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	Report 94 p., 18 figures, 25 sources, 5 app.
	ROBOTICS, SOFTWARE COMPLEX, APPROXIMATION, MOTION TRAJECTORIES, OPTIMIZATION.
	Object of research: Methods for approximating the working area of robots, methods for constructing the trajectory of a robot, optimizing the design of robots, quality criterion.
	The purpose of the project goal: Development and implementation of methods for approximating the working area of robots with a predetermined accuracy, methods for constructing the trajectory of the robot movement within this area, optimizing the design of robots taking into account various quality criteria.
	Results:
	The laws of regularized motion along the typical trajectories of the working tool, which have the form of a straight line or arcs of ellipses, are obtained. 
	It is shown that to determine the nature of motion along a given trajectory with a minimum kinetic energy and better comfort (i.e. with a minimum of inertial forces), it is necessary to solve a quasilinear fourth-order equation.
	Based on the solution of the inverse kinematic problem, the motion of the actuators corresponding to this optimal mode is constructed.
	For the considered trajectory, the numerical solution of the direct kinematics is analyzed. If the angle between the rods at the working tool of the robot does not change significantly, as in the On the basis of the obtained equations and the specified motions of the executive mechanisms, the control actions are calculated - the moments on the motors. 
	The prototype has been developed on which experimental studies have been carried out. 
	Curves that reflecting the dependence of the error on the listed parameters were obtained.
The dependence of the magnitude of the dynamic error on the speed and weight and size characteristics of the drive and mechanism is revealed, which makes it possible to determine the distance of the hypersurface of restrictions from the theoretical boundaries of its working space necessary to ensure the safety of the trajectories of a robot of a parallel structure.
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INTRODUCTION

	Currently, the most widespread are robots with degrees of freedom up to six. The dimension and volume of the working area of the robot is determined by the number of degrees of freedom of the robot and, as a rule, forms a set of complex structures. This set is sometimes not connected and may have isolated points [2]. As a rule, the boundaries of the working area of the robot are described by nonlinear inequalities, often high-order polynomials relative to the coordinates of the center of gravity of the working tool [2]. Currently, the approximation of the working area is an important task of robotics, since it allows in the future to build possible trajectories of the working tool inside the working area. Construction of a covering of sets of complex structure with simple elements also allows solving multifactor optimization problems [6]. 
	These robots are formed by a series of parallel kinematic chains connecting the base of the robot and the working tool. Kinematic pairs in circuits are divided into active (actuators) and passive.  The position of the active elements is set using the motors connected to them. An important characteristic of a robot is its working area, which is formed by all possible positions of the working tool under the given constraints [1] - [5]. These limitations are due to the design of the robot and depend on the number of degrees of freedom of the robot and design features.
	The tasks of optimizing the trajectory of the working tool and improving other qualitative characteristics of the robot [7] - [9] are topicalThe idea is that the local extrema of the functionals on each element of the coverage are relatively simple to calculate, and since there are a finite number of such elements, this allows you to choose an absolute minimum or maximum. Another advantage of the coverage method is that it makes it relatively easy to calculate the volume of the approximated work area by simply summing the volumes of the coverage elements. In the literature, there are examples of the approximation of the working area for robots by the method of non-uniform coatings [14] - [15].
	The problem of regularization of the working tool movement mode along a predetermined trajectory is considered. he integral of kinetic energy and inertial forces with weight over the entire period of motion is considered as a quality functional. The trajectory of movement is assumed to be flat and predetermined. It is shown that the problem is reduced to a system of fourth-order ordinary differential equations.  Numerical examples of solving the problem for motion along rectilinear, circular and elliptical trajectories are given.
	The problems of optimizing the movement of the working tool have many different settings [10]-[14]. We considered here a method for constructing an optimal law of motion along a given trajectory with minimization of kinetic energy and inertial forces for a given time interval. The urgency of this task is due to the fact that in many technological tasks the trajectory of the working tool is known and depends on the operation performed by the robot.
We considered the following problems: construction of the optimal law of motion along a given trajectory with minimization of kinetic energy and inertial forces for a given time interval and programs for calculating this mode of motion. we considered the problem of dynamic synthesis of control actions for a plane robot with two degrees of freedom DexTar [17]. Several types of planar robots are described in Merle's monograph [19].
	The idea of the project “Development of a software package for solving robotics problems using optimization and control methods” is to develop and implement software approaches to solving fundamental problems of robotics using optimization and control methods.
	The purpose of the project is to develop and implement methods for approximating the working area of robots with a predetermined accuracy. Development of a software package for modeling robotic complexes.
	Research objectives:
1) Development of a methodology for conducting experimental research and methods for processing results,
2) Experimental research, collection and analysis of experimental results.
	The non-uniform covering method is applied to a plane parallel structure robot of the 3RPR type. This robot is of interest for research, since it has a number of interesting features that can affect the approximation result. In particular, a number of inequalities from the general system, the solutions of which constitute the desired region, have complex dependencies, which complicates the estimation of the extremum in individual parallelepipeds.
	Numerical calculations have shown that the non-uniform coating method can be applied to models of robots with a parallel structure, in particular, for a plane robot with three degrees of freedom 3RPR.
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	Within the framework of the 2018 stage, the theory and methods of approximation of sets specified by nonlinear functional inequalities, which play a key role in the problems of constructing the working area of robots, were developed. In particular, a cover method was developed that allows one to construct external and internal approximations of the sets given by nonlinear inequalities. On the basis of this method, an algorithm was created and implemented that approximates the set of solutions of a system of nonlinear inequalities, and its theoretical justification is given. The approach to the approximation of a set given by a system of nonlinear equations has been developed. This approach is especially convenient for the case when the inverse problem of kinematics does not have an analytical solution, due to which the application of the first approach is difficult.
	At this stage, the numerical implementation of the non-uniform coverage method was carried out for a number of model examples. Numerical calculations have shown that the non-uniform coating method can be applied to models of robots of a parallel structure, in particular, for a plane robot with three degrees of freedom 3RPR. It turned out that for a plane robot with three degrees of freedom, when one of the degrees of freedom is fixed, the number of rectangles in the coating grows in inverse proportion to the accuracy δ with which the constraints are satisfied. This indicates a linear increase in labor intensity with the grinding of the coating size δ. This indicates the high efficiency of the non-uniform coating method turned out to be effective, since there is no need to grind rectangles in it, which obviously lie inside the working area.  
	The ultimate goal of constructing the coverage of the work area and its boundaries is that for each of the rectangles it will be necessary to calculate the extrema of the quality functions. Therefore, the use of high-performance technologies is a necessary step in the application of the non-uniform coating method.
	The tasks considered in this section show the method for solving the task of managing the working tool, if the following steps have been previously performed: the working area is built, the trajectory of the working tool is laid inside the working area, and the smooth parameterization of the trajectory is known. 
	At this stage of work, for a given trajectory of movement and a quality functional that minimizes the acceleration of the working tool, the necessary conditions for a minimum are obtained and the laws of motion are constructed for two types of trajectories - rectilinear and circular. It turned out that even in the case of circular trajectories, we obtain a quasilinear fourth-order equation. 
	As part of the 2019 schedule, the center point of the platform was determined as the starting position of the robot. The problem of minimizing each moment of time is solved. The requirement for the constant angle of rotation of the platform is obtained. The positions of the actuators for a given movement of the platform are determined. The homogeneous system of equations has only solutions with zero platform speeds at zero actuator speeds. The possibility of movement with a zero angle of rotation is shown, while the extensions of the rods must be agreed. Only two lengths can be set independently. The movement of the third bar was determined to be not independent and is determined from the condition that ensures the progressive nature of the movement.
	At this stage, the numerical implementation of the non-uniform coating method for a 3RPR robot was carried out using the example of the Anycubic kossel 3d printer. Calculations have shown that the non-uniform coating method can be applied to the model of this robot. It turned out that for a plane robot with three degrees of freedom, when one of the degrees of freedom is fixed, the number of rectangles in the coating grows in inverse proportion to the accuracy δ with which the constraints are satisfied. This indicates the high efficiency of the non-uniform coating method. This is due to the fact that there is no need to grind rectangles that are obviously inside the work area. In the future, systematic calculations for other types of robots are planned and the application of the results obtained to construct the trajectory of the working tool. The method was implemented programmatically in C ++, and computational experiments were carried out.
	The developed algorithms have shown their effectiveness. To determine the working area, a system of inequalities was used that takes into account the allowable range of the arcsine argument of the drive angles.  To determine the singularities, we used the condition that the Jacobi matrices are equal to zero for the first and second types of singularities.    The results obtained can be used when choosing the geometric parameters of the 3-RRR mechanism that provide the boundaries of the working area set by the technological process, as well as when planning the trajectory of the output link to eliminate uncontrolled mobility or jamming of the mechanism in special positions.
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In many tasks of controlling robots, the trajectory of the working tool is determined by the operation performed by the robot; therefore, the trajectory can be considered predetermined. To improve the quality of work and control of the robot, there are problems of precise positioning and following a given trajectory, as well as problems of controlling the speed of movement along a known trajectory in order to improve the technical parameters of the system.
But compared to control of kinematic indices, the study of dynamic performances indices are developed slowly because of high diversity of robots and complexity of their dynamic models. However, because of wide applications of robots in recent years, the study of the dynamic performance indices is increasing [13]-[16]. 
Consider the problem of optimizing the law of motion of a platform for a planar robot with three degrees of freedom 3-RPR, the kinematic diagram of which is shown in Figure 1. 
[image: ]
Figure 1 - Kinematic diagram of a plane robot with three degrees of freedom

