]̂YF{b}Fc[YFl[YXYZ]YgF_ScMdhF��������!"#;%#8��$).7���� ��¡������¢���£�¤�¥����!"#0%'2+�*%**¦*(#:��("#$).1�+*%*(*��("#1�+(&�66#&�("#(#'1"5#+0'+(�'+0;'&%�3**#+*�&*�*31"'*�;#&6�'0'+0�&%2%+*#+*�&*�6%:%(#0*8%(1"#*�'+0#+1�0#&*<�=���?7!"#;%#8��("#1�+(&�66#&'+0(#'1"5#+0'+(��("#$).'&#5&#*#+(#0%+A%23&#�'�,7ÓªÓªFð­ÖñÛÝÚ­ÚF«òÚ×ÙóFÝôF×õÙFÔØÜFÍÂ½FËÃÇÄ¾̧¼Ã¼F¼Î¼Á½ÀF̧¹FÁÂ½FßÆáFŅ̃¾¼Ã¼Á¼F̧¹FÁÂ½FŅ̃¾Á¿̧ÏÏ½¿±ÉÇ¿Ã̧Å¼F¼½¾¼̧¿¼±F¼ÅÑÂFÇ¼F̧É½¿Ï̧ÇËFÇ¾ËF̧¿ÃÄÃ¾F¼½¾¼̧¿¼±FÏÃÀÃÁ½ËFä¶å±µ¶çÌFÍÂ½FÉÃ½ÊF̧¹FÁÂ½FŅ̃¾Á¿̧ÏÏ½¿FÇ¾ËFÁ½ÇÑÂFÐ½¾ËÇ¾ÁF̧¹FÁÂ½FßÆá·Ç±ÈÌF

F FàöâF à÷âFéêëìíîFøïFÍÂ½FÉÃ½ÊF̧¹FÁÂ½FŅ̃¾Á¿̧ÏÏ½¿FàöâFÇ¾ËFÁ½ÇÑÂFÐ½¾ËÇ¾ÁFà÷âF̧¹FÁÂ½Fßù½¹̧¿½F¼ÁÇ¿ÁÃ¾ÄFȨ̂ ¿ã±FÁÂ½FÇÅÁ̧úÑÇÏÃÈ¿ÇÁÃ̧¾Fà»úÑÇÏâF̧¹FÁÂ½FßÆáF»úÑÇÏFÀ Ȩ̈½FÃ¼FÇF¿½ÄÃÀ½F¹̧¿FÇÅÁ̧ÀÇÁÃÑÇÏÏÎF¿½ÁÅ¿¾Ã¾ÄFÁÂ½F¿̧Ȩ̀ÁFÇÒÁÃ̧¾¼FÇ¾ËFÑÂ½ÑãÃ¾ÄFÊÂ½ÁÂ½¿FÇ¾ÎF¹ÇÅÏÁ¼FÇ¿½FŅ̃¾¾½ÑÁ½ËFÁ̧FÁÂ½FŅ̃¾Á¿̧ÁÂ½F¿̧Ȩ̀ÁÌFû¾FÁÂÃ¼FÀ Ȩ̈½±FÁÂ½F¼ÁÇÁ½FÃ¾¹̧¿ÀÇÁÃ̧¾FÃ¼F½Ò½ÑÅÁ½ËFä¶å±µ¶çÌFÍÂ½FÀÇÃ¾F¹ÇÅÏÁ¼FÇ¿½FË½Á½ÑÁ½ËFÃ¾FÁÂ½FÐ̧Ê½¿FÇ¾ËFŅ̃¾Á¿̧ÏF¼Î¼Á½��������!"#;%#8��("#1�+(&�66#&-�/'+0(#'1"5#+0'+(-�/��("#$).7�#��&#*('&(%+28�&9�("#'3(��1'6%,&'(%�+-@�1'6/��("#$).*"�360,##4#13(#07!"#@�1'6:�0#%*'&#2%:#��&'3(�:'(%1'66¦&#(3&+%+2("#&�,�('4#*(�("#%&�&%2%+'65�*%(%�+*'+01"#19%+28"#("#&'+¦�'36(*'&#1�++#1(#0(�("#1�+(&�6'+05�8#&*¦*(#:*��("#&�,�(7�+("%*:�0#�("#*('(#%+��&:'(%�+%*#4#13(#0<�=���?7!"#:'%+�'36(*'&#0#(#1(#0%+("#5�8#&'+01�+(&�6*¦*(#:*��("#&�,�(7!"#6%*(��("#:'%+�'36(*%*5&#*#+(#0%+!',6#�7�"#+'�'36(�113&*%+("#1�+(&�66#&�&*#&;�0&%;#��("#&�,�(03&%+2("#8�&95&�1#**�':#**'2#',�3(�'%63&#'55#'&*�+("#(#'1"5#+0'+(<�=���?7



����������	�
��
����� ����������������� !��"#�$�#%�! ��!��&'()*++,+-,.� /�01+2342,56� )�77�78888 6� �!��$�$9:#$$�!;�:�"<��!�=)>"�79�$:? !�< ����"�79�$:? !�<� #:!�@#!�=)AB:#��77�7 AB:#�:#$$�!;�:�"<��!�=$�7"#��?)C@�77%$8888 C@�77%$�# �::%77�=)6� �!��$�$9�77�7 6� �!��$�$9:#$$�!;�<�7��7"�=)C@�7 <��= ��� <��=� !����9�)D7�@�7�77�7 A$�77�7�# �::%77�=�$!�� �7@�#"<��E�7F=7�@�7)>$:�77�78888 ����$:�=�7�# #;7�G�$H�7�)���"�  #9�I8888J ��H !�� !#!% ���#:�#K� ��!��7�;�!)L�7�K#"<���!��"�  #9�IM�M�J"�#$ !���#%�! �::%77�=#!!��N#$=O#K� ��!��&'()���=�#9$� �  ? !�"��!��&'("#?=�!�:!�#%�! �$�?�$!��:�$!7���7<�H�7 ? !�"��!��7�;�!)&�H�@�7��$!��"�:�#$�:#�<#7! ��!��7�;�!� %:�# 9�#7;�K� #$=P��$! �=�!�:!��$=�� $�!�K� !)���=�#9$� �  ? !�"��!��7�;�!9�$�7#!� H#7$�$9 #$= !�< !��"�:�#$� "�$�?#�!�7�#%�!:�$ �Q%�$:� �::%7)��� "�#$ !�#!!��"�:�#$�:#�<#7! ��!��7�;�!#7�!��H�#G� !<�#:� R!��7�;�!�  %;P�:!!�!��=�@# !#!�$9:�$ �Q%�$:� ���@�$!�� ��9�!� !=#"#9��$:# ����#��%7� �::%77�$9��7�S�T���U)V�W-XY��+�,Z���9�#7;�K��!��&'(:�$ � ! ��!H�!?<� ��!7#$ "�  ��$ [!��!�;��!!7#$ "�  ��$\�]�̂#$= :7�H!7#$ "�  ��$\_�̂)����]�<7�@�=� :�$ !#$!7� ��%!��$��7�#:�#K� H�!���9�#::%7#:?�#$=!��_�<7�@�=�  "��!�"�@�"�$!��!��7�;�!)��� G�!:���!��9�#7;�K� <7� �$!�=�$L�9%7��)°�}��}�dqrd} }�d�|}d�~��|�}��d�����}d��d���}dqrdr��~��}�dq��������d|}�}d²p³koṕ�dµzd¶�·ḑxu�v�¹d{|}d�}���qªdqrd�|}d���d�q������dqrd�§qd���}�dqrd����������q��ºd�qq�|d�}~�d������q�d»{¼{½d���d���}§d����������q�d»¾{½�d{|}d{¼{d��q ��}�d�q������d�}�q~���q�drq��ª��d§��|d|��|d��������kd���d�|}d¾{d��q ��}�d��qq�|d�q }�}��dqrd�|}d�q�q��d{|}d�qrd�|}d�}���qªd��d��}�}��}�d��d«����}dn�d
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	System impact
	α
	Discount coefficient
	γ
	Width of the gaussian function
	σ
	Natural frequency of the load oscillation
	ω
	Impact sets in the current state
	A(s)
	Transient possibility to the next state after impact
	P(s’|s,α)
	Optimal criteria after impact
	R(s,α)
	Optimal strategy in the current state
	V(s)
	Optimal strategy in the current state of k-iteration
	Vk(s)
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	1.8 Outline of the Thesis

	Motion planning plays a significant role in robotics, it helps to determine a possible trajectory for a robot to move from the initial state to a desired location while avoiding obstacles and observing specific constraints [1], [2]. The motion planning control system in robotics is based on three key components [2]: an actuator (electric, pneumatic, or hydraulic) [3], [4], a control system configured according to the required parameters (such as performance, accuracy, and operation in unpredictable conditions) [1], [5], and a transmission that converts the actuator’s force into mechanical movement [6]. The primary actuator in nowadays robotics system is the electric motor [1], [7].
	Electric motors have a wide range of uses and allow for the creation of new technologies and the modernization of existing ones [8], [9]. Each type of electric motors finds its application in robotics, allowing for greater efficiency, productivity, conservation of material and energy resources, etc. However, achieving the necessary goals depends not only on the use of specific types of electric motor but also on the correct selection of their size and control methods, depending on the specified conditions. These factors such as speed range, torque, accuracy, environmental and mechanical conditions play a critical role in this decision [10], [11].
	Additionally, unconventional motors designed for specific application (such as industrial robotics) may require a completely different control method in certain applications than the one they are adapted to. Electrical motor used in robotics and automation enable the expansion of the range of applications with a high degree of efficiency in transportation, manufacturing, assembly, and other areas [12]–[14]. Thus, selecting a control method for operation in different conditions in various industrial sectors is extremely acute and requires careful analysis. In addition, the impact of mechanical factors, such as unexpected vibrations, misalignments, possible joints damages, and transmissions issues, should also be considered when choosing a control method. These factors can significantly affect the robot's performance and lifespan.
	The choice of control method for industrial robots is based on achieving desired parameters, such as control preciseness, system performance, energy consumption, etc. Additionally, the control system should be resilient to disturbances, easily integrated into a larger network, and adaptable to changing conditions [2], [5]. Various control methods are used to reach the desired performance parameters of mechanisms. However, maintaining system reliability and stability remains a central challenge. Robotic systems operating in industrial environments are often subjected to various mechanical loads and interferences, which lead to unintended vibrations, wear, and, ultimately, equipment failure. Consequently, the choice of control method should also consider the monitoring of the robotic system’s condition and the early diagnosis of issues. 
	To ensure efficient robot operation under varying conditions, the main control methods are summarized in Table 1.1. This analysis highlights their applicability, benefits, and limitations.
	Table 1.1. The main control methods in robotics with corresponding attributes.
	Control method type
	Benefits and limitations
	Control algorithms
	Benefits:
	 Classical PID-control [15]–[17];
	PID-control
	 Simple to implement and tune;
	 Well-suited for linear systems and stable processes;
	 Autotuning PID-control [18], [19];
	 Widely used and applicable in most applications.
	Limitations:
	 Efficiency decreases with significant delays or rapidly changing conditions;
	 Requires careful parameter tuning for good results, especially in complex systems;
	 Sensitive to noise, which can cause instability.
	Benefits:
	Adaptive control
	 Gain scheduling control [20], [21];
	 Ability to adjust to changing system parameters in real-time;
	 Improves control accuracy under uncertainty and variable conditions;
	 Self-tuning regulators [22], [23];
	 Applicable in systems where an accurate model cannot be created.
	Limitations:
	 Adaptive fuzzy logic control [24], [25];
	 Complex to implement and computationally intensive;
	 May not handle fast or sharp changes in parameters effectively;
	 Requires mechanisms for real-time parameter estimation.
	Benefits:
	Optimal control
	 Pontryagin’s maximum principle [26], [27];
	 Allows for minimizing or maximizing a target function;
	 Ensures efficient and economical trajectories and actions;
	 Bellman’s dynamic programming [28], [29];
	 Useful for systems requiring high precision and cost minimization.
	Limitations:
	 Lagrange method [30];
	 High computational complexity, especially for multidimensional tasks;
	 May require an accurate mathematical model, which is not always available;
	 Limited adaptability since optimal solutions are designed for fixed conditions.
	Benefits:
	 Classic fuzzy logic control [31];
	Robust control
	 Resilient to significant uncertainties and disturbances;
	 Ensures stability and predictability even when parameters change;
	 Multi-model control [32];
	 Effective in systems with substantial modelling errors.
	 H∞ control [33];
	Limitations:
	 Complex tuning requiring specialized knowledge;
	 Potentially high computational cost during design;
	May lead to conservative solutions, reducing system efficiency.
	Benefits:
	 Predictive control with finite horizon [34];
	Predictive control
	 Considers the future behavior of the system, allowing for prediction and optimization;
	 Takes constraints into account, important for complex systems;
	 Predictive control with infinite horizon [35];
	 Provides precise control and good response to external disturbances.
	Limitations:
	 Stochastic predictive control [36]
	 High computational requirements, especially for large prediction horizons;
	 Dependence on the accuracy of the mathematical model;
	Complex implementation for tasks with rapidly changing parameters.
	Benefits:
	Discrete control
	 Finite state machine control [37];
	 Simple to implement for tasks that can be represented as a sequence of states;
	 High reliability and predictability in simple systems;
	 Timed finite state machine control [38];
	 Easy-to-understand logic that simplifies debugging and testing.
	Limitations:
	 Limited flexibility and adaptability, unsuitable for complex or continuous processes;
	 Can become cumbersome as the number of states and logical conditions increases;
	Poor fit for tasks with high uncertainty or unpredictability.
	The chosen control method must effectively mitigate the consequences of disturbances and also prevent their occurrence. However, vibrations in the moving parts of the robot (transmission), caused by mechanical damage, often go unnoticed and tend to be cumulative. This, in turn, leads to additional wear, repair, or failure of equipment. Identifying signs at an early stage can not only be detected but also their impact on the robotic system’s structure can be minimized with the proper control method.
