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Abstract: This work intends to contribute to the corpus of knowledge on parallel
manipulators and their control by making the most use of Model Predictive Control. We
aim to investigate parallel manipulator kinematics, dynamics, and control strategies in
detail in order to open up opportunities for enhanced performance, flexibility, and
precision in these robotic systems.
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Recently, parallel manipulators have garnered significant attention in robotics
and automation due to their distinct advantages over serial manipulators, including
increased rigidity, payload capacity, and precision [1]. However, effectively
controlling parallel manipulators poses challenges due to their complex kinematics
and dynamics. Model Predictive Control (MPC) has emerged as a promising approach
due to its ability to handle nonlinearities and uncertainties. This paper explores the
application of MPC to parallel manipulators, focusing on design, dynamics, and
control strategies to enhance performance and versatility. By integrating MPC,
challenges related to trajectory tracking, obstacle avoidance, and energy efficiency
can be addressed. The paper reviews foundational concepts of parallel manipulator
kinematics and dynamics, and discusses MPC principles.

An example of such a frame installation of a parallel structure (fig. 1a) is a
research stand with two guide rods which consist of a metal frame, which is
equipped with two stepper motors, drives, hinges and a working body, which can be
used as any technological tool such that paint head for varnishing, paints, cutting
tools etc [2]. The kinematic diagram illustrates the manipulator's structure and
components, while the mechanical motion of the drivers involves the translation of

electrical signals into motion. The kinematic scheme (fig. 1b) of a frame installation
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with parallel structure focuses on its mechanical motion and drivers [3]. The
installation comprises guide rods with stepper motors, drives, hinges, and a working
body adaptable for various technological tools. To move the working tool, carriages

along the guide rods are driven by the operation of drivers.
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a) Layout of the installation b) Kinematic scheme

Figure 1 — Two-drive manipulator with a parallel structure

The mechanical motion of the drivers particularly focuses on hybrid stepper
motors. The closed-loop control system of a hybrid stepper motor is presented in

Fig. 2, depicting both inner and outer loop control mechanisms [4].

Position

adjustment Current H-bridge Harmonic
49‘ fipeed coniol @_' regulation ™ drive | Stepper motor T deceleration T Load

Figure 2 — Block diagram of the closed-loop control system of a hybrid stepper motor

The transfer function of the stepper motor system is detailed in Fig. 3,

outlining the relationship between input signals and mechanical output [5].
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Figure 3 — Block diagram of the transfer function of a stepper motor system
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The mechanical motion of the drivers refers to the physical movement and
behavior of the mechanical components within the control system that are
responsible for translating electrical signals into motion. These drivers play a critical

role in controlling the movement of the load and managing the applied load torque.
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The mechanics of the motion involve the interaction between the stepper motor,
load, and the mechanisms that facilitate controlled motion. The mechanical motion

of the drivers can be described as follows:

dew
IE+Bw:Te—TL, (1)
T, =f(qy) > var, 2
Te =K,ij or T, = K, Nyig, 3)
di .
Ld—:+Rr.q =u, (4)
du .
THE‘l‘u:KH[H, (5)
K., [ Aidt+Kp Ai = iy, (6)
dAag .
KDG?—I_KPH&B = L. (7)

Equations (1)-(7) provide a comprehensive mathematical model of the
mechanical motion of the drivers, encompassing dynamics related to torque,
electrical characteristics, H-bridge drive, and control mechanisms. These equations
elucidate the interplay between electrical signals and mechanical motion,
highlighting the complexities involved in achieving precise control over the parallel
manipulator system.

The stepper motor orchestrates the coordinated motion of parallel actuators in
the mechanical world, converting rotating power into linear motion via mechanical
linkages. Parallel manipulators use complex equations, transformations, and
optimization approaches to synchronize the movements of interconnected links and
joints in the world of mathematics. The necessity to achieve harmonious motion in
parallel configurations unites both domains while having different mechanisms and
mathematical expressions, demonstrating the interplay between mechanical design
and mathematical analysis. Therefore, a mathematical model of the system must be
used to build a control system.

This paper aims to explore the application of Model Predictive Control to
parallel manipulator, focusing on its design, dynamics, and control strategies. By
investigating the interplay between parallel manipulator mechanisms and advanced
control techniques, we seek to enhance the performance, accuracy, and versatility of

these robotic systems. The integration of MPC into parallel manipulator control
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offers the potential to address challenges related to trajectory tracking, obstacle
avoidance, and efficient energy utilization.

The mathematical model presents a systematic framework for understanding
and controlling the motion of a parallel manipulator. It defines the mathematical
relationships governing the movement of carriages based on input coordinates,
providing equations that relate the coordinates (X, y) to the positions of the carriages
S; and S:.. These equations establish the connection between input coordinates and
carriage positions, laying  the  foundation for  controlling  the

manipulator's motion [3].

2 2 2
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The transformation of angles into stepper motor motion outlines the process of
converting abstract angular concepts into specific motor actions. This
transformation is essential for translating desired angular adjustments into tangible
motor movements, facilitating precise control over the manipulator's motion.

The loading torque of the stepper motors is a critical parameter influencing
motor performance and behavior. Understanding loading torque is essential for
ensuring the stepper motor operates effectively and reliably in different
applications.