In the name, the number 3 means the number of degrees of freedom, and the letters R, P, R correspond to the types of movable joints.  This robot is a flat manipulator with six rotary rods and three prismatic motors. The motors change the length of the rods connecting the fixed base A1A2A3 to the corners of the triangular flat platform B1B2B3, controlling its movement. Let us consider the base and platform as equilateral triangles. 
The position of the manipulator is characterized by the following parameters: 
(x, y) - coordinates of the center of mass of the mobile platform
ϕ  - is the swing angle of the platform relative to the neutral position
l1, l2, l3 - the lengths of the rods A1B1, A2B2, A3B3, respectively
The formulation of optimization problems for platform movements depends on practical applications and requires, first of all, the definition of quality criteria for such a movement. For example, quality criteria can be expressed in terms of power consumption, values of inertia forces, accelerations, vibration amplitudes, dimensions of the working area, etc. under the given restrictions. 
At this stage of the study, we considered the problem of optimizing the law of motion of a planar robot platform along a given trajectory.
Let the trajectory of the center of gravity of the moving platform be specified in the coordinate plane (x, y) by the parameterization



			                                     (2.1.1)

For instance, in a straight line movement, the parameter p can be set equal to one of the coordinates; in a circle movement, it can be set equal to the rotation angle of the platform carrying the tool. In general case, the parameter can be selected based on any convenient way of the trajectory definition.
Let the function φ = φ (t) determine the angle of rotation of the platform at each moment of time in the plane Oxy. 
It is required to find the law of change of the parameter p=p(t) as a function of time, so that the movement of the platform, determined by the relations   


		                                               (2.1.2)

has the minimum average kinetic energy for the considered time interval and at the same time provides the minimum of inertia forces. We neglect the masses of the rods, joints, motors and the action of external forces. This formulation makes sense if the task is to reduce the power consumption of the manipulator and at the same time it is necessary to obtain the law of motion along the trajectory that ensures the movement of the platform with minimal inertia.
Let us assume that the positions and velocities of the platform at the initial and final time moments are given, and the time scale is selected so that the time changes in the interval [0,1]. We also assume that all values are reduced to a dimensionless form, after selecting appropriate length and velocity scales. Suppose at that moments the velocities are zero, i.e. these points are stopping points of the movement:   


		                             (2.1.3)

Points over functions, as usual, denote time derivatives. Prime symbols over the functions x(p), y(p)  denote differentiation with respect to the parameter p.

 Suppose that at the initial and final moments the values of the function p (t) are given:


	                                                   (2.1.4)



Let   be the acceleration of the platform points. The total inertia force is obtained by integrating across the platform: , where  ρ is the surface density of the material of the movable platform or tool.