	When considering the control methods described above in terms of improving the reliability and stability of a robotic system in the presence of undesirable disturbances, the following advantages stand out: optimal, predictive and robust control.
	Control systems are rapidly evolving, transforming, and adapting to modern conditions, leading to an expansion of capabilities in controlling mechanisms. New control methods, such as piecewise-linear control, the use of artificial intelligence, or machine learning, enable achieving excellent control quality [9], [39]. However, alongside these new methods, traditional approaches maintain their popularity and are being redefined for new application areas, such as optimal control systems [40]–[42].
	Optimal control systems are a combination of methods and algorithms designed to achieve the best (optimal) management results for a dynamic system. The main goal of optimal control systems is to maximize output parameters that determine the quality of control and minimize undesirable criteria affecting performance. Optimal control systems also consider most of the constraints imposed on the dynamic system. The key aspects of optimal control include [43]–[45]:
	 Formalization of the problem;
	 Definition of performance criteria;
	 Constraints;
	 Determination of optimal strategy;
	 Adaptation to changes.
	Building an optimal control system starts with defining the dynamic system to be controlled, the objective function, and the performance criterion for optimization. The dynamic system is a mathematical model describing the system’s behavior over time. The objective function takes various forms depending on whether the minimization or maximization task is set.
	Performance criteria are parameters that determine the quality of control. Choosing an appropriate criterion allows monitoring how well the control objective is achieved. Depending on the specific task and requirements of the dynamic system, the criterion could involve minimizing time, cost, resource consumption, or maximizing performance and profit.
	When developing an optimal control system, it’s essential to consider the constraints imposed on the dynamic system. Constraints include various physical parameters like speed or time, as well as technical parameters depending on the system’s design, such as maximum load [44].
	The next aspect in developing an optimal control system is finding the optimal control strategy to either maximize or minimize performance criteria. Various methods are used for determining the strategy, such as Pontryagin’s maximum principle, Bellman’s dynamic programming method, fuzzy logic-based algorithms, machine learning algorithms, etc [46]–[48].
	In the case of unpredictable optimal control problems or working in stochastic environments, optimal control systems must be sufficiently adaptive and flexible. Achieving this result involves using various combinations of methods to react to changes promptly and maintain the optimal control strategy.
	Based on the literature analysis, Bellman’s dynamic programming method is suitable for optimizing the control of a robotic system under mechanical disturbances for the following reasons [49]–[51]:
	1. Recursive approach to solving control problems.
	By breaking the main task into smaller sub-tasks, Bellman’s dynamic programming method increases its efficiency in decision-making under changing conditions. When subjected to vibrational disturbances, the Bellman approach recalculates the optimal solution at each step, allowing the control system to adapt to disturbances while maintaining operational stability.
	2. Lack of strict conditions and applicability to uncertain systems.
	Unlike other methods, such as the Lagrange method or Pontryagin’s maximum principle, the Bellman approach is better suited for systems with numerous dynamic parameters. Vibration parameters, such as frequency and amplitude, as well as robotic system parameters like speed, torque, precision, and acceleration, can change unpredictably in the event of mechanical damage. The Bellman method ensures a more reliable response by recalculating the optimal trajectory compared to other methods that rely on a fixed optimal trajectory.
	3. Adaptability to constraints and improved response efficiency.
	Response time minimization is achieved through continuous searching for the optimal solution, which, in turn, contributes to the stability of the mechanical system. Taking constraints into account at each step, especially those related to variable disturbances, eliminates the need for complex modeling of the robotic system.
	4. Compatibility with other algorithms.
	Bellman’s method can complement certain algorithms, introducing new dimensions to control strategy development. For instance, combining it with fuzzy logic algorithms can create a predictive diagnostic system, minimizing the impact of damage before its destructive effects begin.
	Predictive and robust control strategies are key components in the fields of industrial automation, robotics, and the aviation and automotive industries [52]. Predictive control aims to forecast equipment failure and identify potential faults to prevent breakdowns without adhering to a fixed schedule of maintenance tasks. In turn, robust control strategies address uncertainties, noise, and disturbances, as well as changes in environmental and operating conditions, ensuring stable operation of mechanisms under various circumstances [53]. These methods are crucial in systems where environmental conditions, processes, or external disturbances can be unpredictable [52], [54].
	Together, predictive and robust control strategies can be broken down into key components [55], [56]:
	 Condition monitoring and uncertainty modelling allow to collect data from sensors, measuring various process or mechanism parameters in real-time, allows for a thorough study of system dynamics and potential uncertainties. This leads to the development of a mathematical model describing system behavior under different conditions.
	 Data analysis and controller design provide to identify patterns, anomalies, errors, and potential equipment failures. Controllers are then developed to maintain system stability and performance in the presence of deviations. These controllers use various algorithms, such as PID control, optimal control, fuzzy logic, and artificial intelligence.
	 Predictive modelling and sensitivity analysis identify key stages and determine the possibility of equipment failure and the need for maintenance. At the same time, sensitivity analysis of control system performance to uncertainties is conducted to identify potential improvement opportunities.
	 Preventive actions, simulation, and testing through analysis and prediction of failures reliable operation of control systems and mechanisms is ensured under different operating conditions.
	In this context, predictive and robust control systems allow for reduced equipment downtime, which would otherwise be required for maintenance and adjustment to new operating conditions; cost savings due to high adaptability; and improved safety, quality, and efficiency by reducing the impact of uncertainties, noise, and disturbances on equipment.
	Among the control methods presented above, fuzzy logic stands out for its adaptability, robustness, and ability to predict events. Fuzzy logic possesses several key features that make it particularly effective in handling mechanical damage in robotic systems [57]–[60]:
	1. Adaptive approach to uncertainties.
	Fuzzy logic enables the management of imprecise data, which is especially crucial for robotic systems affected by vibrational disturbances. The absence of a requirement for prior parameter tuning for each event scenario allows a fuzzy logic-based control system to adapt to changing conditions.
	2. No requirement for a precise mathematical model.
	This simplifies the process of designing, implementing, and configuring a fuzzy logic control system, enabling generalization across various scenarios without excessive detail.
	3. Rule-based control for predictive capabilities.
	The use of a rule base enables the creation of predictive control systems to assess future states, setting fuzzy logic apart from other algorithms. The use of empirical data and a set of rules ensures high response speed.
	4. Integration with other control methods.
	Fuzzy logic can complement other control strategies, broadening control horizons and achieving the required quality. The distribution of fuzzy sets to encompass various scenarios enables a shift from focusing solely on the system's current state to building a control strategy that adapts to changes.
	5. Resistance to disturbances and adaptability to changes.
	Fuzzy logic ensures robust control even in the presence of significant deviations in system operation. Furthermore, its lack of reliance on extensive calculations saves computational resources, enhancing system performance.
	Thus, in terms of developing a robust and predictive control strategy, the fuzzy logic algorithm excels due to its adaptability, precision, and computational efficiency.
	The research field of the thesis in fault diagnosis and robust control strategies have taken a turn with the optimal control system integration. This integration way is assumed to increase the accuracy and performance of the robotic system and optimize the detection of mechanical faults to eliminate their consequences. Based on the vibrational analysis the thesis’s purposes present how to update the mathematical model of the robot to achieve the desired performance characteristics under various conditions. Through current research, the following hypotheses are proposed:
	 Vibrational analysis of a robot’s moving parts, based on using accelerometers with special placement, will allow for precise determination of the frequency characteristics of specific mechanical damages.
	 The data from the vibrational analysis can be used to develop optimal robot control strategies based on Bellman’s dynamic programming and an algorithm based on fuzzy logic.
	 Using optimal control based on Bellman’s dynamic programming will reduce the control system’s response time to disturbances caused by unwanted vibrations and increase the stability of the mechanical system.
	 The fuzzy logic-based algorithm may be capable of predicting and diagnosing mechanical damages.
	 The combination of vibrational analysis and the fuzzy logic algorithm can simplify the task of predicting repairs of robotic systems and enhancing the stability of control systems in the presence of mechanical damages.
	The main aim of the thesis is to design and develop an optimal control and diagnosis system for an industrial robot. The system provides detection and prediction of faults, also controls the robotic system behaviour using robust control strategies. The system should be adaptive, flexible, accurate and analyse data in real-time. At the same time, adaptive control and fault prediction diagnosis of the optimal control system are important. The research questions consider different fault types and optimal control strategies for interacting, predicting, and eliminating mechanical damages in robotic systems. In this case, the goals of this thesis are:
	 Development of a scaled demonstrator with a data acquisition system for vibration analysis data collection.
	 Design and modelling an optimal control system based on Bellman’s dynamic programming method for eliminating oscillations.
	 Development of a fuzzy logic algorithm for diagnosing mechanical faults in robotic system.
	 Implement a fuzzy logic algorithm to control a robotic system under mechanical damage conditions.
	 Vibration analysis method using strategically placed accelerometers to determine vibration characteristics (frequency and amplitude) for both normal and damaged transmission operation.
	 Methodology of application of Bellman’s dynamic programming optimal regulator for eliminating undesirable oscillations in the robotic systems.
	 Designing a novel adaptive and suitable application oriented on the fuzzy logic algorithm for diagnosing mechanical faults and controlling the robotic system under these conditions without using accurate mathematical models.
	 An analysis of the control characteristics of optimal control system based on Bellman’s dynamic programming method and a novel application oriented on the fuzzy logic for eliminating consequences of mechanical damages.
	 Development of a scaled demonstrator for vibration analysis data collection.
	 Definition of the reference and faulty frequencies of the tooth belt transmission and screw transmission of the robot system.
	 Modelling of the Bellman’s dynamic programming optimal control regulator for eliminating vibration based on vibrational spectrum.
	 Modelling of the fuzzy logic diagnosis and control algorithm for detecting mechanical faults and control robotic system under these conditions.
	The thesis is structured into five chapters are as follows.
	Chapter 2 covers the review of related works. This chapter focuses on gearbox faults, types of control systems, and the description and analysis of Bellman’s dynamic programming method and fuzzy logic method.
	Chapter 3 describes the design of the experimental part for getting vibration signals. This includes the description of the experimental test bench and its components, measurement setup, and laboratory test parameters. Also, this chapter covers the vibrational signal analysis by the fast Fourier transform method.
	Chapter 4 focuses on designing the optimal control system. The first part of this chapter includes the mathematical description of cartesian robots like two-mass system and contains the mathematical derivation of the optimal controller. The second part of the chapter covers modelling process of the optimal regulator in two ways are eliminating and accelerating. The chapter analyzes and compares the modelling results of the obtained optimal controllers.
	Chapter 5 contains details of designing the fuzzy logic algorithm for diagnosis of mechanical damages and control robot under these conditions. This algorithm is based on the analysis of vibrational signals. The chapter provides a detailed description of the algorithm's derivation and output, as well as the results of its modeling using real data.
	Chapter 6 presents the conclusion and future work of this research.
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	Robotic systems are widely used in modern manufacturing. These systems increase productivity while reducing the consumption of materials, energy, and human resources [61]. Robots help ensure human safety by handling hazardous materials and operating in unfavorable environments. However, despite their many advantages, robotic systems require maintenance, repair, and replacement in the event of wear or damage [62]. To extend the lifespan of a robotic system, properly selected actuators (primarily electric motors) are used. Control systems for robots are developed based on various algorithms to achieve the desired quality of operation. Predictive maintenance and diagnostic systems for moving mechanical parts of robots are being implemented and advanced to ensure high productivity and reduce maintenance costs [63], [64].
	One of the extensive areas of implementing electric machines is robotics. Servo motors play a crucial role as actuators in robotics. This type of motor has found wide application in this field due to its advantages, namely [I]:
	 Precise control over angular position, velocity, and acceleration, enabling high positional accuracy of robotic actuators [65], [66].
	 Feedback in the form of potentiometers and encoders [67], [68]. These sensors, integrated into the servo motor’s design, provide real-time feedback on position and velocity, facilitating adjustments and corrections to deviations from desired parameters, thereby enhancing precision and stability [69], [70].
	 Despite their small size, servo motor-drives can deliver high torque, making them indispensable in applications with limited installation space or requiring lifting heavy loads or applying significant force [71], [72].
	 Servo motor-drives can be easily integrated into various control systems due to the versatility of control approaches. There are numerous methods for controlling servo motors, allowing for the development of various applications [73]–[75].
	The conversion of electrical energy into mechanical energy is achieved with minimal losses when using servo motor-drives [76], [77].
	Thus, servo motor-drives enhance the accuracy, versatility, and performance of mechanisms and applications. However, the motor control system also significantly influences operational characteristics [65], [78], [79]. The robot’s diagnostic and control system are equipped with an adequate number of sensors to monitor the mechanism’s behavior in real-time during work operations. However, these sensors only track parameters in the power and control systems of the machines [80]–[82]. This leads to the inability to prevent or predict the robot’s behavior in case of mechanical part failure. As a result, damages such as wear, heating, or breakdown of parts in the robot’s transmissions and connecting links go unnoticed and lead to serious consequences. Consequently, mechanisms lose their efficiency, working characteristics decrease, or they may completely fail.
	Based on this literature review, discusses what faults in mechanical parts (e.g. gearboxes, reductors, couplings, joints, etc.) may occur during work operations and how a fuzzy logic-based control system can be used to create a predictive robust control system capable of operating under specified conditions.
	Gearboxes play an important role in robotic systems. They consist of various transmission types, transfer force from the actuator to other parts of the robot, and coordinate the movement of these parts [83]. The correct choice of transmission types in gearbox affects the system’s efficiency, maneuverability, precision, and lifecycle. Depending on the purpose, characteristics, and conditions, several types of transmissions are used in robotic systems [83]–[85], [II]:
	1. Tooth transmission is used for working with high loads and minimal backlash. It is popular in small systems due to its compactness.
	2. Belt transmission is used to transmit force in more complex and larger robotic systems. It is popular for its constant gear ratio, lightweight, and noiseless operation.
	3. Chain transmission is used in large robotic systems where significant forces and loads need to be transmitted.
	4. Screw or worm transmission is used in linear systems requiring precise positioning.
	An example of a robot gearbox is shown in Figure 2.1.