Si:Ty, = 91(61,6;), SaiTy, = g2(604,6,) . (9)

Transforming the coordinates of a working point into the position of a stepper
motor is a fundamental process in control systems and robotics. It involves
converting abstract spatial coordinates into specific motor movements that drive the
system to desired locations. This transformation bridges the gap between conceptual
positions and actionable instructions for the stepper motor, enabling precise control
over the manipulator's motion.

The control vector u is a multidimensional array of variables guiding the
system's trajectory. Each element of the control vector corresponds to a distinct

aspect of motion control, contributing to the overall control strategy for the system.
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The state vector g comprises variables defining the current state of the system.
These variables include angles, driver currents, and their derivatives, providing
insight into the system's dynamics and behavior. A mathematical model in the form
of a state space was obtained. It allows encapsulation of system dynamics and
control inputs.

The Model Predictive Control (MPC) strategy outlined provides a robust
framework for steering dynamic systems along precise trajectories by optimizing
control inputs to minimize a quadratic cost function over a defined time horizon.

The objective is to minimize a quadratic cost over the time horizon, consisting
of a state cost and a control input cost. The state cost represents deviations from a
reference trajectory, while the control input cost penalizes deviations
from reference inputs.

min ...uﬁ.f(FQ Aﬁ’+ﬁ RAH) dt,
subj.toq = A + f(§) + BT,
y =(q,
0 <wu,uy =H, (10)
|y, us| < V0
lus, ugl < @max
0 =q1,95 = H, 2,96 = lariver max -

The system dynamics are governed by a differential equations in state space.

q = A+ f(§) + B, (11)
y=Cq, (12)
Constraints ensure the practicality of control inputs and state variables.

Control inputs u; and u, are confined within the range [0, H], while the rates of
change in control inputs are bounded by V... and a,,,.. State variables q; and g5 are
constrained within [0, H], and g, and g4 are limited by ig,-iper max-

The optimization problem is solved over a finite time horizon, predicting state
and control input trajectories for a future period. Overall, MPC enables optimal
decision-making and responsive control by leveraging predictive models and

optimization techniques, making it applicable across a wide range of industries and
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applications. The mathematical model provides a rigorous framework for
understanding and controlling the motion of parallel manipulators, laying the
groundwork for further analysis and optimization.

In conclusion, the integration of Model Predictive Control (MPC) into parallel
manipulator systems offers a promising avenue for advancing their control
capabilities and performance across various applications. Through a comprehensive
exploration of the fundamental principles underlying parallel manipulators and the
predictive power of MPC, this paper has highlighted the potential benefits of

merging these technologies.

REFERENCES:

1. Parallel Manipulators Applications. Modern Mechanical Engineering. 2012. URL:
https://www.researchgate.net/publication/235456946 Parallel Manipulators_
Applications-A_Survey.

2. Nilova D. Analysis of the Kinematics Problems of a Two-Drive Mechanism with a Parallel
Structure / D. Nilova, A. Rudakova, H. Rudakova. // Proceedings of the X All-Ukrainian
Scientific and Practical Conference of Students, Postgraduates and Young Scientists on
Automatic Control Dedicated to the Day of Astronautics. — 2023. — pp. 49-52.

3. Xu W. Derivantion of Transmission Function Model of Two-phase Hybrid Stepping Motor
/ W.Xu, J.Yan. // SPACE ELECTRONIC TECHNOLOGY. - 2011. — N23. — pp.50-53.

4. Neural Network Model for Laboratory Stand Control System Controller with Parallel
Mechanisms / [V. Shymkovych, A. Rudakova, Y. Lebedenko et al.]. / Advances in Computer
Science for Engineering and Education VI. ICCSEEA 2023. Lecture Notes on Data
Engineering and Communications Technologies. Springer. — 2023. — N2 181. — pp. 47-58.

IMPOEKTYBAHHS CUCTEMU KEPYBAHHS 3 ITPOTHO3YIOYOI0O MOJETIIO OJIA
JIBOIIPMBOJHOI'O MAHIITYJIITOPA ITAPAJIEJIbHOI CTPYKTYPU
AnToHiHa PymakoBa'., FOpiit Jlebenmenko?., l'anHa Pymakosa®., [lap’st Hinosa®
Vuisepcumem Bamepaoo, Kanada
?KuiscvKuti HauioHa1bHUll yHigepcumem mexHos0ziti ma dusaiiny, Ykpaiva
5XepcoHcoKull HaUioHaIbHULI MexHIiYHULl YyHigepcumem, YKpaiHa

AHoTauis. I[s poboma mae Ha mMemi noNOGHUMU CYKYNHICMb 3HAHb NPO NAPALeNbHI
MAHInyssmopu ma KepyeaHHsi HUMU, 6UKOPUCMOBYHUU Memoou Kepy8aHHsS 3
npozHo3yuow Modesn. Mu npazHemo demasnvHo docaioumu KiHemamuky, OUHAMIKY
ma cmpamezii Kepy8aHHsI NApPANENbHUMU MAHinyasmopamu, uwo6 eidkpumu
Moxcnugocmi O nidguujeHHs: NPoOyKMU8HOCMI, 2HYYKOCMi ma moOYHOCMI UYux
pobOMOMeXHIUHUX CUCIEM..
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KiouoBi cioBa: KapkacHa YcmaHo8Ka, MAawinyasimop, hnpozHo3ywuda Mmodes,
napazenvHa Cmpykmypa, cucmema Kepy8aHHSsI.
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