Suppose that the mass of the tool is mainly concentrated near the center of gravity, we can approximately write that the inertia force is equal to , where m is the mass of the tool. 
Let us write down the kinetic energy of the platform motion, neglecting the mass of the rods and hinges, and integrate it over time. It consists of the kinetic energy of the mass center and the rotational energy around that center:





Here I is the moment of inertia,   is the angular velocity of the tool.
According to our assumption, the whole mass is concentrated in the center of mass of the platform, therefore, the kinetic energy of the rotational motion can be neglected compared with the energy of the translational motion, then 




The quality functional in the form of the sum of kinetic energy and weighed measure of inertia forces is defined as follows:


	 	                         (2.1.5)

Here α > 0  is a positive parameter that determines the weight of inertia forces in the cost functional (2.1.5). The larger the parameter α is, the greater be the influence of inertia forces on the cost functional. 
Formulation of the movement optimization problem: it is necessary to minimize the functional (2.1.5) with respect to the function p(t) that define the law of motion along the trajectory (x(t), y(t)) according to the formulas (2.1.1)-(2.1.2).

It can be shown that this space is a Hilbert’s space [20], [21] and functional (2.1.5), as the norm of a function in a Hilbert’s space, is strongly convex [22]. However, we will consider it as a functional defined on a subset of quadratically summed functions.  Then any bounded closed set from W22[0,1] is compact by virtue of the embedding theorems [5]. According to [22], the functional reaches its minimum on a convex compact set. Besides, if the functional is differentiable, then at the minimum point its Frechet derivative is equal to zero. Moreover, this condition is sufficient for the minimality of the cost functional.
To determine the Frechet derivative of the cost functional, let us first derive the formula for the first variation of the functional (2.1.5). We assume that all arguments p(t) and increments of the function δp(t) lie in some bounded convex set from W22[0,1]. Then the increment of the functional (2.1.5) corresponding to the increment of the argument p is written as follows:


  		(2.1.6)

Taking into account that  


                                  (2.1.7)
 
with first order of accuracy we have:


	                               (2.1.8)


i. е.  		

Similar formula is valid for increment  For the second derivative, we have


    			                      (2.1.9)


Taking into account expressions (2.1.9), for the increment of the second derivative, we obtain with first order of accuracy:


		 (2.1.10)


The formula for increment of the second derivative is written similarly.
Taking into account formulas (2.1.8) - (2.1.10) for the linear part of the functional increment, we have:


  		 (2.1.11)


Considering functional (2.1.11) as a functional defined on some subset of quadratically summable functions W22[0,1] in  , we represent its increment in the form 


			(2.1.12)


Let the functions x(p) and p(t) be sufficiently smooth, so that all our derivatives are legitimate. It will be clear from the calculations for which smoothness representation (2.1.12) is acceptable.  In this way, we determine on which subspace of functions from   ,  we differentiate the functional (2.1.5) in the Frechet sense; then the condition of equality to zero of the Frechet derivative will be useful to find the minimum point.  Collecting the coefficients at  in (2.1.11), we rewrite expression (2.1.11) in the following form:


               (2.1.13)

where the functions  are defined by the formulas:


         (2.1.14)

In formulas (2.1.14), we should substitute the time derivatives of the functions x(t), y(t) from formulas (2.1.7) and (2.1.9), which we did not do in order not to clutter the description.

Then, if the functions   are sufficiently smooth, the functional J(p) is differentiable in the Frechet sense at the point p, and its gradient is given by the function
The equation that allows to determine the minimum point of the functional has the form

   	                                        (2.1.15)

For the convenience of applying mathematical packages, we reduce equation (2.1.15) to a system of quasilinear equations. For this aim, the following notations are used:


			                                   (2.1.16)

Then equalities (2.1.7) and (2.1.9) can be rewritten in the form: 


                                      (2.1.17)

In the future, we will omit the argument  to shorten the representation. Next we need expressions for the following time derivative of third order:

 			                          (2.1.18)


Taking into account the notations (2.1.16) and expressions (2.1.17), the summand  in equation (2.1.15) has the form:


            (2.1.19)

Now calculate the time derivative of the function f2 (t ): 
 

	                         (2.1.20)

Let's write separately the components of expression (2.1.20) in terms of notations (2.1.16):

	

		 (2.1.21)




Now, taking into account expressions (2.1.21), we can rewrite the formula for the coefficient  in equation (2.1.15)


		             (2.1.22)

We calculate the derivatives of the function f3 (t)  in (2.1.14).
Using the designations (2.1.16) and equalities (2.1.17), (2.1.18), we have:


       (2.1.23)

In formula (2.1.23), we need formulas for the fourth time derivative of the coordinates x(t) and y(t). Differentiating (2.1.18), we get:


	             (2.1.24)

The formulas for the fourth time derivative of the function y(t) have a similar form.
Substitute (2.1.24) in (2.1.23):  


                       (2.1.25)

Reducing similar terms in (2.1.25), we get:


 	             (2.1.26)

By substituting (2.1.22), (2.1.26), (2.1.19) into (2.1.15), we write equation (2.1.15) in expanded form in the notations (2.1.2) and (2.1.16):


         (2.1.27)

By regrouping and collecting similar items in (2.1.27), we get:


		             (2.1.28)


Equation (2.1.28) can be written in the form resolved with respect to :


			(2.1.29)

Definitions (2.1.16) can be written in the form of equations:


			                           	(2.1.30)

Equation (2.1.29) together with (2.1.30) forms a quasilinear system of ordinary differential equations, which has a canonical form.
	The specific type of system (2.1.29) - (2.1.30) depends on the parameterization of the trajectory.  Let's consider a few special cases.  
Let the tool trajectory be straight and parameterized by the relations




1. Circular motion. In this case the trajectory parameterization and parameter derivatives are set by the relations:




The trajectory is described by a parabola




The trajectory is an ellipse:




Given the notation (2.1.30), we get a system of quasilinear equations:


		                (2.1.31)

For the numerical solution of the system (2.1.31), it should be completed with four boundary conditions. Here velocities and positions at the initial and final time moments are given. This means that the boundary values of the functions are specified:


				                               (2.1.32)

As a solution to the minimization problem, we get the function p (t) = z0 (t), which defines the parameter change along the trajectory over time. As a result, we get the law of coordinate change x = x(p(t)), y = y(p(t)). Recall that in all numerical examples, the movement interval T was used as a time scale. 
Let us give a numerical example of solving the problem (2.1.31)-(2.1.32). 
	Let in (31)-(32) the movement be made along an elliptical trajectory with parameters a = 1, b = 2. Let's take the polar angle in the plane (x, y) as the trajectory parameter.
Figure 2 shows the toolpath of the tool. Figure 3 shows the optimal solutions p (t) for different values of the weight α, which is responsible for the inertial forces. For the most comfortable tool movement, the parameter should be larger.
	Figures 4 and 5 show the velocity and acceleration profiles, respectively, corresponding to the optimal mode of movement along this trajectory. It is seen that the optimal velocity mode differs significantly from the traditional trapezoidal velocity profile. The program code in the Matlab package implementing the given numerical example is shown in Appendix E
[image: ]
Figure 2 - an example of a given trajectory of movement of the working tool - an ellipse

[image: ]
Figure 3 - Optimal law of variation of the polar angle along the trajectory for different regularization parameters

[image: ]
Figure 4 - The law of speed change for the optimal mode of movement along the trajectory with different weights of inertia forces in the quality functional

[image: ]
Figure 5 - The law of change in acceleration along the trajectory for different values of the weight of inertia forces in the quality functional
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The author of the article [23] studied the kinematics and dynamics of spatial movements of a Stuart type robot and, based on the solution of the inverse dynamics problem, the forces applied to the moving elements are calculated and their powers are determined. In [24], the inverse dynamics problem for a tripod is solved taking into account the masses of control elements and the forces and accelerations are calculated to provide a movements along a straight trajectory. In [25], the direct and inverse problems of kinematics and dynamics for a parallel robot for translational motion are solved. It is shown that the mathematical model is in good agreement with the experiment. Thus, the sited articles show, that the inverse dynamics problems are the important problems of robotics.
At the previous stage, we considered the construction of the optimal law of movement of the working tool along a parametrically given flat trajectory. As a quality criterion, the problem of minimizing kinetic energy and inertial forces (ie "comfort" of movement) was considered. However, the optimal law of motion was built for the coordinates of the working tool. The next step is to build laws of motion for actuators, which will be different for each type of robot. And finally, through the laws of motion of actuators, it is necessary to construct the laws of change in control actions, such as the moment on the engine, or the force acting on the piston connection. Those. then the problem of dynamic synthesis should be solved.
In this section, we will consider the construction of the optimal law of changing the angles of rotation of the driving rods for the DexTAR robot, a robot of a parallel structure with a flat movement of the working tool along a flat trajectory. 
In Figure 6, following the notations of [20], we present the kinematic scheme of the robot  [image: ]
Figure 6 - Kinematic diagram of the DexTAR robot of the RRRRR type

Let the position of the end-effector at some moment of time be given by the point P (x, y). Consider the case where the lengths of the two driving rods are equal: CD = AB = l, the lengths of two rods are CP = BP = L, let the distance between the fixed hinges on the base be equal to AD = d. We use the coordinate system with the origin in the midpoint of the fixed segment AD. In order to find control angles (ϕ, ψ) for the known movement along the trajectory, it is necessary to solve the inverse cinematic problem: find the actuator variables (ϕ, ψ) from the coordinates (x, y).
Although formulas for solving the inverse problem were derived in [20], we give below a shorter way to get it and use other form of the solution for the convenience of further presentation.
Solution of the inverse kinematics problem for a plane robot DexTar. 
Consider the triangle ABP. Temporarily move the origin to point A and write down the conditions that the coordinates of point B satisfy:


 	                                     (2.2.1)

Subtracting the second equation from the first equation of system (2.2.1), we obtain:

                                      (2.2.3)


Using the notations 
we get from the equality (1.2.3):


			                    (2.2.4)


where k is indicated by the ratio of 
Substituting expression (2.2.4) into first equation of system (2.2.1) we obtain a quadratic equation:


			                       (2.2.5)

Then from expression (2.2.4) it follows that


            (2.2.6)

From this we get that


                                                     (2.2.7)

In the coordinate system with the origin at the point O formula (2.2.6) is rewritten as follows:


 			                             (2.2.8)

Substituting into formulas (1.2.7), (1.2.8) the value k.
Returning from the coordinate system centered at point A to the system centered at point O, we obtain:


	           (2.2.9)

Similarly, the coordinates of point C are calculated by temporarily moving the origin to point D, and then converting it back to the original coordinate system:


	             (2.2.10)

Formulas (2.2.9)-(2.2.10) define the solution to the kinematic problem, since

    	                     (2.2.11)

Substituting into (2.2.9) - (2.2.11) the predefined law of motion x = x (t), y = y (t), we obtain the dependence on time for the actuators.

Consider an example. Let the trajectory be a semicircle. Let the parameterization of the trajectory have the form:
Let the radius of the trajectory be R = 120 mm.

Let's take the following geometric parameters of the robot:
Let us carry out calculations in dimensionless quantities, where the length of the rod L is taken as the length scale.

