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Abstract: The paper considers a manipulator design and its dynamic model developed by the authors. On the basis of this dynamic model a mathematical model of the manipulator has been created, which enables its spatial motion investigation.  The mathematical model takes into account the manipulator inertia tensor with fuzzy components. The developed computation procedure makes it possible to determine cross-angular displacements of the manipulator for impact and sinusoidal laws of torque variation. During random variations of the moment of external forces complex cross-angular displacements of the manipulator occur. The displacement trajectory includes an elliptical region that corresponds to the ellipse of the manipulator elastic system stiffness. The range of the manipulator upper end displacement trajectory is maximal in the direction close to that of minimal cross-angular stiffness of the manipulator elastic system.
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1. Introduction
Advanced designs of working machines of the manipulator type are built on the basis of rod structures.  Basic parameters of these machines are speed of response and positioning accuracy. Therefore, it is important to investigate dynamic properties of such machines. 
In general terms, the problem consists in improving dynamic characteristics of working machines in the form of rod structures. 
This problem is connected with important scientific and practical tasks related to creation and application of working machines. Improvement of their dynamic performance is the basis for developing advanced designs of manipulators, construction and road machines. 
Recent studies and publications pay considerable attention to the problem of determining static and dynamic characteristics of the working machines based on manipulators [1]. Peculiarities of circuit and design realization of working machines have been investigated in [2]. A number of publications are directed towards studying kinematics of working machines [3]. In the literature main attention is paid to the problems of statics [4]. Some publications [5] contain research on peculiarities of the working machine spatial motion. Dynamic vibration processes are shown to be important in this respect [4]. For studying spatial motion the mechanism inertia parameters are used in the form of the inertia moment tensor [6].
In the literary sources there were found no results on studying dynamic accuracy indicators of working machines, which take into account fuzzy inertia and dissipation parameters. 
Unsolved aspects of the general problem include determination of the dynamic accuracy indicators for multicoordinate working machines and their investigation. 
The research aims at the development of a method for determining dynamic accuracy of multi-coordinate working machines in the form of rod structures.  Research tasks include analysis of the working machine design solution, elaboration of the dynamic and mathematical models of the working machine dynamics, algorithmic and software provision to be used as a basis for determining dynamic accuracy indicators, particularly, the positioning accuracy.
2. Presentation of the main research material
2.1 Manipulator of a multi-coordinate working machine, its dynamic and mathematical models

Manipulator, mounted on a rotary base, is the basis of the developed working machine. Manipulator includes pillar 1 where an articulated rod structure with drives is located (Fig. 1).
[image: image1]
Fig.1. General view of the developed manipulator of the working machine:

1 – pillar; 2 – boom; 3 – drive; 4 – articulated joints; 5 – actuator.
Manipulator is a spatial rod structure with articulated joints. A considerable number of extended elements (rods) 2 with loose joints 4 determine uncertainty of the dynamic system dissipation parameters and variations of its inertia characteristics. 
Geometrical parameters of the manipulator are chosen so that they satisfy the condition of providing the required displacements of working member 5. It should be taken into account that in the process of manipulator motion significant accelerations and, therefore, intensive inertia loads are observed.
During manipulator positioning spatial vibrational displacements of the working member occur. Main indicators of the dynamic positioning accuracy is the character of actuator dynamic displacements, their frequency and vibration modes. An essential parameter is the time of the transient process during actuator positioning. 
Manipulator of a working machine is a complex dynamic system that includes rods 1 – 5 with articulated joints. (Fig.2). In the manipulator operation process its rotational motion relative to the center of the main mounting assembly O takes place (Fig. 2).  
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Fig. 2. Manipulator design circuit where the displacements of the manipulator working member during its positioning are shown.
The manipulator comprises several massive series-connected components in the form of rods 1…5.  Under the action of the drives and dynamic forces, mutual location of the components is changed as well as characteristics of the articulated joints. During manipulator positioning spatial motion of the load 6 is provided.
  Due to the considerable length of the manipulator during positioning of the load, its close-to-spherical motion relative to the center of mounting assembly O occurs. 
Manipulator is a complex rod structure with articulated joints. Each joint has respective dissipation characteristics (friction forces) as well as contact stiffness, plays and clearances.
When the manipulator is operated, changes in the mutual location of the rods, forming a kinematic chain, are observed. This leads to the changes of the system dynamic properties when it rotates around the articulated mounting assembly O. Inertia properties of the manipulator are given in the form of fuzzy inertia parameters represented by the system inertia tensor components. Articulated joint O is assumed to be a point with elastic-dissipative links along cross-angular displacements. In order to determine motion of the load during its positioning, equation of the spherical motion of a solid body with inertia properties is used. A corresponding dynamic model has been elaborated (Fig. 3). 
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Fig. 3. Dynamic model of the spherical motion of manipulator during its positioning in the form of a solid body with variable inertia parameters.
In accordance with dynamic model, equations of the manipulator spherical motion have been elaborated.
For a general case, equation of spherical motion of the manipulator as a solid body [7] during its positioning is given by:
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where  
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 – vector of the manipulator kinematic momentum with a fixed point;
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 – vector of the manipulator angular velocity;


[image: image5.emf]M


r




M



 – vector of the  resultant moment acting on the manipulator.