	/
	Figure 2.1. The example of the gearbox (previously published in article V).
	Faults in the gearbox can significantly affect the performance, operational characteristics, durability, and energy efficiency of robotic systems. Gearbox failures develop gradually and don’t instantly lead to system failure [86]. This process can extend over a long period, and even minor damage can result in serious consequences, disrupting system operation and eventually leading to complete failure. The most common gearbox damages include [II, III]:
	 Wear and tear of wheels and pulleys.
	All moving parts of the gearbox are subject to wear. Over time, gears and pulleys wear out due to constant friction, resulting in increased clearance between them and potentially reducing the system’s accuracy and performance [87], [88].
	 Misalignment of pulley centers.
	Misaligned pulleys cause excessive friction, noise, and wear on gears and transmission belts. Improper pulley alignment can result from manufacturing defects, additional vibration, and mechanical stress [89].
	 Lubrication and contamination issues.
	Insufficient lubrication and contamination accelerate wear, increase friction, and lead to overheating and breakdown of transmission components. Lubrication is necessary to prevent metal-to-metal contact and reduce friction. Inadequate lubrication in the gearbox can lead to frequent repairs and downtime [90], [91].
	 Overloading, vibrations, and impacts.
	Subjecting the gearbox to loads beyond its design capacity, as well as shocks and vibrations, accelerates wear, deformation, and stress on transmission parts [92], [93]. Overloading, along with additional vibration, arises from excessive loads, sudden impacts, external forces, and mechanical imbalances [94].
	Addressing gearbox issues requires a combination of servicing methods and the installation of modern monitoring and control systems to prevent frequent inspections and repairs. Reliable design solutions will ensure reliability and performance under various operating conditions.
	When addressing the task of mitigating and preventing damage in transmissions, five main types of control methods are distinguished based on system constraints and environmental conditions [95], [96]:
	 Regulation;
	 Optimal control with a finite or infinite forecasting horizon;
	 Optimal control with constraints;
	 Adaptive and robust control;
	 Stochastic control.
	Regulation mainly aims to minimize the error between the output signal of the dynamic system and the desired (specified) value [97]. Methods such as the least squares method or PID control are used for this purpose [98], [99].
	Optimal control with a finite or infinite forecasting horizon is used to determine the control strategy based on the forecast of the system’s state and future conditions [100], [101]. In the case of a finite horizon, the optimal control system aims to determine the control strategy over a fixed time interval [102]. In the case of an infinite horizon, the optimal control system determines the control strategy over an infinite time interval, considering the subsequent states of the system and the conditions of influence [103]. Dynamic programming algorithms like Bellman’s equations are used to implement such control strategies.
	Optimal control with constraints creates a control strategy for a dynamic system considering the presence of constraints to maximize or minimize performance criteria under specified conditions [46], [104]. Algorithms such as Pontryagin’s maximum principle or quadratic programming are used to solve constrained control problems [46], [105].
	Adaptive and robust control combines some algorithms, which can adjust to changing environmental conditions or control task requirements while maintaining the optimal control strategy [106]–[108]. Algorithms based on adaptive regulation, fuzzy logic, and machine learning are used to tune adaptive and robust control systems [109], [110].
	Stochastic control systems are designed to operate in dynamic systems where random processes occur [111], [112]. These control systems consider the probability distribution and statistics of finding the optimal control strategy [113], [114]. To solve such problems, algorithms like the Kalman filter or Markov decision processes are typically used.
	Each of these methods is applied in various fields depending on the task at hand and has its benefits and limitations. However, only three of them are often used in robotics and their comparison is presented in Table 2.1. 
	Table 2.1. Comparison of optimal control system types.
	Benefits and
	Control system type
	Applicable algorithms
	limitations
	Benefits:
	 Bellman’s dynamic programming [47];
	Optimal control with a finite or infinite forecasting horizon
	 Forecasting. Ability to anticipate future changes and manage them.
	 Flexibility. Allows for determining optimal control strategy at any time interval.
	 Linear quadratic regulation [115];
	Limitations:
	 Model predictive control [116].
	 Mathematical complexity. Working with large time intervals requires significant computational resources.
	 Noise sensitivity. The presence of additional or unwanted noise that cannot be eliminated leads to the destabilization of the control system.
	Benefits:
	Optimal control with constraints
	 Pontryagin’s maximum principle [46];
	 Safety. Ensuring compliance with imposed constraints on the mechanism enhances control stability.
	 Constrained model predictive control [117].
	 Adaptability. Allows for determining control strategy under any constraints.
	Limitations:
	 Implementation complexity. Calculation and application of complex algorithms are required to account for all constraints, which complicates the design of the control system.
	Probability of obtaining a suboptimal control strategy.
	Benefits:
	Adaptive and robust control
	 Robust model predictive control [118];
	 Forecasting. Working in variable conditions allows for predicting system states and adapting to changes without full reconfiguration of the control system.
	 Adaptive neural network control [119];
	 Flexibility. The ability to adapt to any environmental conditions enhances real-time control efficiency.
	 Fuzzy logic algorithm [48].
	Limitations:
	 Complexity of tuning. Parameter tuning and adaptation rules adjustment are required, which can be labour-intensive.
	Instability. Incorrect settings selection may lead to loss of control system stability.
	Benefits:
	 Linear quadratic gaussian [120];
	Stochastic control
	 Uncertainty management. Ability to account for random disturbances and occurrences of external forces to enhance control system stability.
	 Stochastic model predictive [121];
	 Operation in a stochastic environment. Enables the construction of a control system for any environment with uncertain data.
	 Monte Carlo optimization [122].
	Limitations:
	 Computational complexity. Requires significant computational power for the design and operation of the control system.
	Sensitivity to precise mathematical models. An accurate mathematical model of the process or mechanism operating in a stochastic environment is required, which can be labor-intensive in real-world conditions.
	Based on the literature review of control methods for robotic systems, two approaches stand out for the task of mitigating, preventing, and diagnosing transmission damage: optimal control with a finite or infinite forecasting horizon and adaptive and robust control. These methods possess the necessary qualities to build a control system based on analyzing vibrations that arise in the event of transmission damage.
	Among the algorithms, Bellman’s dynamic programming stands out due to its features, like forecasting, flexibility, and overcoming dynamic complexity [49]. This algorithm allows for optimizing control considering the current and future states of the system. This property is crucial for assessing system damage since the known vibration spectrum can be used to establish an optimality criterion that minimizes the consequences. Moreover, the ability to adapt the optimal control trajectory at each step guarantees optimal control. The algorithm is well-suited for both finite and infinite horizons, making it applicable for long-term use. By breaking the main task into smaller subtasks, Bellman’s dynamic programming is particularly effective under conditions of mechanical damage to a robot, as it enables the division of the overall task into manageable parts. Such an approach reduces the influence of damage on the robot’s performance by ensuring that the system can adapt dynamically to changing operational conditions while accounting for the future impact of the damage.
	For controlling a robotic system with a damaged transmission, fuzzy logic stands out due to its properties, as functioning under uncertainty, adaptation to changes, and ease of setup and integration [57], [60]. Fuzzy logic is indispensable in situations where the mathematical model of a robotic system becomes unclear due to damage. This is critically important for control, as fuzzy rules can be configured to operate effectively under uncertainty. Furthermore, the vibration spectrum can be easily interpreted through linguistic variables, simplifying control and configuration. In cases of system degradation, such as worsening transmission damage, fuzzy logic easily adapts to changes, enhancing the reliability and robustness of the control system. Despite the complexity and multitasking nature of the system, the implementation and configuration of fuzzy logic remain relatively straightforward, and integration with other control methods is seamless.
	Based on the above, Bellman’s dynamic programming and fuzzy logic together create a synergistic control system combining adaptability, optimality, and robustness. Fuzzy logic mitigates noise sensitivity, while dynamic programming ensures global optimality. Furthermore, combining these two algorithms allows for assessing the current state of the mechanical system and calculating an optimal control strategy.
	Unfortunately, the high computational demand of these algorithms complicates their integration into modern systems, which is why most studies lack precedents for exploring such a control system. Additionally, the insufficient development of diagnostic methods means that using vibration spectra as input data requires the development of new diagnostic approaches and evaluations. Therefore, it is essential to examine these two algorithms in more detail to assess their potential for building a control system for a robotic system operating with a damaged transmission.
	Bellman’s dynamic programming is a mathematical approach to solving optimal control problems, based on the principle of breaking down the problem into smaller fragments and finding the optimal solution for each of them [123], [124].
	The main stages of dynamic programming are as follows [125], [126]:
	1. Problem formulation.
	The main task is broken down into fragments, for which optimality conditions are defined, and an optimal solution is found at each step. The most common example for such type of control is robot control with a specific sequence of actions.
	2. Quality assessment. 
	For each step, an assessment of optimality is made. A quality function is created, which, considering various factors such as resource costs, desired outcomes, etc., evaluates the optimality of the solution.
	3. Finding the optimal path. 
	Considering each step individually allows for determining the optimal control strategy for the overall problem solution.
	4. Strategy preservation.
	To reduce computational complexity, intermediate data is stored to avoid redundant calculations for simpler tasks.
	5. Formation of a complete control strategy. 
	𝑉𝑠=𝑚𝑎𝑥𝑎∈𝐴(𝑠)𝑅𝑠,𝑎+𝛾𝑠′∈𝑆𝑃𝑠′ 𝑠,𝑎)𝑉(𝑠′);
	After determining the optimal solutions for all tasks, they are combined, and an overall control strategy is formed.
	Two main expressions are used for forming optimal control according to Bellman’s dynamic programming principle: the Bellman optimality equation (1) and the Bellman recurrence equation (2) [126]–[128].
	(2.1)
	𝑉𝑘+1𝑠=𝑚𝑎𝑥𝑎∈𝐴(𝑠)𝑅𝑠,𝑎+𝛾𝑠′∈𝑆𝑃𝑠′ 𝑠,𝑎)𝑉𝑘(𝑠′);
	where, s – current system state; s’ – next system state; α – system impact; V(s) – optimal strategy in the current state; A(s) – impact sets in the current state; R(s, α) – optimal criteria after impact; γ – discount coefficient; P(s’ | s, α) – transient possibility to the next state after impact.
	(2.2)
	where Vk(s) – optimal strategy in the current state in k-iteration.
	Bellman’s dynamic programming algorithm is an excellent fit for addressing the problem of mitigating vibration effects. This is supported by the algorithm’s distinct advantages.
	By breaking down the problem into smaller functions, the control algorithm enables a detailed understanding of local dynamics, including nonlinear behavior. For example, in the case of a robotic manipulator subject to oscillations, dynamic programming optimizes the control input for each joint, minimizing vibration amplitude step by step [123], [124].
	The quality criterion of this algorithm allows for considering various developmental scenarios and adapting the control system to specific needs. This approach not only mitigates the effects of damage and vibrations but also minimizes energy consumption and system wear. Thus, vibration suppression can simultaneously manage multiple parameters influencing production quality and safety [129].
	To solve the problem of vibration suppression, it is essential to identify a trajectory and control strategy that avoids resonance frequencies and effectively reduces the impact of vibrations on the system. By analysing the system’s response at each step, dynamic programming can create a global control strategy. In this way, the algorithm determines the sequence of actuator forces needed to compensate for disturbances [130].
	It should also be noted that due to its step-by-step optimization, this algorithm is ideally suited for dynamically changing environments. Given that vibration characteristics can change in real time almost instantaneously, the adaptability of Bellman’s dynamic programming ensures the stability of the control system [131].
	Given the diversity of methods, optimal control finds applications in aerospace engineering, for optimizing the movement and trajectory of ships and aircraft, and robotics, for developing controllers, autonomous vehicles, and controlling robotic manipulators. Fuzzy logic-based control systems enable the processing of imprecise data and categorizing them into belonging to a particular output, unlike binary logic, where the output parameter can only take on values of “0” or “1”. Fuzzy logic is an excellent tool for creating control systems for mechanisms with nonlinear dynamics, complex relationships, and ambiguous or insufficient input parameters [110], [132], [133].
	A fuzzy logic-based control system operates according to a specific algorithm.
	Fuzzy logic replaces traditional binary sets with fuzzy sets, which allow elements to have partial membership in a set. Each fuzzy set is characterized by a membership function that assigns degrees of membership to elements in the universe of discourse [134], [135].
	Fuzzy rules form the basis of the control logic in the fuzzy logic control system. These rules are expressed in the form of “if-then” statements, where linguistic variables (e.g., “low”, “medium”, “high”) are used to represent inputs, outputs, and control actions. Fuzzy rules capture expert knowledge and heuristics about the system’s behavior [136], [137].
	𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒(𝑥;𝑎,𝑏,𝑐)=0,𝑥≤𝑎𝑥−𝑎𝑏−𝑎,𝑎≤𝑥≤𝑏𝑐−𝑎𝑐−𝑏,𝑏≤𝑥≤𝑐0,𝑐≤𝑥;
	Fuzzy inference involves applying fuzzy logic rules to determine the system’s response to input conditions [138]. It consists of two main steps: fuzzification and inference. Fuzzification converts crisp input values into fuzzy sets using membership functions, while inference combines fuzzy rules to produce fuzzy output sets [139], [140]. Three main types of membership functions are used in this step. There are triangle (2.3), trapezoidal (2.4), and gaussian (2.5) membership functions.
	(2.3)
	where, a, b – borders of the triangle function; c – the center of the triangle function.
	𝑡𝑟𝑎𝑝𝑒𝑧𝑜𝑖𝑑(𝑥;𝑎,𝑏,𝑐,𝑑)=0,𝑥≤𝑎 𝑥−𝑎𝑏−𝑎,𝑎≤𝑥≤𝑏1,𝑏≤𝑥≤𝑐𝑐−𝑎𝑐−𝑏,𝑐≤𝑥≤𝑑0,𝑥≤𝑑;
	(2.4)
	𝑔𝑎𝑢𝑠𝑠𝑖𝑎𝑛(𝑥;𝑐,𝜎)=𝑒−12𝑥−𝑐𝜎2;
	where, a, b – borders of the trapezoid function; c, d – the maximum of the trapezoid function.