Figure 7 shows the sequential positions of the working tool at regular intervals equal to 
[image: ]
Figure 7 - successive positions of the robot with uniform movement along a semicircle

[image: ]
Figure 8 - Solution of the inverse problem of kinematics for uniform movement of the working tool along a semicircle: change in the leading angles φ (t) and ψ (t) in time

Figure 8 shows the solution of the inverse kinematics problem for uniform movement of the end-effector in a semicircle: rotation angles are ϕ (t), ψ (t). It can be seen that despite the strongly nonlinear nature of dependences (2.1.11), between the angles of rotation of the leading rods and the angle of rotation p of the end-effector, the dependence ϕ (t), ψ (t) is close to the linear one.
	The optimal law of rotation of the driving rods.
In a study for 2018 we have constructed a solution to the problem of optimizing the motion of a point mass along a given path, which provides a minimum of the following quality functional: 

                   (2.2.12)
The functional (2.2.12) represents the sum of the average kinetic energy of motion and the average inertia for the entire period of motion taken with a weight α.
As it is showed earlier, for motion along an arc of the circle with the minimum of functional, the parameter p (t) satisfies a following fourth-order quasilinear ODE:


                                    (2.2.13)

Here m is the mass of the point, p is the variable that defines the parameter on the arc of a circle (angle of rotation). The start and end positions of the point are stopping points.
Numerical solutions of equation (2.2.13) were constructed. Below we take this solution for the unit mass of the point m = 1 and the weight in the functional (15) α = 0.1. As boundary conditions, we take the relations. 
As boundary conditions, we take the relations


					            (2.2.14)

Let, as in the previous example, the trajectory of the point P form a semicircle, and is given by the parameterization


	                                    (2.2.15)

We substitute the optimal law of motion along a trajectory in the sense of the minimum of the functional (2.2.12) into the solution of the inverse problem (2.2.11) and construct the laws of variation of the leading angles. Figure 9 shows the sequential positions of the robot for optimal trajectory movement. It can be seen that in the initial and final positions the platform decelerates and the changes in the rotation angle are not uniform.
[image: ]
Figure 9 - Consecutive positions of the robot with the optimal choice of the law of motion along a given path

Figure 10 shows the dynamic of the rotation angle of the driving rods at the optimal mode of movement.
[image: ]
Figure 10 – Rotation angle of the driving rods at the optimal mode of the motion

Таким образом, используя решение задачи оптимизации движении рабочего инструмента вдоль заданной траектории, мы можем построить закон изменения ведущих координат, обеспечивающий это движение.
Now, in order to obtain the optimal coordinates’ dynamic of the actuators, we must determine how to control action on actuators. Usually this is the torques on the engines. The solution to this problem depends on the design of the robot. But even in relatively simple cases, solving this problem in explicit formulas can be practically inaccessible. Let us continue the discussion for the robot DexTAR.
	Direct kinematics

Let the positions of the leading rods AB and DC, which are defined by the angles φ and ψ, be known. Find the coordinates (x, y) of the point P. From the vector equality (Figure 6) we have:  
from here:


 				           	(2.2.16)

where Q is the midpoint of the segment CB, H is the height of the isosceles triangle BPC, and the angle α is the angle of deviation of the segment СB from the horizontal.
The coordinates of the point Q are easily determined via positions of points B and C:


		                         (1.2.17)

Height H is also easily expressed via hypotenuse L and leg QB:


			                (2.2.18)

The angle of inclination of the segment CB to the abscissa Ox is determined from the formula


 		            (2.2.19)

Substituting expressions (2.2.17) - (2.2.19) into (2.2.16), we obtain the solution of the DKP (direct kinematics problem):


                                     (2.2.20)

Let β denote the angle at the base of the triangle CBP. Then formulas (2.2.20) can be written in more compact form:


	             (1.2.21)

	Suppose that due to the technical implementation of the robot, in extreme left and right positions the segment BC is placed perpendicular to the abscissa axis. Then the following restrictions for the rotation angles of the rods held:


 	                          (1.2.22)

These restrictions correspond to the extreme positions when the segment BC is placed perpendicular to the abscissa axis. Constraints (2.2.22) are obtained from a geometric consideration of the extreme positions of the robot with the vertical position of the segment BC.
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Figure 11 - Solution of the direct problem of kinematics: successive positions of the robot with uniform changes in the angles φ and ψ in specified intervals

	Figure 11 illustrates the successive positions of the robot at given intervals of variation of the angles φ and ψ with a uniform step of changing the angles. It can be seen that points B and C describe circular arcs. This calculation made it possible to test the correctness of the solution to the direct problem.
Построение управляющего воздействия
Let us now consider the dynamic synthesis problem, i.e. we need to generate a control action that implements a given mode of changing the angle of rotation of the rods (ϕ,ψ).
To do this, we need to formulate the equations of dynamics. Let us write them in the form of Lagrange. The Lagrangian is equal to the difference between the kinetic and potential energies of the robot. Considering the case of movement in the absence of potential fields, we write down the kinetic energy of the end-effector:


   	                           (2.2.23)

This expression takes into account the kinetic energies of the driving rods and the working tool. To simplify the formulas, we can take into account the contribution of the kinetic energy of the rods CP, DP to the work of moments due to the use of the total mass of point P and rods CD, DP in formula (2.2.23) instead of the mass of the working tool.
If we use the angles of rotation of the leading rods as generalized coordinates, then the elementary work of the torques on the engine is equal to the product of the torque by the variation of rotation angle. Accordingly, generalized forces are equal to these torques.
If we know the optimal time dependence of rotation angles, then the control actions that implement this movement, i.e. torques at points B and C are defined by the dynamic’s equation in Lagrange form:


                                   (2.2.24)

We need to know the dependence of the coordinates (x, y) for the angles (ϕ,ψ).
This means that for this case we need to know the solution to the direct kinematics problem for this robot, which has been built above, and which we rewrite here:

                  (2.2.25)

The angle β above depends in a complicated way on the generalized coordinates (ϕ, ψ) via definition (22), where H is determined by the formula (2.2.18). Differentiating (2.2.25), we obtain formulas for the velocities of the end-effector:


		(1.2.26)

We find the velocities (2.2.26) corresponding to the optimal change in the rotation angles ϕ(t), ψ (t). To calculate them numerically, it is convenient to use a formula that defines the trajectory parametrically. In the case of a simple trajectory in the form of (2.2.15), the velocities are easily calculated by the formulas:


			                              (2.2.27)

We use formula (2.2.27) to test our results only. Actually, we have computed the velocities expressing first derivatives of the angles in (2.2.26) approximately via finite differences formulas. The optimal mode for changing the rotation angles was taken from the tabulated numerical solution of the problem of the optimal movement along the semicircle. Squaring expressions (2.2.26) and summing, we obtain the following expression for kinetic energy of point P:


              (2.2.28)

For the special case of motion (2.2.27), the kinetic energy TP is easily calculated from the expression: 


	                       		           (2.2.29)