Kinematic momentum equals the product of the manipulator inertia tensor in the chosen coordinate system x, y, z  multiplied by the angular velocity vector:
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In projection on the coordinate axes, equations of the manipulator spherical motion (1) have the form of:
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where  Мх, Мy, Мz – projections of the  resultant moment of external forces, acting on the manipulator,  relative to point O, on coordinate axes х, у, z; (х, (y, (z – projections of the solid body angular velocity on coordinate axes x, y, z.
The moments are the sum of the useful load moments determined by the action of dynamic force 
[image: image10.emf]P


r




P



 and the moments of deformation and dissipation forces. Moments of the forces relative to the axes are determined by the dependencies  
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where Рх, Рy, Рz – dynamic load projections on the actuator, I – distance from the point of force application to the center of mounting assembly O, 
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 – components of the lateral angular stiffness of the manipulator during its rotation about the center; 
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 – coefficients of the manipulator resistance about axes x, y, z; 
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. – Euler – Krylov angles [7] that determine spatial cross-angular displacements of the manipulator.
Equation system (2) of the manipulator spherical motion includes complexes Lх, Ly, Lz, , that determine projections of the manipulator angular momentum:
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Coefficients of formulas (4) are the manipulator inertia tensor components:
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Inertia tensor is symmetrical and, therefore, Iyx = Ixy, Iyz = Izy, Izx = Ixz.
Moment-of-inertia tensor is calculated using a special procedure [9] that takes into account changes of its components as fuzzy sets.
Equations of spherical motion were used for the development of a numerical calculation procedure. For this, differential equation system (2) was reduced to the system of three integral equations. From them, projections of the kinematic momentum were determined: 
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where Lx0, Ly0, Lz0 are initial values of the kinematic momentum projection.
Values in the right-hand side of formulas (6) and (3) are input parameters of the calculation procedure, and parameters in the left-hand sides of the formulas are the output parameters. Input and output parameters form an open-loop cause-effect relationship. This relationship is realized in the general mathematical model. 
The above calculation procedure is presented in the form of a unit, input parameters of which are projections Мx, My, Mz of the manipulator external load moment; projections ωx, ωy, ωz of the manipulator angular velocity and initial (input) values of Lx, Ly, Lz of the kinematic momentum projections [7].
Angular velocity vector is calculated by a sequential forward calculation procedure. For this dependencies (4), transformed to the following form, are used:
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Dependencies (7) are realized in a special unit.
The following parameters serve as the input parameters of the unit: kinematic momentum vector 
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 calculated by formula (6), angular velocity vector 
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  and components of the inertia tensor (Іij). The calculated new values of the angular velocity vector are the output of the unit. 
Dynamic moment acting on the system is calculated using a special procedure in the block model that realizes functional dependencies (3). The moment depends on the vector of the manipulator angular position and angular velocity vector in accordance with formulas (3).
The moment acting on the manipulator in the presence of elastic-dissipative links has been calculated. Each of the moment components (projections) is computed by a separate unit included into the general structure of the block model. The presence of resistance moments, connected with elastic and dissipative links of the manipulator, is taken into account. 
The units are combined into a singular structural model of the system [10]. It is intended for calculating the process of the manipulator cross-angular displacements under the action of the moment with projections 
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  The model also includes means for displaying modeling results (Fig. 4).
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Fig. 4. Block-diagram of the mathematical model for computing cross-angular displacements of the manipulator.
3. Results of the mathematical modeling of the manipulator cross-angular displacements
The developed mathematical model was used for calculating the spatial cross-angular displacements of the manipulator. Modeling was performed for different variation laws of external torque acting on the manipulator. Impact (pulse) variations of the torque as well as sinusoidal and random torque variations are considered. This corresponds to the dynamic loads of the working machine.
Characteristic is manipulator displacement under impact (pulse) torque variation. Pulse variation of the external momentum load causes complex cross-angular manipulator vibrations.
Cross-angular displacements of the manipulator in two directions reflect a complex trajectory of the manipulator actuator motion. Typical trajectory of  cross-angular displacements under pulse load have a number of sequential loop-shaped patterns, the direction of which is interconnected with the directions of main axes of the manipulator elastic system stiffness (Fig. 5).
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Fig. 5. Trajectories of the manipulator actuator displacements under pulse variations of  the manipulator external load torque.
From calculation results it follows that the actuator displacement trajectories are determined by pulse loads. 