	(2.5)
	where, c – the middle of the gaussian function; σ – the width of the gaussian function.
	Fuzzy aggregation combines the outputs of multiple fuzzy rules to generate a single fuzzy output set. This process can involve methods such as minimum, maximum, or weighted averaging to aggregate the contributions of individual rules [139].
	Defuzzification converts the fuzzy output set into a crisp control action or decision. This involves determining a single value or a set of values that best represents the fuzzy output set, typically using methods such as centroid defuzzification or weighted average [140].
	Based on the fuzzy logic control algorithm, it can be said that this method is highly adaptable to any task. Moreover, fuzzy logic does not require the calculation of an exact mathematical model of the process or mechanism. Additionally, fuzzy logic mirrors human reasoning, making it relatively easy to apply to various conditions. Consequently, the fuzzy logic control algorithm finds its application in areas such as autonomous systems, enabling smooth and efficient control, industrial automation, allowing the control of many transient processes, and robotics, facilitating transportation and precise control of machines and robots [141], [142].
	There are numerous methods for controlling robotic systems, each designed for specific purposes, as evidenced by the review presented in this chapter. Control systems are constantly evolving to achieve greater performance, precision, or to mitigate undesirable effects caused by external factors. Faced with new challenges, robotic control systems are modernized to enable prediction, data analysis, and stable operation under varying conditions.
	Despite significant advancements in the development of control systems, certain gaps remain in the application of specific control algorithms across different domains. This is because many issues are not yet considered significant, or the algorithms have not been optimized for external conditions (such as mechanical damages, environmental contamination, etc.). Such algorithms include Bellman’s dynamic programming and fuzzy logic. In the field of condition monitoring and diagnostics of the mechanical components of robotic systems, these algorithms have not been fully developed. Many approaches to building control systems are focused on machine learning rather than vibration analysis, leaving the potential of dynamic programming and fuzzy logic in this area untapped. These algorithms offer unique advantages and demonstrate their capabilities when additional parameters for evaluating vibrational signals are available. This enables the development of a control system capable of mitigating undesirable effects caused by damage to the mechanical components of robotic systems. It also provides the possibility of controlling the robot under these conditions and diagnosing damage at early stages, ensuring timely maintenance, reducing wear on other mechanical components, and predicting the behavior of the mechanism in uncertain conditions.
	The limited use of fuzzy logic and Bellman’s dynamic programming algorithms can be attributed to their high computational resource requirements and the complexity of adapting these algorithms to uncertain scenarios of mechanical failures. However, by studying potential damage in robot transmissions, it is possible to obtain the necessary data to significantly reduce the computational demands of these algorithms and facilitate their integration into existing control systems. Addressing this gap could lead to significant advancements in the reliability, performance, and safety of industrial robotic systems, motivating further research in this direction.
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	Robots in industry play an important role in many industrial applications, ensuring safety in the workplace and various production conditions. Monitoring the condition and implementing reliable control strategies for robots has always been significant in the industry. The use of optimal control systems in areas of predictive maintenance and condition assessment is advancing in modern research [63], [64].
	The application of reliable control strategies, specifically optimal control systems, in industrial applications is evolving towards predictive maintenance to increase productivity and reduce the number of scheduled and unscheduled repairs and maintenance. Periodic and unscheduled repairs lead to loss of time and resources due to equipment downtime and loss of production productivity. Therefore, more research is focused on identifying damages at an early stage to prevent downtimes and find new ways to ensure equipment maintenance [86], [95], [96].
	This allows for the development of an algorithm for real-time damage detection data assessment. Combining condition monitoring and reliable control strategies enables the use of several types of analysis: vibration, thermal, acoustic, and performance. Each type of analysis is intended to detect specific faults [143]–[146].
	Vibration analysis is based on measuring the vibration levels of robot components, such as transmissions, bearings, and joints. Accelerometers are used for this purpose, recording the necessary data. Increased vibration levels can indicate imbalance, misalignment, or wear of moving parts. This method is useful for detecting damage in moving parts that are subject to increased friction [145].
	Thermal analysis is based on determining thermal signatures using infrared cameras. Overheating of the robot’s moving parts can indicate lubrication problems, friction, or stress on the robot’s body. This method is effective for detecting overheating of motors and joints [143].
	Acoustic analysis involves analyzing high-frequency sounds emitted by materials under load or friction. Cracks, friction, or other anomalies and damages generate sounds. Acoustic sensors or sensitive microphones are used to capture sounds, allowing early detection of fatigue cracks and component wear [144].
	Performance analysis is based on assessing the working parameters of the robot, such as speed, torque, or energy consumption. Robot sensors and software are used for real-time data analysis. However, deviations from working parameters can indicate both mechanical damages and system errors [146].
	Based on a literature review of these methods, it can be stated that vibration analysis integrates well into the strategy of reliable control systems and condition monitoring. Thus, this type of analysis can be taken as the basis for diagnosing and managing robots under the influence of mechanical damages.
	The scale demonstrator is built for experiments and getting vibration data from the robot. The demonstrator consists of the Hirata cartesian robot, vibration sensors, and a data acquisition system. The view of the scale demonstrator to collect data for different faults is presented in Figure 3.1.
	/
	Figure 3.1. The view of the scale demonstrator with data collection system. (previously published in article IV)
	The scale demonstrator was constructed to evaluate the impact of transmission damage on the structure of the Cartesian industrial robot. For this purpose, the operational characteristics of vibration were assessed under normal transmission conditions. Subsequently, damage was introduced, and experiments were conducted to evaluate the vibration performance of the robot with a damaged transmission.
	These experiments are essential for obtaining data on vibration frequency and amplitude to understand the relationship between damage and its effects on the robot’s vibrations during operation. By collecting sufficient data and analyzing it, a correlation between damage and vibrations can be established. Based on this data, a control system can be developed to enable the robotic system to operate under these conditions and to diagnose the damage effectively.
	The data is collected from the robot in a healthy and faulty state using Data Acquisition System Dewetron and acceleration sensors. Data are collected in safe conditions to prevent extreme situations. For this purpose, the robot’s parameters are set to certain limits. The specification of the robot and parameters for the experiment are presented in Table 3.1.
	Table 3.1. Specification of the robot and parameters for the experiment.
	Value
	Parameter
	Experimental parameters
	Specification parameters
	2
	4
	Number of axes
	400
	400
	X
	200
	200
	Y
	Motor power, W
	—
	100
	Z
	—
	30
	W
	200
	1200
	X
	200
	1200
	Y
	Max. speed, mm/s
	—
	1000
	Z
	—
	1200°
	W
	1000
	1200
	X
	700
	700
	Y
	Stroke, mm
	—
	200
	Z
	—
	540°
	W
	X
	±0.02
	Y
	Repeatability. mm
	±0.01
	Z
	±0.02°
	W
	Only two out of four axes were chosen for the experiment on collecting vibration signals. This was done because the Z and W axes have sufficiently rigid mounting, making capturing the required vibration characteristics impossible. Additionally, it is important to note that both axes represent a separate structure that can be easily replaced, which is why these axes are not considered valuable resources for obtaining the necessary data.
	The proposed data acquisition and control system for the experimental setup consists of the robot controller, teach pendant and three accelerometers (DIS-QG40N) united into one network. The control components allow to control of the robot in semi-automatic mode and help to avoid undesirable oscillations during the experiment. Teach pendant is used for setting needed parameters into the robot controller and implemented of the necessary robot operations. The technical specification for the accelerometers is given in Table 3.2.
	Table 3.2. Technical specification for the accelerometer DIS-QG40N.
	Value
	Parameter
	3 axis (XYZ)
	Measuring ways
	±4 g.
	Measuring range
	0.5 – 4.5 V
	Output signal
	4 mg
	Resolution
	± 2%
	Sensitivity error
	3 ms
	Output refresh rate
	The sensors were installed on the top and bottom of the test bench (presented in Figure 3.1), as well as on the robot’s gripping system. These positions allow for capturing the robot’s vibrations directly and eliminate unwanted oscillations from the test bench frame in the main signal. Consequently, the robot's vibration signal is fully filtered from extraneous interference, except for noise caused by the vibration of individual parts of the robot’s structure. However, since these vibrations are insignificant, they can be disregarded.
	During the experiment, it was determined that the gearbox has its natural frequencies, which indicate its normal operation. Each transmission of the gearbox has distinct frequencies, but when combined, they provide an overall representation of the transmission’s performance. However, to obtain the necessary data, it is essential to introduce damage to the gearbox structure. This will generate erroneous signals with additional amplitudes and frequencies, which will serve as the basis for developing the control system.
	Under operating conditions, three types of mechanical faults can occur in the transmission of a cartesian robot: over-tension of the timing belt in the tooth belt transmission, heating of the worm in the screw transmission, and damage or excessive wear of the gears and pulleys in the transmissions. The experiment considered two types of failure: over-tension and heating. The third type was not considered, as the chance of this damage occurring in real conditions is quite low. Additionally, the transmission parts where this type of failure could occur are made of wear-resistant materials to avoid jamming.
	Belt over-tension occurs when the centers of the pulleys are vertically misaligned relative to each other. This type of damage is shown in Figure 3.2.
	/
	Figure 3.2. The example of the belt over-tension in the tooth belt transmission. (previously published in article II)
	Over-tension creates additional force and load on the shaft of the robot’s servomotor, which, in turn, leads to vibrations during transition points, when the direction of the robot’s movement changes to the opposite.
	Worm heating in the screw transmission occurs when there is insufficient lubrication or contamination. This type of damage is shown in Figure 3.3.
	/
	Figure 3.3. The example of the worm heating in the screw transmission. (previously published in article II)
	Worm heating causes additional vibrations throughout the robot’s workspace, reducing positioning accuracy and accelerating the wear of transmission components. This type of damage is also directly related to the parts of the transmission that are in constant contact. Due to additional wear, it can be assumed that the third type of damage is a consequence.
	To obtain necessary data about the reference and faulty gearbox state the steps of the experiment for getting natural and artificial vibration data are presented in Figure 3.4.
	/
	Figure 3.4. The flowchart of the experiment steps.
	1. This step involves mounting sensors on the lab stand, connecting instruments to the data acquisition system, and setting the robot’s operating parameters, such as speed, acceleration, the number of working axes, and movement paths.
	2. At this stage, mechanical damage was introduced into the robot’s transmission structure (first belt over-tension, then worm heating) separately for each axis of the robot.
	3. Loading the robot’s program in semi-automatic mode using the control panel, as well as monitoring control parameters and tracking the robot's movement trajectory.
	4. Reading and recording data from vibration sensors along the three axes X, Y, and Z for the two robot axes, X and Y. The axes are considered separately to avoid “overlapping” of data.
	5. Changing the data format to obtain an accurate representation of the processes occurring within the robot’s structure and extracting the necessary parameters from the sensor’s output signal.
	6. Extracting the frequency spectrum of the vibration signal using fast Fourier transform for further use in the development of diagnostic and control algorithms.
	7. To get a full picture of the ongoing processes, the experiment was conducted multiple times for each of the robot’s axes and under various conditions, specifically: healthy conditions (without additional noises and artificial failures), introducing an over-tension fault for the X and Y axes, and implementing a heating fault for the X and Y axes.
	Based on the experimental setup the vibration spectrums are obtained. During of the experiment, the reference signal (healthy state of the robot) and faulty signal (state of the robot under over-tension or heating faults) are received. The data analysis was carried out using the FFT method to determine the reference (natural) frequencies of the robot’s transmission, as well as to isolate frequencies that are generated directly as a result of mechanical damage. To achieve more accurate results, the FFT window was selected with a range of 500 Hz. This was done because the mechanical components of the robot’s transmission typically have vibrational frequencies in the low to mid-frequency ranges [147]–[149], and most mechanical damage is detected below this limit. Therefore, there is no point in considering a window with a higher frequency range.
	The results of vibration signal analysis for timing belt over-tension of the tooth belt transmission by X and Y axes are presented in Figure 3.5.
	(b)
	(a)
	Figure 3.5. The spectra analysis of the output vibration signal by X-axis (a) and Y-axis (b) for the over-tension fault of tooth belt transmission. (previously published in article I)
	The vibrational spectra in Figure 3.5 illustrate the frequency analysis of two distinct signals: a reference signal representing the healthy operation of a cartesian robot gearbox and a faulty signal that captures the effects of over-tension due to misaligned pulley axes. These graphs help to understand how the system’s vibrational characteristics shift under faulty conditions, providing valuable insights into mechanical performance and fault diagnosis.
	In both spectra, the reference signal (shown in blue) corresponds to the nominal or healthy state of the gearbox, where the belt tension is set according to factory specifications. This signal exhibits clear peaks at approximately 50 Hz, 100 Hz, and 150 Hz, representing the fundamental frequencies associated with the gearbox’s normal operation. These frequencies are characteristic of the system when functioning under normal conditions, and the vibrational amplitudes at these points are relatively low, indicating a well-tuned, stable system. In contrast, the faulty signal (shown in red) shows the system’s response under over-tension, a condition where the transmission belt is subject to excessive tension due to pulley misalignment.
	Focusing on the vibrational spectrums by both axes, the reference signal shows dominant peaks in the expected frequency range. The system, in its healthy state, maintains low amplitudes at these critical frequencies, ensuring smooth operation. However, the faulty signal reveals a starkly different behavior. In addition to the fundamental peaks seen in the reference signal, the faulty spectrum introduces new peaks in higher frequency ranges, particularly 200 Hz and 250 Hz. This broadening of the frequency response, along with the substantial increase in amplitude, indicates that the over-tension causes increased mechanical stress and friction, leading to a more energetic vibrational response. The amplitude of these faulty peaks is significantly higher. This elevated response signals that the system is under abnormal strain, a direct consequence of the excessive tension in the transmission belt.