We computed the kinetic energy over time for the considered optimal mode. Due to the more general nature of expression (2.2.28), we took it as the basis for calculating kinetic energy. As an approximation, neglecting the change in the height of the triangle CPD during movement, we can calculate the speeds of point P depending on the angular velocities of the driving rods. It turned out that if we put in the expressions of the kinetic energy the constant value of the angle β equal to the value β0 in the middle position, for the moment t=0.5, the time dependence of kinetic energy almost remains the same. In Figure 12 different methods of computing the kinetic energy of the end-effector such as using finite differences for the formula (Tcomp), and for a constant angle β (Tapprox) are compared against the exact solution Texact. Note, that to express the results in dimensional form, we must multiply them by the scale of energy, where m, L, T are mass, length of rod CP(=BP), and motion time respectively. (2.2.28). 
[image: ]
Figure 12 – The kinetic energy of end-effector computed via finite differences approximations  (Tcomp), 
approximation with a constant angle β (Tapprox), and the exact solution Texact

The calculation shows that the change in the angle β can be neglected, and then we obtain a simplified expression for the kinetic energy of the mass at point P:


                      (2.2.30)

Consider the triangle CPB made of two rods CP and BP. Having the predefined trajectory of point P one can compute the middle position of the triangle CPB and use its geometry to compute the kinetic energy of the mechanism. If the angle β is approximately constant then the triangle CPB consisting of two rods moves as a solid body. Then its kinetic energy consists of energy of the inertia center and rotating energy around that center.
If the density of rod BP is uniformly distributed then one can take the parameter λ=0.5 above. Then, we compute the kinetic energy of the translational movement TS of rods BP and CP, taking into account that the mass of CPB 


		 (2.2.31)

where mL is the mass of one rod.

Substituting into (2.2.31) the expressions 
we obtain for the kinetic energy of the translational motion of the rods.
Hence, making elementary transformations, we have:


                     (2.2.32)


The formula (2.2.32) defines the kinetic energy of translational movement of the triangle CPB Then, to find the rotational energy Tr we should know the angular velocity.  In our assumption the angular velocity of the body CPB can be found as a first derivative of the angle поворота  α, 
Then we have:


            (2.2.33)

The whole kinetic energy of the body CPB consisting of rods CP and BP equals


				(2.2.34)

here JL is an inertia moment of the triangle CPB with respect to its mass center S.
Then the total energy of a body consisting of rods and a working tool is


                                                 (2.2.35)

Here Je and Jl denote the moments of inertia of the rods AB (CD) relative to point A (D). Substituting expressions (2.2.32) - (2.2.35), we obtain:


   (1.2.36)

Formula (2.2.36) gives an approximate expression for the kinetic energy.
Calculating the derivatives, we obtain from (2.2.36):


From here

          (2.2.37)

Expressions (2.2.37) have a relatively simple form and, using the functions ϕ (t) and ψ (t) make it possible to approximately calculate control torques on the engine.  That torques theoretically should provide the optimal mode of movement along a given trajectory. Recall here that by optimal mode we mean such a movement that for a given period of time, the motion is made with a minimum of kinetic energy and weighted inertial forces of end-effector. As an example, in figure 13 we show the angular velocities of the rods depending on time computed via tabulated values of optimal (ϕ(t), ψ(t)) using finite differences. In figure 14 the corresponding torques of engines, calculated according to formulas  (2.2.37)are plotted..

[image: ]
Figure  13 – Angular velocities of the rods at uniform grid of time for an optimal motion along the trajectory

[image: ]
Figure 14 – Rotating moments on the engine implementing a given optimal driving mode for masses of rods mL=0.1m, ml=0.08m

The results of this section are based on knowledge of the trajectory and the optimal mode of motion along it for the DexTAR robot. Using the solution of the inverse kinematics problem, the motion of the actuators corresponding to that optimal mode are constructed. Further, the solution to the direct kinematics allows us to derive the equations of motion of the end-effector in the Lagrange form. For the considered trajectory the numerical solution of the direct kinematics has been analyzed. If the angle between legs at the top of the robot does not change significantly, as it is the case of semi-circle, then this change has little effect on the kinetic energy of the robot. This, in turn, helps to simplify the equations of dynamics. On the basis of the obtained equations and the given motions of the actuators, the control actions - torques on the engines have been computed. The further step in this direction is the construction of a program that implements an optimal movement of the robot. In its turn, there will arise other problems related to accurately positioning of the robot and taking into account masses and inertia moments of real robot components. 

[bookmark: _Toc54810617]	2.3 Determination of the workspace of the system based on the 3-PRRR mechanism for the lower limb rehabilitation

The conceptual design of the system for the rehabilitation of the lower limbs is shown in Figure 15. The robotic system is based on an active parallel 3-PRRR manipulator that provides linear movements of the patient's fixed foot along the x, y, z axes, and a flat sequential RRRR manipulator used as a passive orthosis to support the patient's lower limb. MS provides rehabilitative therapeutic movements such as ankle and hip extension and flexion, knee flexion in the vertical (sagittal) plane, and hip abduction / adduction movements. For this, in the passive RRRR orthosis, the hip joint has two rotational joints, in contrast to the RRR mechanism, in which only one joint corresponds to this joint. The hinges of the passive RRRR orthosis correspond to the patient's joints, the angles of rotation of which for rehabilitation are in the ranges: ϕ1 = [- 20 °, 10 °], ϕ2 = [- 60 °, 0 °], ϕ3 = [- 10 °, 20 °], for abduction of the leg in the hip joint ϕ4 = [0 °, 25 °].
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Figure 15 - Conceptual design of the lower limb rehabilitation system

Consider a parallel robot (Figure 2), proposed by Kong and Gosselin [14] and also known as 3-PRRR mechanism. It has three degrees of freedom - translational movement along each of the axes. The mechanism consists of three kinematic chains . The position of the rehabilitation platform, which is an equilateral triangle centered at point P and the radius of the circumscribed circle R, is determined by linear displacements . We introduce the following notation:  is the distance between points  and ,  is between and , is between  and ,  is between  and .
[image: ]
Figure 16 - The design scheme of the rehabilitation mechanism