Maximal amplitude of the loop-shaped displacement is achieved in the direction of the axis of elastic system minimal stiffness. Loop-shaped displacements occur periodically with gradual reduction of the amplitude and changes in the phase of the loop-shaped trajectory location. Ultimately, vibrations are damped and the manipulator returns in its initial (zero) position. 
External torque loads on the manipulator are, as a rule, limited and smoothly variable. A typical torque load of such type is a sinusoidal torque variation. During sinusoidal variations of the manipulator torque load its dynamic displacements, after a certain transient process, acquire a harmonic (sinusoidal) character.  Transient processes are damped after 2 … 3 periods of oscillations. After that steady harmonic cross-angular displacements of the manipulator are observed. Displacement trajectories acquire an elliptical form with axes oriented along the main axes of the manipulator elastic system stiffness (Fig. 6).
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Fig. 6.   Actuator displacement trajectories for sinusoidal variations of the torque acting on the manipulator.
4. Conclusions
1. It has been determined that for mathematical modeling of the manipulator spatial cross-angular displacements a mathematical model, corresponding to spherical motion of a solid body,  is expedient to be used. To make the procedure of mathematical modeling of the manipulator spherical motion more reliable, spherical motion equation system was reduced to the form of the integral equation system with input parameters defined by the introduction of special feedbacks. 
2. Various external loads act on the manipulator dynamic system. Typical among them are impact (pulse) loads, sinusoidal loads and broadband random torque variations. Under random changes of the torque of external forces, acting on the manipulator, its complex cross-angular displacements occur. Displacement trajectories cover an elliptical region that, on the whole, corresponds to the ellipse of the manipulator elastic system stiffness. The range of the displacement trajectory of manipulator upper end is within 6 mm and is maximal in the direction close to that of minimal cross-angular stiffness of the manipulator elastic system.
3. As further direction of the research, it is recommended to take into account changes in the inertia moment tensor, i.e. to take into account changes in the tensor field of inertia moment tensor of the manipulator dynamic system, caused by spatial cross-angular displacements of the manipulator relative to the absolute coordinate system.


References
[1] Павленко І.І., Промислові роботи: Основи розрахунку та проектування, Кіровоград: КНТУ, 2007. 
[2] Воробьев Е.И., Диментберг Ф.М., Пространственные шарнирные шарнирные механизмы, М.: Hаука, 1991.
[3] Глазунов В.А., Колискор А.Ш., Крайнев А.Ф., Пространственные механизмы параллельной структуры,  М.:Наука,1 991.
[4] Merlet J.P., Parallel Robots. Solid Mechanics and  Applications, Berlin, Springer, 2006.
[5] Струтинський В.Б., Колот О.В., Математичне моделювання стохастичних процесів у системах приводів: Монографія,  Краматорськ, ЗАТ “Тираж-51”, 2005.
[6] Струтинський С.В., Нелінійні стохастичні поля тензорів інерції сферичних опор рідинного тертя просторових механізмів, Вісник Кременчуцького державного політехнічного  університету імені Михайла Остроградського, Кременчук, КДПУ, 2009. – Вип. 1/2009 (54, частина 1.
[7] Лойцянский Л. Г., Лурье А. И., Курс теоретической механики: в 2-х томах. Т. II. Динамика, М.: Наука, 1983.
[8] Павловський М.А., Теоретична механіка. Підручник, К.: Техніка, 2002.
[9] V. Strutinskiy, L. Kozlov., Mathematical modeling of inertia characteristics of a multi-coordinate working machine in the form of a rod structure, Buletinul Institutului Politechnic din Iasi, Tomul LIX, Fase 2,  2013.
[10] Струтинський С.В., Гуржій А.А., Просторові системи приводів: Монографія, К.: Педагогічна думка, 2013.
cφ0





bφ0





(





сφ





bφ





bφ





сφ





ψ





φ





PY





MIZ











О











z





PX





PZ





M





MIY





MIX





x





y





3





1





2





4





5





6





5





4





3





1





2








_1459151738.unknown

_1459152091.unknown

_1459152332.unknown

_1459152523.unknown

_1459153279.unknown

_1466491498.doc


-4







-4







-2







0







2







-4







L







4







ellipse







8







0







4







2







Х, mm







Z, mm












_1466491950.doc


-4







-4







-2







0







2







-4











4







ellipse











0







4







2







Х, mm







Z, mm












_1459153152.unknown

_1459152484.unknown

_1459152136.unknown

_1459152137.unknown

_1459152135.unknown

_1459151916.unknown

_1459151917.unknown

_1459151832.unknown

_1459151915.unknown

_1459146796.unknown

_1459146800.unknown

_1459151723.unknown

_1459151730.unknown

_1459146804.doc
[image: image1.png]L
Lx ——P» om
Lx1
Ly
Out1 +P»{ 1ndx1
Lz
omx out2 +P»{ 1nJz1
omy Ly1 om1 4
fio (! fio out3 | 1ndy1
omz
MO (P> MO Mx outd P Jxy2
vii0 P vii0 M My
Lz1 Out5 P Jzx
Par om1 Mz
outé P Jyz
i KinetMoment
Moment Tenziner VektorOmega
1
s ¢ -

Ol &

BC AC

[@]

AB




















































_1459151627.unknown

_1459146803.unknown

_1459146798.unknown

_1459146799.unknown

_1459146797.unknown

_1459146791.unknown

_1459146795.unknown

_1459146790.unknown