	In both spectra, the faulty signal demonstrates a markedly different vibrational profile compared to the reference signal. The presence of these higher frequency components and their elevated amplitudes suggest that over-tension introduces significant resonances that were not present in the nominal state. These resonances likely stem from increased friction, belt tension, and mechanical misalignment, all of which contribute to the generation of excess vibrational energy. Moreover, the noise floor in the faulty signal appears to be elevated across the spectrum, particularly at lower frequencies, which may indicate additional vibrations from external sources, such as adjacent machinery or loose components within the system.
	The over-tension fault’s impact on the system is clear: the increased vibrational amplitude and the expansion of the frequency range up to 250 Hz signal that the system is experiencing abnormal mechanical stress. This stress could lead to faster degradation of the transmission components, such as the belt, pulleys, or even the gearbox itself, if not corrected promptly. By comparing these spectra, it becomes evident that a healthy system maintains a controlled vibrational response, while over-tension introduces significant irregularities that can be detected through spectral analysis. Thus, monitoring the vibrational spectrum of a transmission system is crucial for early fault detection, allowing for timely maintenance and avoiding potential mechanical failures.
	The results of vibration signal analysis for worm heating of the screw transmission by X and Y axes are presented in Figure 3.6.
	(b)
	(a)
	Figure 3.6. The spectra analysis of the output vibration signal by X-axis (a) and Y-axis (b) for the heating fault of screw transmission. (previously published in article III)
	In contrast, the second set of vibrational spectra examines the vibrational behavior of the cartesian robot gearbox under the influence of a worm heating fault in the screw transmission. The reference signal (blue) again represents the normal state of the system, with stable peaks at 50 Hz, 100 Hz, and 150 Hz, while the faulty signal (red) captures the effects of heating.
	In the spectrums, the faulty signal due to the heating fault shows an increase in amplitude, particularly in the 200–450 Hz range. The heating of the screw transmission causes thermal expansion and deformation, which leads to increased friction and mechanical misalignment. These changes generate broader vibrational peaks across a wide frequency range, indicating that the heating fault excites multiple vibrational modes. The higher frequencies in this case are indicative of the system’s struggle to maintain stability under thermal stress. The heating-induced vibrations are not confined to specific points in the system; instead, they have a stochastic nature, affecting multiple components simultaneously and leading to erratic behavior.
	Unlike the over-tension fault, which manifests as a more predictable increase in vibrational amplitude at higher harmonics, the heating fault introduces randomized vibrational disturbances that are more challenging to mitigate. The broadening of the frequency range and the significant increase in amplitude suggest that overheating impacts the entire system, leading to increased wear on bearings, gears, and other mechanical parts.
	This chapter covers a unique vibration analysis method using strategically placed accelerometers (shown in Figure 3.1) on the novel Cartesian scale demonstrator for mechanical fault testing, enabling precise identification of frequency and amplitude characteristics under both normal and damaged transmission conditions. Experiments involving artificial damage to the Cartesian robot’s gearbox revealed key vibration signals and spectra, distinguishing normal operational frequencies from those indicating damage. These findings provide a foundation for creating advanced control strategies, including systems based on Bellman’s dynamic programming to mitigate damage effects and fuzzy logic algorithms for effective damage diagnosis and operation under compromised conditions.
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	In the case of mechanical damage to the robot's transmission, which can lead to undesirable load oscillations, optimal control (Bellman dynamic programming) can offer effective solutions for several reasons [129]–[131]:
	 Dynamic programming allows finding the optimal solution based on minimizing a cost function. The algorithm accounts for the system’s dynamics and finds the optimal trajectory for the entire process, effectively preventing undesirable oscillations.
	 The algorithm can account for random disturbances and uncertainties in the system, allowing for flexible real-time control adaptation to changing conditions.
	 Optimal control relies on precise mathematical models of the system, enabling consideration of all physical parameters.
	 Optimal control can minimize load oscillations and vibrations by finding optimal control actions at each step. This ensures smooth and steady control, even in the presence of damage.
	To create an optimal control system for eliminating robot vibrations, it is necessary to define its mathematical model for the given case. In this context, we consider the elimination of load vibrations caused by mechanical damage to the robot’s transmission. When damage occurs, and therefore, the resulting vibrations intensify the impact on the robot’s load, leading to additional undesirable effects such as reduced positioning accuracy and increased dynamic load on the motors. To address this type of impact, the Cartesian robot axis should be represented as a two-mass system, and optimality criteria should be defined [123], [124].
	Figure 4.1 presents the two-mass model for moving the load with a Cartesian robot along the Y-axis. The Z-axis in this model represents the load’s attachment point, and only its weight is considered in creating the mathematical model.
	/
	Figure 4.1. Two-mass model of the movement mechanism of Cartesian robot.
	&𝑚1𝑑2𝑥1𝑑𝑡2+𝑚2𝑥2𝑔𝑙=𝐹−𝑊&𝑚2𝑑2𝑥2𝑑𝑡2−𝑑2𝑥1𝑑𝑡2+𝑚2𝑥2𝑔𝑙=0,
	It is also important to note that the distance from the X-axis to the attachment point of the load can be neglected due to the rigid connection of the robot’s axes to each other. In this regard, the system of differential equations describing the behavior of the two-mass system for moving the robot with the load will be as follows [49], [150]:
	(4.1)
	where m1 is the weight of the Y and Z axes; m2 is the mass of the load; x1, x2 are the coordinates of the mass centers of the load in initial and final positions, respectively; g is the acceleration of free fall; l is the length of the Z axis; F is the total traction or braking forces acting on the frame; W is the strength of resistance of the frame movement.
	𝑑2𝑥𝑑𝑡2+𝜔2𝑥=𝐹−𝑊𝑚1
	Consider that when the robot moves without changing speed during operation, even in the case of changing the direction of movement, the system of differential equations can be reduced to a single second-order equation:
	(4.2)
	&𝑧1=𝑧2&𝑧2=(𝑢−𝜔2𝑧1).
	where 𝜔=𝑔𝑙1+𝑚2𝑚1 is the natural frequency of the load oscillation.
	The differential equation (4.22) can be transformed into a system of canonical equations by introducing the following notation 𝑢= 𝐹−𝑊𝑚1, 𝑧1=𝑥:
	(4.3)
	Two optimal criteria are obtained based on the mathematical model of the two-mass system. One of them is criteria based on the value load deviation from the vertical and dynamic component of the driving force, another one is criteria based on the value transition time and dynamic component of the driving force. These two criteria are the backbone of two optimal control models: the eliminating model and the accelerating model.
	𝐼=0𝑇𝑘1𝑥2+𝑘2𝐹−𝑊𝑚12𝑑𝑡
	As an optimization criterion, the complex integral criterion is chosen. This criterion shows a relationship between the square of deviation load from the vertical and the square of the dynamic component of the driving force [49], [150]:
	(4.4)
	where k1, k2 are the coefficients representing weighting factors based on the specific system dynamics and design criteria, which influence the importance of each term in the cost or performance index.
	The coefficient k1 is tied to the control force and how much penalty you assign to the mismatch between 𝐹 and 𝑊, normalized by the mass m1. A larger k1 means you prioritize minimizing this force error.
	𝐼=0𝑇𝑘1𝑧12+𝑘2𝑢2𝑑𝑡
	The coefficient k2 means it can prioritize reaching the desired performance (force balance) more quickly.
	Considering the previous notations the criterion can be rewritten in the next form:
	(4.5)
	𝑚𝑖𝑛𝑘1𝑧12+𝑘2𝑢2+𝜕𝑆𝜕𝑧1𝑧2+𝜕𝑆𝜕𝑧2𝑢−𝜔2𝑧1=0,
	The method of dynamic programming Bellman is used for minimizing the optimal criterion. The main functional equation is based on minimizing a specific functional that accounts for both the state variables and the control input. The Bellman functional equation is written as [49], [150]:
	(4.6)
	2𝑘2𝑢+𝜕𝑆𝜕𝑧2=0.
	where S is the Bellman function, which represents the value function that we aim to minimize. The function S depends on the state variables z1 and z2, and its partial derivatives concerning these states play a key role in the control process.
	The optimal control law u is obtained by the first differentiate equation (4.6) to u. It gives the necessary conditions for minimization. Setting this condition to zero leads to the following relationship:
	𝑢=−12𝑘2𝜕𝑆𝜕𝑧2.
	(4.7)
	Solving for the control variable u, the optimal control law is calculated:
	(4.8)
	𝑘1𝑧12+𝜕𝑆𝜕𝑧1𝑧2−𝜔2𝑧1𝜕𝑆𝜕𝑧2−14𝑘22𝜕𝑆𝜕𝑧22=0.
	This equation (4.8) provides the control input u as a function of the state variables through the partial derivative of the Bellman function concerning z2.
	After substituting the expression for u back into the original Bellman equation (4.6) the following equation is got:
	𝑆=𝐴1𝑧12+𝐴2𝑧1𝑧2+𝐴3𝑧22,
	(4.9)
	To solve the partial differential equation (4.9) the Bellman function S can be represented in a quadratic form, which is a standard approach for linear-quadratic control problems. In this case, the equation for the Bellman function is next:
	𝜕𝑆𝜕𝑧1=2𝐴1𝑧1+𝐴2𝑧2,
	(4.10)
	where A1, A2, and A3 are unknown constants to be determined through further analysis. This quadratic form is typical in optimal control problems, where the value function is often a second-order polynomial in the state variables.
	To find the constants need to take partial derivatives of S concerning z1 and z2:
	(4.11)
	𝜕𝑆𝜕𝑧2=2𝐴3𝑧2+𝐴2𝑧1,
	(4.12)
	𝑘1−𝐴324𝑘2−𝐴3𝜔2𝑧12+𝐴3−𝐴22𝑘2𝑧22+
	These expressions can now be substituted into equation (4.9) to determine the values of the coefficients A1, A2, and A3. The resulting system of equations will provide the specific solution for the Bellman function, and thereby, the optimal control strategy for the system.
	+2𝐴1−𝐴2𝐴3𝑘2−2𝐴2𝜔2𝑧1𝑧2=0.
	(4.13)
	&𝑘1−𝐴324𝑘2−𝐴3𝜔2=0,&𝐴3−𝐴22𝑘2=0,&2𝐴1−𝐴2𝐴3𝑘2−2𝐴2𝜔2=0.
	The equation (4.13) will be true if the expressions in parentheses are equal to zero since the variables z1 and z2 cannot be zero. Therefore, the equation (4.13) can be rewritten as a system of algebraic expressions:
	(4.14)
	This system of equations (4.14) typically results in two real solutions and two complex ones. However, only one real solution is selected because, in this scenario, the system’s motion is smooth, and the maximum control effort remains small. The real solution ensures the physical feasibility and stability of the control system. After solving the system of nonlinear equations and finding the roots, we substitute the real root into the optimal control equation (4.8) derived earlier. The optimal control law can now be written as:
	𝑢=𝑧1𝑅−𝑇𝑘2,
	𝑅=𝑘2𝜔2−𝑘2𝑘1+𝑘2𝜔4,
	𝑇=2𝑧2𝑘2𝑘2𝑘1+𝑘2𝜔4−𝑘2𝜔2.
	(4.14)
	where
	(4.15)
	(4.16)
	Thus, by synthesizing the control law, the final expression for the optimal control is successfully derived with input u, a function of the state variables z1, z2, and the parameters k1, k2, ω. This function represents the control strategy that minimizes the cost function while maintaining system stability.
	𝐼=0𝑇𝑘2𝑡2+𝑘1𝐹−𝑊𝑚12𝑑𝑡
	The algorithm for determining the optimal acceleration control model is similar to the previous model; however, the difference lies in the form of the integral optimality criterion, which, in turn, leads to a completely different form of the optimal controller. This criterion shows a relationship between the square of transition process time and the square of the dynamic component of the driving force [150], [151]:
	𝐼=0𝑇𝑘2𝑧22+𝑘1𝑢2𝑑𝑡
	(4.17)
	The criterion can be rewritten in the next form:
	𝑚𝑖𝑛𝑘2𝑧22+𝑘1𝑢2+𝜕𝑆𝜕𝑧1𝑧2+𝜕𝑆𝜕𝑧2𝑢−𝜔2𝑧1=0,
	(4.18)
	𝑢=−12𝑘1𝜕𝑆𝜕𝑧2.
	The main Bellman’s functional equation written as:
	(4.19)
	The optimal control law is calculated as:
	𝑘2𝑧22+𝜕𝑆𝜕𝑧1𝑧2−𝜔2𝑧1𝜕𝑆𝜕𝑧2−14𝑘12𝜕𝑆𝜕𝑧22=0.
	(4.20)
	After substituting the expression for u back into the original Bellman equation (4.19) the following equation is got:
	𝑆=𝐴1𝑧22+𝐴2𝑧1𝑧2+𝐴3𝑧12,
	(4.21)
	To solve the partial differential equation (4.21) the Bellman function S can be represented in a quadratic form, which is a standard approach for linear-quadratic control problems. In this case, the equation for the Bellman function is next:
	𝜕𝑆𝜕𝑧1=2𝐴3𝑧1+𝐴2𝑧2,
	𝜕𝑆𝜕𝑧2=2𝐴1𝑧2+𝐴2𝑧1,
	(4.22)
	To find the constants need to take partial derivatives of S concerning z1 and z2:
	(4.23)
	(4.24)
	These expressions can now be substituted into equation (4.19) to determine the values of the coefficients A1, A2, and A3. The resulting system of equations will provide the specific solution for the Bellman function, and thereby, the optimal control strategy for the system.
	𝑘2−𝐴12𝑘1+𝐴2𝑧22−𝐴2𝜔2+𝐴224𝑘1𝑧12+
	+2𝐴3−𝐴1𝐴2𝑘1−2𝐴1𝜔2𝑧1𝑧2=0.
	(4.25)
	&𝑘2−𝐴12𝑘1+𝐴2=0,&𝐴2𝜔2+𝐴224𝑘1=0,&2𝐴3−𝐴1𝐴2𝑘1−2𝐴1𝜔2=0.