In the process of rehabilitation, it is necessary to provide the following angles in the hip, knee, and ankle joint when simulating walking: 1 step phase - flexion in the hip joint from 0 ° to 20 °, flexion in the knee joint from 0 ° to 60 °, extension in the ankle joint from 0 ° to 10 °; 2 phase - 0 °, 0 ° and 90 ° respectively; 3 phase - extension in the hip joint from 0 ° to 10 °, in the knee joint 0 °, flexion in the ankle joint from 0 ° to 20 °. We set the task of determining the workspace of the 3-PRRR parallel mechanism to ensure the movement of the passive orthosis within the workspace under clinical data of when walking simulating.
To determine the workspace, we will use the method of uneven covering. For this purpose, we will use the methods of interval analysis.
When analyzing the workspace, structural limitations must be taken into account. For the mechanism under consideration, the following can be distinguished:
– •	constraints on the drive coordinates q: .
– restrictions on the rotation angles in the hinges  and : , .
We define the driving coordinates and rotation angles in the hinges  and  for the specific coordinates of the centre point P of the platform .
We determine the coordinates of the points  and the driving coordinates :

,	                          			(2.3.1)
,						(2.3.2)
,		            				(2.3.3)

We record the intervals that describe the ranges of variation of the drive coordinates:  
The driving coordinates  are defined as


,					              (2.3.4)
,						   (2.3.5)
.						              (2.3.6)


The angles , according to the cosine theorem, are calculated as

, .	                                    (2.3.7)

Where  are defined as





We write down the intervals that describe the ranges of variation of the angles :



Given that the points  are the intersection points of circles with radii b and c and cents at points  and , respectively, we define the cosines of the angles as

, .		(2.3.8)
, .		(2.3.9)
                                              , .		(2.3.10)
where .
[bookmark: _Hlk511811114]The above equations (2.3.4)-(2.3.10) allow determining the values ​​of geometric parameters that determine the limitations of the workspace.
For solving the problem of approximating nonlinear inequalities, taking into account formulas (2.3.4)-(2.3.10), an algorithm is synthesized, which is shown in Figure 17. It works with two lists of three-dimensional boxes and . Each of the dimensions of the boxes corresponds to the coordinates of the center of the moving platform . 

[image: ]
Figure 17 – The block diagram of the algorithm for determining the workspace and optimization of geometric parameters.

 The operation of the algorithm is shown in Appendix E. The program listing is given in the Appendix.
A computational experiment was conducted for the following geometric parameters of the mechanism:  мм,  мм,  мм,  мм,  мм, . The simulation results are presented in Figure 4. The calculation time for the approximation accuracy  mm on a personal computer was 1 minute 24 seconds.

[image: ]  [image: ]

Figure 18 - Simulation results

Thus, for the proposed system for the rehabilitation of the lower limbs based on a passive orthosis and an active 3-PRRR parallel robot, effective numerical methods and algorithms were developed and tested that made it possible to determine the workspace. The calculation time for the approximation accuracy δ = 1 mm on a personal computer was 1 minute 24 seconds. A further area of research is the optimization of the geometric parameters of the system for carrying out rehabilitation procedures.	

[bookmark: _Toc54810618]CONCLUSION

1) When designing a robot that performs repetitive actions, moving along a given trajectory, the law of motion of the working tool can be calculated once in advance and then implemented according to a given table of sequential tool positions. Therefore, despite the complex, nonlinear nature of the equations, with the fourth order of derivatives, the solutions of these equations can be constructed independently of the technical implementation of the robot, based on the available numerical methods.
In the first section, we showed what the law of motion should be using the example of an elliptical trajectory for a given time interval in order to minimize kinetic energy and inertial forces. Numerical algorithms for solving this problem for rectilinear and elliptical trajectories were implemented. We believe that in the case of an arbitrary trajectory given by a table of points, it is possible to generalize the proposed method by uniformly approximating the trajectory with analytical expressions. Note that since we limited ourselves to considering the movement of only the center of gravity of the working tool, the approach described above is universal for all robots that implement movements along a flat trajectory. In particular, the same consideration was applied to the DexTar robot, the movement of which is discussed in subsection 2.1.
he developed method for optimizing motion along a trajectory can also find its application in 3D printing problems. For example, when the printed layer is completely filled with polymer material, the printer makes many movements along straight line segments parallel to each other. Optimizing straight ahead will reduce inertia forces. In this case, of course, it will also be necessary to control the material feed, which should be regulated by the current speed of the device head. This problem is still outside our consideration.
The subsequent task of implementing the obtained law of motion depends on the device of the robot and requires knowledge of the equations of motion for each individual robot. A continuation of this direction is to obtain the optimal law of motion, taking into account the movements of other elements of the robot, and not just the working tool.
	Conclusions on section 2.1 In this section, the laws of regularized motion along typical trajectories of a working tool, which have the form of a straight line or elliptical arcs, are obtained. It was shown that to determine the nature of motion along a given trajectory with a minimum kinetic energy and better comfort (i.e. with a minimum of inertial forces), it was necessary to solve a quasilinear fourth-order equation. Such equations can be solved on the basis of the available mathematical packages Matlab, after detailed detailing of the problem data. Note that since when deriving the formulas, the structure of the robot itself was not taken into account, the task was reduced to optimizing the movement along a given track for a material point.
	A possible promising direction of research of this problem is taking into account the structure of the mechanism and including the characteristics of the mechanism in the quality functional, which would allow including the energy of the rods and other moving elements of the robot into the functional quality.
2) The results of this section were based on the knowledge of the trajectory and the optimal law of motion along it for the DexTAR robot. The importance of considering this robot is due to the fact that it forms the basis of many modifications and has various engineering applications [18-22]. Based on the solution of the inverse problem of kinematics, the laws of motion of actuators corresponding to the optimal mode of motion were constructed. Further, the solution of the direct problem of kinematics made it possible to write down the equations of motion of the working tool in the form of Lagrange in terms of leading coordinates. Based on the numerical solution of the direct problem of kinematics, it was concluded that a change in the angle at the top of the robot has little effect on the kinetic energy. This made it possible, in turn, to simplify the equations of dynamics. On the basis of the obtained equations and the well-known laws of motion of the actuators, it was possible to construct the laws of change in control actions - the moments on the motors. The next step in this direction is the construction of a program that implements a given movement and the arising task of precise positioning of the robot.
3) This section discusses a model of a robotic orthosis for the rehabilitation of leg joint movements in patients. The components of the proposed system were selected based on patient safety and comfort. Since the device is mechanized and therapeutic movements are automated, special attention is paid to patient safety, taking into account all clinical safety standards. In addition, the patient's comfort is taken into account when planning active and passive movements. The patient and his companion can easily access the emergency stop. When the preset ranges of the joint rotation angles are exceeded, the condition monitoring algorithm automatically activates the emergency mode. The control device pre-checks the planned desired (predefined) movement in order to ensure the patient's comfort and safety during the therapy.
	A prototype has been developed on which experimental studies have been carried out. In the course of the experiment, the weight and size characteristics of the parallel robot were varied (the parameters of the rods and the mobile platform were changed separately) and the speed characteristics of the electric drive (DC motor and transmission). Curves were obtained reflecting the dependence of the error on the listed parameters. The study of the dependence of the control accuracy on the platform mass has shown that the error is directly proportional to the square root of the platform mass. The study of the dependence of the maximum in modulus error on the weight of the rods showed that with an increase of 10 and 100 times, the error practically does not change, and with an increase of 1000 times, it sharply increases. The obtained result is explained by the significantly lower moment of inertia of the rods in comparison with the moment of inertia of the platform with a similar mass. The study of the dependence of the control accuracy on the speed properties of the electric drive showed that a limited increase in the inertia of the drive leads to an increase in the dynamic error. Correction of the controllers coefficients allows to reduce the error, but leads to the appearance of a noticeable delay. A further increase in inertia leads to the fact that the drive does not have time to track the task: it is necessary to increase the step duration. Reducing the inertia of the electric drive does not lead to a significant increase in accuracy, but it allows you to speed up the system, proportionally reducing the duration of each step. Thus, the studies carried out made it possible to reveal the dependence of the magnitude of the dynamic error on the speed and weight and size characteristics of the drive and mechanism, which makes it possible to determine the distance of the hypersurface of restrictions from the theoretical boundaries of its working space necessary to ensure the safety of the trajectories of a robot of a parallel structure.
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2020 calendar plan
	Task code, stage
	Name of work under the Agreement and the main stages of its implementation
	Period of execution
	Expected Result