	The equation (4.25) will be true if the expressions in parentheses are equal to zero since the variables z1 and z2 cannot be zero. Therefore, the equation (4.25) can be rewritten as a system of algebraic expressions:
	(4.26)
	𝑢=2𝜔2𝑧1−𝑧2𝑘1𝑘2−4𝜔2𝑘1𝑘1.
	This system of equations (4.26) typically results in two real solutions and two complex ones. However, only one real solution is selected because, in this scenario, the system’s motion is smooth, and the maximum control effort remains small. The real solution ensures the physical feasibility and stability of the control system. 
	The optimal control law can now be written as:
	(4.27)
	Thus, by synthesizing the control law, the final expression for the optimal control is successfully derived with input u, a function of the state variables z1, z2, and the parameters k1, k2, ω. This function represents the control strategy that minimizes the cost function while maintaining system stability.
	To conduct simulations of eliminating and accelerating optimal control systems, it is necessary to recreate the optimal controller derived mathematically in the Simulink environment. The input parameters for this controller include acceleration and braking forces, and a vibration signal from the accelerometer is integrated into the controller to simulate real operating conditions of the optimal control system.
	Thus, Figure 4.2 shows a model of the optimal control system for the Cartesian robot, designed to eliminate unwanted load (shown in Figure 4.1) oscillations caused by mechanical damage to the gearbox.
	/
	Figure 4.2. The optimal controller structural scheme for the Cartesian robot by eliminating modelling.
	The optimal controller (gray blocks) shown in the diagram is designed to manage and mitigate the undesirable load oscillations in a Cartesian robot, particularly under conditions where mechanical damage may occur – damage that was illustrated by the vibrational spectra in previous analyses. This controller is structured to provide real-time feedback and adjustments to the robot’s movements, ensuring stability and precision even in the presence of mechanical disturbances, such as the ones caused by over-tension or heating faults.
	The main part of this scheme is the state-space representation of the robot (blue block), which models its dynamic behavior. The robot’s transfer function – the block labeled with matrices A, B, C, and D – describes how the system responds to inputs and how the outputs are generated based on its internal state. This forms the foundation of the control system, as it encapsulates the essential characteristics of the robot’s mechanical structure and dynamics.
	The controller continuously monitors the difference between the desired and actual states of the robot using feedback loops. These feedback mechanisms are crucial for detecting deviations caused by external disturbances, such as those generated by vibrational faults. The system takes this error signal and feeds it back into the control algorithm to adjust the robot’s actions dynamically. The gain blocks, represented by the components labeled k1 and k2, play a critical role in scaling the control actions based on the feedback. These gains are optimized to ensure that the corrections made by the controller are proportional to the error magnitude while preventing excessive or insufficient adjustments. Proper tuning of these gains is vital to minimizing oscillations without introducing instability into the system. The controller includes mechanisms for disturbance rejection, which are particularly important given the unpredictable nature of mechanical damages, such as those associated with over-tension and heating faults. The blocks that estimate disturbances assess external forces or vibrations acting on the robot, allowing the controller to distinguish between expected behavior and abnormal conditions that require corrective action.
	This optimal controller can be integrated into the Cartesian robot’s control system by replacing or enhancing its existing motion control module. In a real-world setting, the controller would be implemented using a digital signal processor or a programmable logic controller capable of executing the real-time control algorithms required by the dynamic programming approach. The system would continuously receive feedback from position sensors, velocity sensors, and accelerometers, which measure the robot’s state and detect any anomalies caused by mechanical issues. All controller parameters would need to be carefully tuned during the commissioning phase to ensure optimal performance under varying load conditions and disturbances.
	The responses of the control system on the undesirable oscillations and elimination of the dynamic load of the servomotor in conditions of mechanical damage are presented in Figure 4.3.
	(b)
	(a)
	Figure 4.3. The control system’s response to asymmetric load oscillations (a) and dynamic load (b) in conditions of mechanical damage in the robot's gearbox by eliminating modelling.
	In the case of asymmetric load oscillations (a), the system’s reaction is characterized by an initial overshoot, with the right side (z1 right) peaking at approximately 0.13 p.u. An overshoot of this magnitude indicates that the system’s control action is quite aggressive initially, likely to quickly counterbalance the load imbalance. However, excessive overshoot could lead to unnecessary stress on the robot’s components, so careful tuning of this parameter is essential.
	As time progresses, the oscillations gradually decay, and the system moves towards stabilization. This is measured by the settling time, which in this case occurs 0.6 ms. This relatively fast settling time demonstrates that the control system is effective at damping the oscillations, reducing them to within a small margin around the steady-state value. The system exhibits good damping characteristics, as the oscillations diminish smoothly without escalating or persisting for too long, which would have indicated instability or poor control. The response is underdamped, meaning that oscillations are allowed initially but are progressively reduced, which is typically desirable for maintaining both stability and responsiveness in dynamic systems.
	The oscillations in dynamic load are minimal, remaining close to zero throughout the response. This indicates that the control system efficiently manages load variations, maintaining the robot’s stability with minimal deviation from the desired state. Notably, there is no significant overshoot or oscillation in this response, further demonstrating the control system’s ability to smoothly adapt to changes in load without requiring aggressive corrections. 
	The smoothness and stability of the dynamic load response (b) are key indicators of the control system’s robustness under varying load conditions. The system reacts promptly to these changes, with fluctuations settling almost immediately. The transient process here is extremely short, with the response stabilizing in less than 0.3 ms, which underscores the system’s ability to provide rapid corrections and maintain control under dynamic loads.
	As the system stabilizes, both the right and left sides converge toward values near zero, signifying a minimal steady-state error. This reflects the controller’s ability to accurately bring the robot’s components back to their intended positions, effectively compensating for the disturbances. The minimal steady-state error is monitored in both cases, in the asymmetric oscillations and dynamic load reactions.
	Figure 4.4 presents the model of the optimal control system for the Cartesian robot during the accelerated transient process under conditions of undesirable oscillations resulting from gearbox mechanical damage.
	Based on an accelerating regulator, the control system is also founded on the optimal control law derived using Bellman’s dynamic programming method. The structure of this control system differs significantly from the previous one, with the main goal of this regulator being to accelerate the transient process of damping oscillations and reducing the dynamic load on the robot’s servomotor as quickly as possible without additional oscillations. The main components of this system, as in the previous case, include the block for converting the transfer function of the Cartesian robot into state space, and the gains k1 and k2, which are responsible for the quality of the transient process.
	/
	Figure 4.4. The optimal controller structural scheme for the Cartesian robot by accelerating modelling. 
	(b)
	(a)
	Figure 4.5. The control system’s response to asymmetric load oscillations (a) and dynamic load (b) in conditions of mechanical damage in the robot's gearbox by eliminating modelling. 
	In the case of accelerating modelling the control system reaction to asymmetric oscillations (a) has also overshoot, but smaller than in eliminating modelling. The right side peak (z1 right) reaches the amplitude of approximately 0.11 p.u., while the left side (z1 left) lags slightly behind, peaking at a slightly lower value. This difference between the right and left sides highlights an imbalance in how the system reacts to the disturbance, which can be attributed to the nature of the mechanical damage.
	The overshoot seen here reflects the control system’s initial aggressive response to counteract the load imbalance and to restore equilibrium as quickly as possible. However, a higher overshoot may also indicate increased stress on the robot’s mechanical components, potentially leading to additional wear and tear over time. After this initial peak, the oscillations begin to decay gradually, reflecting the system's damping mechanism, which works to reduce vibrational energy over time.
	The system stabilizes in 0.8 ms, indicating its settling time – the period within which the oscillations have decreased to a minimal, steady-state level. The response demonstrates an underdamped characteristic, where oscillations occur but are controlled and gradually decrease without leading to instability.
	In dynamic load response (b), the system displays a more controlled and less oscillatory reaction compared to the asymmetric load case. The dynamic load fluctuations are minimal and remain close to zero throughout the transient process, with no significant oscillations or overshoot observed.
	The system’s handling of dynamic load changes demonstrates smoothness and stability compared to eliminating modelling, as the oscillations settle rapidly with no major deviation from the steady-state value. The transient process in this case is 0.2 ms. It’s less than the system stabilizing, underscoring the control system’s ability to manage dynamic forces with minimal correction time. This level of performance suggests that the system is well-tuned to address dynamic loads efficiently, ensuring the robot remains stable and maintains operational precision even under varying external forces.
	The steady-state error appears minimal, as both sides eventually converge towards zero, showing that the system effectively restores the robot to its intended operational state after compensating for the disturbance.
	The chapter presents a unique methodology for applying Bellman’s dynamic programming to design optimal regulators that effectively eliminate undesirable oscillations in robotic systems. By leveraging this approach, the response time of the control system to disturbances caused by unwanted vibrations is significantly reduced, and the mechanical system’s stability is enhanced.
	The chapter synthesizes and simulates two types of regulators, derived based on optimality equations for eliminating and accelerating modeling criteria. These regulators, using vibration signals obtained from prior experiments, demonstrate their ability to manage external disturbances effectively. Results confirm success in two critical areas: eliminating undesirable oscillations and reducing the dynamic load on the robot’s servomotor. The transient response characteristics validate the stability of the system even under maximum disturbance, with rapid damping, absence of oscillatory behavior after the transient phase, and no static error.
	An optimal and unique solution was achieved, showcasing the integration of the regulator into the robot’s control system by replacing the existing module. Real-time feedback enables sensor signal tracking to adjust outputs dynamically. This approach provides a robust foundation for enhancing the performance and reliability of robotic systems under varying operational conditions.
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	Creating a fuzzy logic algorithm for fault diagnosis and robot control in error-prone conditions is based on analyzing vibration signal spectra in both normal and faulty states. The development process includes several key stages, each crucial for ensuring the accuracy and reliability of the system’s operation:
	1. The first step is identifying the parameters for fault diagnosis and proper robot control. Since fuzzy logic models human decision-making processes, key variables must be identified during experiments and system characteristic studies. These variables describe the parameters to be monitored (e.g., vibration amplitude and frequency) and form the basis for further calculations.
	2. Membership functions play a critical role in fuzzy logic as they define the relationship between the input data (e.g., vibration signals) and the degree of their belonging to certain categories that describe the system’s state (e.g., “movement speed”, “presence of damage”). For each fuzzy variable, an appropriate membership function must be selected. Choosing the right shape of these functions (e.g., triangular, trapezoidal, Gaussian) allows for adequate modelling of the real system’s behavior. These functions should accurately reflect the nature of the variable's changes related to the robot’s condition.
	3. A fuzzy rule base is created after defining the variables and membership functions. These rules consist of logical “if-then” operators that connect the input data with output decisions. For example, a rule might be: “If the vibration frequency exceeds a certain threshold and the amplitude is within a critical range, then the robot is likely to have suffered significant mechanical damage”. The rule base serves as the logical backbone of the fuzzy logic algorithm and is used for fault diagnosis and adaptive control of the robot in fault conditions.
	/
	Figure 5.1. Overview of obtaining a fuzzy logic algorithm.
	Thus, the process of creating a fuzzy logic algorithm for robot control and condition diagnosis consists of sequential stages: data collection, signal analysis, forming the fuzzy rule system (Figure 5.1.), as well as testing and tuning the system to ensure proper operation under real-world conditions. This approach allows effective robot management and early fault diagnosis, improving reliability and resistance to mechanical damage.
	Implementing the fuzzy logic algorithm into the existing robot control system is carried out using the real input and output signals from the controller used in the control system. Therefore, the general operation of the fuzzy logic algorithm can be represented in the form shown in Figure 5.2.
	/
	Figure 5.2. The general operation of the fuzzy logic algorithm.
	During experimental work, it was determined that the following parameters were accepted as input variables for the fuzzy logic: vibration frequency and amplitude, over-tension frequency, heating vibration frequency, and fault amplitude. The output variables of the fuzzy logic are the robot’s speed, torque, acceleration, and the fault type degree. The scheme of the fuzzy logic algorithm processes is presented in Figure 5.3.
	The presented diagram illustrates the integration of the robot control system under mechanical damage and the damage diagnosis system. The vibration frequency and amplitude parameters are directly used for the robot control system and influence the output parameters of the robot’s drive speed, torque, and acceleration. The parameters of frequency over-tension, frequency heating, and fault amplitude are used to determine the presence of damage. Both control systems, based on the fuzzy logic algorithm, use data obtained during experiments to identify the robot's reference and faulty operating frequencies. The variables in the diagram are described by membership functions, with each variable having its function shape that best reflects its behavior in real-time operation.
	/
	Figure 5.3. The scheme of the fuzzy logic algorithm processes. (previously published in article II)
	Membership functions are described the control system parameters are illustrated in Figure 5.4.
	(b)
	(a)
	Figure 5.4. The control membership functions of input (a) and output (b) variables. (previously published in article I)
	The vibration amplitude membership function includes three variables labeled as AL (Amplitude Low), AM (Amplitude Medium), and AH (Amplitude High).
	AL corresponds to low amplitudes, where vibrations have minimal effect on the system’s components.
	AM represents medium amplitude, which could indicate the maximum of nominal robot vibration and the beginning of potential issues, such as minor misalignments or early signs of wear.
	AH covers high amplitudes, which usually signify severe mechanical damage or over-stress conditions, such as those caused by over-tensioning or worm screw transmission faults. The triangle shape in the AM zone reflects a smoother transition between low and high values, allowing for more sensitivity control when the amplitude is in a mid-range. This ensures the control system does not react too aggressively when the amplitude is neither low nor critically high, providing stability in response.
	The vibration frequency membership function also has two variables: FL (Frequency Low) and FH (Frequency High).
	FL covers low-frequency vibrations, which correspond to nominal operational conditions or vibrations caused by less critical disturbances, such as minor imbalances or misalignments.
	FH corresponds to high-frequency vibrations, which may indicate severe issues like mechanical damage in the transmission system, as seen in the spectra of over-tension and heating faults. The change between FL and FH is more abrupt, reflecting that high-frequency vibrations tend to be more detrimental and require faster, more immediate control action. This sharper boundary helps the system respond quickly to prevent undesirable conditions.
	The speed membership function has four variables: SLL (Speed Low Low), SL (Speed Low), SM (Super Medium), and SH (Super High).
	SLL and SL indicate slow speeds, where the system is operating in low-performance conditions. In the event of mechanical damage (i.e., an increase in vibration amplitude and frequency), the robot’s speed is reduced to a minimum to avoid serious consequences.
	SM reflects a medium speed, where the system runs optimally under normal conditions.
	SH covers higher speed ranges, suggesting that the system can increase performance but at the risk of higher vibration and potential mechanical stress. Also, this variable symbolizes stable robot workability without any faults.
	Thanks to the overlapping nature of the functions and the Gaussian function shape, the change occurs smoothly rather than abruptly.
	The torque function is divided into four variables: TLL (Torque Low Low), TL (Torque Low), TM (Torque Medium), and TH (Torque High).
	TLL and TL are associated with lower torque values. As the speed increases, the required torque decreases because less force is needed to maintain movement at higher speeds in normal conditions.
	TM represents the optimal torque range for regular operation.
	TH reflects high torque, which could be necessary in cases of mechanical damage at low speeds, the situation is different. The system must compensate by applying more torque to ensure smooth transmission and prevent further damage. This increased force helps overcome any additional resistance or friction caused by the fault, allowing the robot to maintain its performance even under compromised conditions. 
	The overlap between TL and TM, as well as TM and TH, allows the control system to apply precise adjustments to torque based on varying operational demands and vibration data. The Gaussian function shape helps to change torque between different regimes smoothly and decreases the vibration consequences.
	The acceleration function has four key variables: Neg (Negative), ZeroNeg (Zero Negative), ZeroPos (Zero Positive), and Pos (Positive).
	Neg represents deceleration, which is required to mitigate vibrations and prevent the system from further accelerating during critical conditions.
	ZeroNeg and ZeroPos reflect states of minimal change, where the system remains in a steady operational mode.
	Pos refers to positive acceleration, indicating an increase in velocity when the system is stable and can safely handle greater speeds. 
	The symmetrical layout of this membership function ensures balanced control when transitioning between increasing or decreasing accelerations. The trapezoidal forms of the function help to hold the torque on the necessary level until incoming changes are ended.
	Membership functions are described the control system parameters are illustrated in Figure 5.4.
	(b)
	(a)
	Figure 5.5. The diagnosis membership functions of input (a) and output (b) variables. (previously published in article I)
	Over-tension frequency covers two distinct frequency zones (F200, F250), representing levels of over-tension fault frequencies.
	F200 and F250 correspond to over-tension frequencies (200 and 250 Hz), which may indicate belt tension issues. The triangle form of this function shows that transmission is not immediately damaging but requires attention.
	Heating frequency covers four distinct frequency zones (F300, F350, F400, F450), representing levels of heating fault frequencies.
	The occurrence of any of these frequencies (300, 350, 400, 450 Hz) will signal the onset of mechanical damage to the worm in the screw transmission, and attention should be given to this situation before it becomes critical. In this case, the triangular shape of the membership function is necessary for accurately tracking frequency peaks, as well as nearby values, which are presumed to indicate the beginning of the worm’s heating process.
	The fault amplitude function represents vibration amplitudes, with two regions: FAL (Fault amplitude low) and FAH (Fault amplitude high).
	FAL corresponds to low-amplitude faults, where mechanical vibration levels are minor and do not pose an immediate threat to the system.
	FAH covers high-amplitude faults, which could indicate severe mechanical problems, such as overloading, misalignments, or transmission defects. The sharp boundary between these two functions ensures that the system reacts quickly to critical amplitude changes, as they may indicate imminent mechanical failure.
	The rule base of the fuzzy logic algorithm is founded on the ‘if...then’ principle, allowing for the selection of the best control method for the mechanism under different conditions. This same principle is applied in damage diagnosis, simplifying the process of defining conditions for the system.
	The rules for the fuzzy logic algorithm are based not only on the chosen variables and their membership functions but also on the observation of the behavior of the controlled system. This means that the rules are developed during the experimental stage of collecting vibration data. Through these observations, it was determined that a reduction in vibration amplitude is directly proportional to a decrease in speed and inversely proportional to an increase in torque. Likewise, the robot's acceleration also affects the vibration amplitude.
	In the context of diagnosing mechanical damage, the fuzzy logic rules are based on analyzing the spectra of vibration signals. By monitoring these spectral characteristics, the system can detect deviations that signal potential mechanical damage, allowing preventive actions to be taken before a critical failure occurs. This diagnostic capability enables the fuzzy logic system to respond in real-time, adjusting control parameters to mitigate the effects of emerging damage, such as reducing speed to lower vibration levels or increasing torque to compensate for mechanical stress. Thus, the algorithm enhances both operational safety and the longevity of the robot’s components by providing a proactive approach to damage management.
	The fuzzy logic rules for controlling Cartesian robot under gearbox mechanical damages and diagnosis of them are presented in Table 5.1.
	Table 5.1. Rules of fuzzy logic algorithm.
	THEN
	IF
	Number
	Fault type degree is Overtension
	Vibration frequency is FH AND Frequency over-tension is F200
	1
	Fault type degree is Overtension
	Vibration frequency is FH AND Frequency over-tension is F250
	2
	Fault type degree is Heating
	Vibration frequency is FH AND Frequency heating is F300
	3
	Fault type degree is Heating
	Vibration frequency is FH AND Frequency heating is F350
	4
	Fault type degree is Heating
	Vibration frequency is FH AND Frequency heating is F400
	5
	Fault type degree is Heating
	Vibration frequency is FH AND Frequency heating is F450
	6
	Vibration frequency is FL AND Frequency over-tension is NOT F200 AND Frequency heating is NOT F300
	Fault type degree is Normal
	7
	Vibration frequency is FL AND Frequency over-tension is NOT F250 AND Frequency heating is NOT F350
	Fault type degree is Normal
	8
	Table 5.1. Rules of fuzzy logic algorithm. (continued)
	Fault type degree is Normal
	Vibration frequency is FL AND Frequency heating is NOT F400
	9
	Fault type degree is Normal
	Vibration frequency is FL AND Frequency heating is NOT F450
	10
	Fault type degree is Overtension
	Vibration frequency is FL AND Fault amplitude FAH
	11
	Fault type degree is Heating
	Vibration frequency is FL AND Fault amplitude FAH
	12
	Fault type degree is Overtension
	Vibration frequency is FH AND Fault amplitude FAL
	13
	Fault type degree is Heating
	Vibration frequency is FH AND Fault amplitude FAL
	14
	Speed is SH
	Vibration amplitude is AL AND Vibration frequency is FL
	Torque is TLL
	15
	Acceleration is Positive
	Speed is SH
	Vibration amplitude is AM AND Vibration frequency is FL
	Torque is TLL
	16
	Acceleration is ZeroPos
	Speed is SL
	Vibration amplitude is AH AND Vibration frequency is FL
	Torque is TL
	17
	Acceleration is Neg
	Speed is SM
	Vibration amplitude is AL AND Vibration frequency is FH
	Torque is TH
	18
	Acceleration is Positive
	Speed is SM
	Vibration amplitude is AM AND Vibration frequency is FH
	Torque is TH
	19
	Acceleration is ZeroNeg
	Speed is SLL
	Vibration amplitude is AH AND Vibration frequency is FH
	Torque is TM
	20
	Acceleration is ZeroPos
	As a result of the simulation, behavior patterns of the robot’s control parameters (speed, torque, and acceleration), as well as the degree of diagnosis of mechanical damage, were obtained. The results of the control system simulation based on the fuzzy logic algorithm are presented in Figure 5.6.
	(b)
	(a)
	(c)
	Figure 5.6. Results of modelling fuzzy logic algorithm for control parameters speed (a), torque (b), and acceleration (c). (previously published in article II)
	Figure 5.6 (a) presents the simulation pattern of the dependence of vibration amplitude and frequency on the robot’s movement speed. The robot’s speed increases significantly with a decrease in amplitude, reaching a limit in the range between 0.1 and 0.4g. As the vibration frequency rises, the speed drops to an average value at the same vibration amplitude levels. The movement speed decreases substantially when higher amplitudes and frequencies are reached, where mechanical damage in the robot’s transmission is detected. The fuzzy logic algorithm responds to the increase in vibration levels by reducing the speed to compensate for the added stress and maintain the robot’s movement stability. This highlights the system’s adaptation to mechanical damage in the transmission.
	Figure 5.6 (b) shows the simulation of torque. The relationship between torque and vibration amplitude and frequency is inverse to that of speed. As the speed increases, the torque decreases, but when mechanical damage occurs, particularly at higher frequencies and amplitudes, the torque rises to maintain proper operation. Torque increases when the amplitude exceeds 0.4g, ensuring that sufficient force is applied to the transmission to prevent further mechanical stress in the system. The higher torque values for greater vibration amplitudes and frequencies are due to the system adjusting to meet the increased demand for force caused by potential faults.
	Figure 5.6 (c) describes the simulation of acceleration depending on the vibration amplitude and frequency. The fuzzy logic algorithm allows necessary adjustments during the occurrence of mechanical damage. At higher vibration levels, the acceleration decreases, which correlates with the need to adjust the robot’s movements to mitigate the impact of mechanical damage. The fuzzy logic system increases acceleration at lower vibration amplitudes, ensuring that the robot responds quickly to disturbances and reduces the likelihood of malfunctions. The change in acceleration following this pattern reflects the system’s adaptability to the impact of mechanical damage, allowing for a faster response to faults.
	The fuzzy logic algorithm effectively adjusts the robot’s control parameters in response to mechanical failures based on the degree of vibration amplitude and frequency. It reduces speed to compensate for mechanical damage, increases torque to ensure sufficient force is applied and regulates acceleration to maintain a quick response to vibration disruptions. These results indicate a reliable control system capable of maintaining performance despite faults, enhancing the robot’s reliability and stability in dynamic operating conditions.
	The results of the diagnosis system simulation based on the fuzzy logic algorithm are presented in Figure 5.7.
	(b)
	(a)
	Figure 5.7. Results of modelling fuzzy logic algorithm for fault type degree: over-tension (a) and heating (b).
	Figure 5.7 (a) shows the relationship between the severity of belt over-tension failure in the robot’s tooth belt transmission and the frequency, determined during the analysis of vibration signals, as well as the amplitude of vibrations. The system detects the presence of damage across the entire amplitude range when frequencies caused by over-tension occur. The model suggests that at higher vibration amplitudes, especially in the range of 0.4g and above, the system quickly identifies the severity of the fault, indicating a higher degree of failure. The failure severity decreases for lower amplitudes or frequencies, which suggests that the system is highly sensitive to increased fault levels under these conditions. The degree of the over-tension fault is set to –1 (indicating 100% detection of the failure in the transmission). This degree is determined using a membership function.
	Figure 5.7 (b) displays the appearing degree of worm heating failure in screw transmission. This pattern shows a similar trend to the previous one. The failure severity sharply increases with higher vibration amplitudes (above 0.4g) and remains relatively constant in the presence of heating frequencies. This indicates that, as in the previous graph, the system’s diagnostic sensitivity to vibration amplitude is high, allowing it to distinguish between different failure levels based on vibration frequency. In this case, the maximum degree of damage is 1 (indicating 100% detection of the fault in the transmission), and it is artificially set using a membership function, just like in the first case.
	Both graphs demonstrate the diagnostic system’s ability to identify faults based on vibration characteristics, focusing on amplitude and frequency. The fault severity increases significantly at high amplitudes, while frequency serves as an identifier. This highlights the system’s effectiveness in detecting failures in the gearbox or mechanical components by analyzing vibration signatures, allowing it to respond appropriately to mechanical damage and ensure optimal performance under fault conditions.
	Since both methods are effective for achieving the set goals, a comparative analysis of both methods is warranted. Both optimal control and the fuzzy logic algorithm have their advantages and disadvantages, which should be considered when choosing a method.
	Optimal control uses a mathematical model of the system to optimize performance and minimize undesirable oscillations and vibrations. This method ensures smooth and stable control by minimizing a cost function, and maintaining stability even in the presence of mechanical damage. Moreover, both proposed approaches for optimal control aim to address different consequences. The eliminating method focuses on reducing load oscillations, while the accelerating method is aimed at shortening regulation time and dynamic load, allowing for flexible control depending on the situation. It is important to note that this method requires an accurate mathematical model, which makes it sensitive to errors and noise. Additionally, implementing optimal control requires significant computational resources due to the iterative nature of the method.
	Fuzzy logic, on the other hand, adapts to changing conditions and disturbances without needing an exact mathematical model, making this algorithm more flexible in uncertain environments. The presented method diagnoses faults and adjusts parameters based on vibration signal analysis, ensuring reliable operation in unpredictable conditions. Fuzzy logic is also easier to integrate into existing equipment due to its rule-based approach. However, the accuracy of control depends on the completeness and quality of the rule base and membership functions, and extensive experimental data is required to fine-tune these rules for effective use.
	Thus, both methods have their strengths and weaknesses. The choice between them depends on the requirements for model accuracy, computational resources, and the specific application of the control system.
	Combining these methods is proposed with fuzzy logic as the primary level for real-time diagnosis and control. The optimal control algorithm would be used only in cases requiring high precision and fast response and recovery from disturbances. Additionally, optimal control can be used for calculating adjustments for future impacts, thus predicting the behavior of the controlled system. In the case of damage, fuzzy logic would serve as the diagnostic tool, while optimal control would focus on compensating for the damage and optimizing performance.
	This chapter proposes a new method for diagnosing mechanical damage in a robot’s gearbox and controlling the mechanism under the influence of such damage. The method is based on a fuzzy logic algorithm and data from vibration signal analysis. Mechanical damage induces undesirable oscillations with specific amplitudes and frequencies, and this information was used to develop an algorithm for diagnosing these faults and controlling the robot under such conditions. As simulations demonstrate, the algorithm successfully achieves the set goals and shows a high degree of efficiency in assessing the damage. Furthermore, the control system, based on fuzzy logic, adjusts the robot’s control parameters to the desired outcome, thereby minimizing the consequences of mechanical damage. The presented results are promising, and the control and diagnostic system can be successfully achieved using the proposed method. However, it is important to note that this algorithm requires testing with various complex combinations of faults to adjust the fuzzy rule base and improve the results respectively.
	6 Conclusion and Future Work
	6.1 Conclusion
	6.2 Future Work

	This chapter concludes the results of the research based on the objectives. Besides, the future work is introduced to improve and continue the current research.
	The main objectives of this research are threefold. The first is to develop a data collection system for assessing damage conditions in robotic systems. The second is to create an optimal control algorithm to suppress unwanted oscillations of the transported load caused by mechanical damage. The third, and most crucial, is to develop an algorithm for diagnosing and monitoring the robot’s condition to ensure smooth operation and prevent mechanical damage.
	The primary focus of the data collection system is the accuracy of the collected data, free from excessive noise and deviations. This was achieved through the proper placement of sensors on the experimental setup, accounting for potential noise. Experiments on data collection and analysis demonstrated that the use of spectral analysis, specifically the Fast Fourier Transform method, allows for the detection of damage at early stages. The resulting vibration spectra showed changes in the frequency characteristics of the robot’s gearbox in both reference and damaged states. The analysis identified frequencies associated with two types of damage, namely, over-tension in the tooth belt transmission and worm heating in the screw transmission. This opens up opportunities for further research in predictive maintenance and the development of diagnostic and control algorithms. This will help reduce equipment downtime and increase the overall productivity of robotic systems.
	The second part of the thesis focuses on the application of optimal control methods, particularly Bellman dynamic programming, to address the issue of eliminating unwanted oscillations. Using this method allows for the creation of an optimal control system to minimize costs and make the system adaptive and resistant to disturbances. A key feature of this strategy is the use of an accurate mathematical model of the robot in state space. This allows for the consideration of important physical parameters and provides predictions based on real dynamic characteristics. The robot’s movement axis is modeled as a two-mass system, enabling adequate assessment of oscillation processes occurring due to mechanical damage.
	The use of real data from accelerometers allows for highly accurate assessments of the model’s state. The feedback and error control mechanisms in the model facilitate the prompt detection of deviations and corresponding adjustments in the robot’s motion control. Analysis of the model’s response to asymmetric oscillations shows a significant level of overshoot, indicating the system’s aggressive response to external disturbances. The absence of oscillations in the transient process indicates good system stability. The quick settling time demonstrates the control system’s high efficiency under dynamically changing load conditions. The proposed optimal control strategies will significantly improve the robot’s positioning and reduce dynamic loads on the drives, which in turn will lower the likelihood of system failures in the event of mechanical damage.
	The final important part of this thesis is the development of a fuzzy logic algorithm for fault diagnosis and robot control in conditions of increased likelihood of mechanical damage, based on the analysis of vibration signal spectra. The process of creating the algorithm consists of several stages.
	First, linguistic variables are defined, which describe certain system parameters (e.g., vibration amplitude and frequency). These variables form the basis for further algorithm development. Second, the membership functions of the linguistic variables are constructed, allowing for the consideration of input parameters according to various criteria, such as vibration levels, frequencies of over-tension, or heating errors. Clear boundaries of these functions ensure the system’s rapid response to critical changes. Third, fuzzy logic rules are established, playing a central role in robot control and diagnostics. These rules are formed based on experimental data obtained from observing the system’s behavior. They allow the system to account for the relationship between changes in vibration frequency, amplitude, and the robot’s parameters, such as speed, torque, and acceleration, and are used to develop a damage diagnosis algorithm.
	Simulation modelling has shown that the fuzzy logic algorithm is capable of effectively responding to changes in vibration characteristics by adjusting the robot’s control parameters. For example, when high-amplitude and high-frequency vibrations occur, the system reduces the robot’s speed and increases torque to compensate for the additional load on the mechanical components. The system also adjusts the robot’s acceleration to prevent further vibration growth and stabilize operation under damaged conditions.
	The diagnostic system, based on fuzzy logic, allows real-time monitoring of vibration spectral characteristics and timely detection of deviations that signal possible mechanical damage. The algorithm responds to such damage by adjusting control parameters, which helps prevent critical failures and extends the lifespan of the robot’s components. Vibration signals are used to determine the presence of damage, such as worm screw transmission overheating or belt tension issues, allowing the system to respond before the damage becomes critical.
	Thus, the proposed fuzzy logic algorithm not only improves the reliability of the robot control system but also ensures early fault diagnosis. This contributes to increased system resilience to mechanical damage, extends the lifespan of its components, and minimizes the risk of failures.
	The proposed control systems can be validated through laboratory tests on a real object, as well as experiments involving the introduction of additional faults or their combinations. This will help assess the flexibility and accuracy of the proposed models, improve their performance, and identify potential limitations of the algorithms.
	For optimal control systems, testing should be conducted under various operating conditions of the robot, including variable loads and increased positioning demands. This will help identify weak points in the model’s behavior and improve the optimal control strategy.
	The fuzzy logic-based control algorithm also requires additional experiments with various vibration signals to ensure its robustness against larger disturbances. Introducing other faults will expand the database of linguistic variables and fuzzy rules, potentially increasing the accuracy of fault detection with a greater number of diagnostic criteria. Additionally, integrating the fuzzy logic algorithm with machine learning systems should be considered to enhance the system’s ability to detect faults at earlier stages.
	Thus, future research will focus on expanding diagnostic capabilities and improving the robustness of mechanisms against mechanical damage, which will ultimately significantly increase the reliability and efficiency of robotic systems in industrial environments. Combining both methods is proposed with fuzzy logic as the primary level for real-time diagnosis and control. The optimal control algorithm would be used only in cases requiring high precision and fast response and recovery from disturbances. Additionally, optimal control can be used for calculating adjustments for future impacts, thus predicting the behavior of the controlled system. In the case of damage, fuzzy logic would serve as the diagnostic tool, while optimal control would focus on compensating for the damage and optimizing performance. 
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	Abstract
	Fault Tolerant Control and Diagnosis Strategies for Cartesian Industrial Robot Motion Control Planning System
	The main objective of this research is to develop a multi-level approach to enhancing the reliability and efficiency of unconventional machines and applications, including robotic systems. The basis for developing this approach is mechanical damage in the transmissions of robotic systems and unstable operating loads characteristic of industrial environments. The primary goals are to improve control, diagnostics, and failure prediction to minimize downtime, increase productivity, and prevent critical system failures. These tasks are becoming increasingly relevant due to the growing use of robotic systems across various industries.
	The research sets out three key objectives. The first involves developing a data collection system to monitor the mechanical condition of the robot, particularly when mechanical damage occurs or there is a risk of it. To achieve this, an experimental lab setup with sensors was developed to collect data on the robot’s vibrations and oscillations during its operations. Using spectral analysis, specifically Fast Fourier Transform, it was possible to identify mechanical issues such as belt over-tension in a tooth belt transmission and worm heating in the screw transmission. The results of vibration signal analysis indicate significant differences in the frequency spectra of the robot in its reference condition versus when damage is present. This, in turn, allows for early identification of damage and prevention of further degradation. This approach provides the foundation for predictive maintenance and minimizes maintenance costs.
	The second objective of the research is to develop an optimal control system capable of suppressing unwanted load oscillations caused by mechanical damage to the gearbox. To achieve this, Bellman dynamic programming is applied, allowing for the creation of an adaptive control system that minimizes time costs and enhances the system’s robustness against stochastic disturbances. A two-mass system model of the robot was adopted to evaluate the oscillatory processes with sufficient accuracy and optimize the control system to minimize oscillations. As shown through modelling, the proposed strategy demonstrates high accuracy and stability under disturbances. This approach reduces the dynamic load on the robot’s drives, which mitigates the impact of mechanical damage on the overall structure, thereby extending the system’s operational life.
	The final part of the study focuses on the development of a fault detection and control algorithm for the robot in the presence of damage, based on fuzzy logic. The fuzzy logic algorithm is designed to process vibration signal analysis and make control decisions. To ensure the algorithm’s accuracy, appropriate linguistic variables and their membership functions were selected, along with a base of fuzzy rules. These components were chosen based on experimental data from vibration collection. The fuzzy logic algorithm links changes in vibration characteristics with the condition of the robot’s transmissions, enabling control under mechanical damage conditions without severe consequences. Simultaneously, real-time gearbox diagnostics are conducted to assess the state of the mechanical system. Modelling results show that the system responds effectively to changes in vibrations by adjusting the robot's parameters to stabilize its operation and prevent further structural damage. This approach allows the robotic system to adapt to changes, maintaining operability even under conditions of mechanical failure.
	The research results demonstrate the significant potential of the proposed solutions for improving the performance and reliability of robotic systems in real-world industrial processes. It is expected that the proposed control and diagnostic algorithms will not only allow timely responses to mechanical damage but also prevent such issues, reducing the likelihood of critical failures and extending equipment life. Thus, this research represents an important step forward in the field of control and diagnostics for robotic systems operating under the increased probability of mechanical damage. The proposed methods and algorithms provide substantial improvements in both control accuracy and fault diagnosis, ultimately contributing to enhanced overall reliability and efficiency of robotic systems in industrial environments.
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	Tõrketaluvusega juhtimis- ja diagnostikastrateegiad tööstusliku karteesianroboti liikumise planeerimise juhtimissüsteemi jaoks
	Selle uurimistöö peamine eesmärk on välja töötada mitmetasandiline lähenemine, et suurendada ebatraditsiooniliste masinate ja rakenduste, sealhulgas robotisüsteemide, töökindlust ja tõhusust. Selle aluseks on robotisüsteemide ülekannete mehaanilised kahjustused ja ebastabiilsed töökoormused, mis on iseloomulikud tööstuskeskkondadele. Peamised eesmärgid on täiustada juhtimist, diagnostikat ja rikete prognoosimist, et minimeerida seisakuid, suurendada tootlikkust ja ennetada kriitilisi süsteemirikkeid. Need ülesanded muutuvad üha olulisemaks seoses robotisüsteemide kasvava kasutamisega erinevates tööstusharudes.
	Uuringus seatakse kolm põhieesmärki. Esimene eesmärk on välja töötada andmekogumissüsteem roboti mehaanilise seisundi jälgimiseks, eriti kui esineb mehaanilisi kahjustusi või on nende oht. Selle saavutamiseks töötati välja eksperimentaalne laboriseade koos anduritega, et koguda andmeid roboti vibratsioonide ja võnkumiste kohta tööprotsessi käigus. Spektraalanalüüsi, täpsemalt kiire Fourier’ teisenduse abil,  tuvastati mehaanilisi probleeme, nagu rihmülekande liigpinge ja kruviülekande kuumenemine. Vibratsioonisignaali analüüsi tulemused näitasid olulisi erinevusi roboti sagedusspektrites kahjustuste korral ning normaaltalitluse puhul. See võimaldab kahjustusi varakult tuvastada ja rikke edasist süvenemist ennetada. Selline lähenemine loob aluse ennustavale hooldusele ning vähendab hoolduskulusid.
	Uuringu teine eesmärk on välja töötada optimaalne juhtimissüsteem, mis suudab summutada soovimatud koormusvõnkumised, mis on põhjustatud käigukasti mehaanilistest kahjustustest. Selle saavutamiseks rakendatakse Bellmani dünaamilist programmeerimist, mis võimaldab luua adaptiivse juhtimissüsteemi, omakorda minimeerides ajakulu ja suurendades süsteemi vastupidavust stohhastilistele häiretele. Roboti kahe massi süsteemi mudelit kasutati võnkeprotsesside täpseks hindamiseks ning juhtimissüsteemi optimeerimiseks, et vähendada võnkumisi. Modelleerimise tulemusena näitas pakutud strateegia häirete korral suurt täpsust ja stabiilsust. See lähenemine vähendab roboti ajamitele mõjuvaid dünaamilisi koormusi, leevendades mehaaniliste kahjustuste mõju kogu struktuurile ja pikendades süsteemi tööiga.
	Uuringu viimane osa keskendub tõrgete korral töötava roboti rikete tuvastamise ja juhtimise algoritmi väljatöötamisele, kasutades hägusloogikat. Hägusloogika algoritm on loodud töötlema vibratsioonisignaali analüüsi ja tegema juhtimisotsuseid. Algoritmi täpsuse tagamiseks valiti sobivad muutujad ja nende kuuluvusfunktsioonid ning hägusreeglite baas. Need komponendid valiti vibratsioonide kogumise eksperimentaalsete andmete põhjal. Hägusloogika algoritm seob vibratsioonitunnuste muutused roboti ülekannete seisundiga, võimaldades juhtimist mehaaniliste kahjustuste korral ilma tõsiste tagajärgedeta. Samal ajal viiakse läbi käigukasti reaalajas diagnostika mehaanilise süsteemi seisundi hindamiseks. Modelleerimise tulemused näitavad, et süsteem reageerib vibratsioonide muutustele tõhusalt, kohandades roboti parameetreid tööprotsessi stabiliseerimiseks ja edasiste kahjustuste ennetamiseks. Selline lähenemine võimaldab robotisüsteemil kohaneda muutustega, säilitades töövõime isegi mehaaniliste rikete tingimustes.
	Uuringu tulemused näitavad pakutud lahenduste märkimisväärset potentsiaali robotisüsteemide jõudluse ja töökindluse parandamisel reaalses tööstusprotsessis. Eeldatakse, et väljapakutud juhtimis- ja diagnostikaalgoritmid võimaldavad mitte ainult õigeaegset reageerimist mehaanilistele kahjustustele, vaid ka nende ennetamist, vähendades kriitiliste rikete tõenäosust ja pikendades seadmete eluiga. Seega tähistab see uuring olulist sammu edasi robotisüsteemide juhtimise ja diagnostika valdkonnas, kus suureneb mehaaniliste kahjustuste tõenäosus. Pakutud meetodid ja algoritmid tagavad olulise täiustuse nii juhtimistäpsuses kui ka rikete diagnoosimises, aidates lõpuks kaasa robotisüsteemide töökindluse ja efektiivsuse parandamisele tööstuskeskkonnas.
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