	
	
	Start
	ending
	

	1. 

	Development of a theoretical basis
solving problems of mathematical modeling of robotic
complexes.
	January 
2018
	April 2018
	Theoretical bases for solving problems of mathematical modeling of robotic systems will be developed. The theory and methods of approximation of sets defined by nonlinear functional inequalities, which play a key role in the problems of constructing a workspace, will be developed.

	1.1
	Development of the theoretical basis for the covering method
	January 
2018
	April 2018
	The theoretical basis of the covering method will be developed, which allows one to construct external and internal approximations of the sets given by nonlinear inequalities.

	1.2
	Investigation of the problem of tracking the reference signal for an object based on dynamic processes.
	April 2018
	September 2018
	The tasks of tracking a reference signal for an object based on dynamic processes will be investigated.
An approach to solving this problem will be developed, described by nonlinear differential equations

	1.3
	Development of an algorithm for approximating the set of solutions of a system of nonlinear inequalities
	September 2018
	1 November 2018
	An algorithm will be created and implemented that approximates the set of the system of solutions to nonlinear inequalities, and its theoretical justification will be given.

	1.4
	Preparation of the annual report
	October 2018
	1 November 2018
	Annual report for 2018 will be prepared

	2.
	Development and software implementation of methods for solving specific problems in robotics.
	January 2019
	1 November
2019
	The program will be developed and implemented based on methods for solving specific classes of robotics problems.

	2.1
	Development and software implementation of methods for approximating the working area of robots with a given accuracy.
	January 2019
	April 2019
	Algorithms of methods for approximating the working area for robots of a parallel structure with a given accuracy will be developed and implemented.

	2.2
	Development and software implementation of methods for optimizing the design of a robot.
	April 2019
	July 2019
	Methods will be developed and programmatically implemented to optimize the design of robots in order to maximize the volume of the working area under technological constraints.

	2.3
	Development and software implementation of a control algorithm that allows tracking the reference signal.
	July 2019
	October 2019
	The control algorithm will be developed and implemented in software that allows tracking the reference signal.
A method will be developed that allows tracking the reference signal with the required accuracy, taking into account the compensation of the influence of parametric and external limited disturbances on the controlled variable.

	2.4
	Development and software implementation of an algorithm for constructing the trajectory of a working tool taking into account the working area and quality criteria.
	October 2019
	1 November 2019
	The algorithm for constructing the trajectory of movement of the working tool of a robot of a parallel structure will be developed and implemented in software, taking into account the restrictions imposed by the working area of the robot and other technological limitations, the working area and quality criteria.

	2.5 
	Preparation of the annual report
	October 2019
	1 November 2019
	Annual report for 2019 will be prepared. As part of the project, 2 publications will be published in domestic and international journals, including 1 article in the journal, indexed in the Web of Science or Scopus database with a non-zero impact factor.

	3.
	Development of a software package for modeling robotic systems
	January 2020
	1 November
2020
	The software package for modeling robotic complexes will be developed, which implements solutions of high-order uncertain nonlinear systems, providing a numerical calculation of practical tracking of output data

	3.1
	Development of an algorithm for tracking data
	January 2020
	March 2020
	The algorithm will be developed to track the data. The output controller will be designed to provide a globally practical tracking of the output.

	3.2
	Development of a methodology for conducting experimental research and methods for processing the results.
	March 2020
	Маy
2020
	The methodology for conducting experimental research and methods for processing results will be developed, within which various robotic systems will be considered for which optimization problems will be formulated.

	3.3
	Computational experiment.
	Маy
2020
	July 
2020
	The results of the computational experimental studies, their analysis and generalizing conclusions based on the results of the experiment will be obtained.

	3.4
	Experimental research, collection and analysis of experimental results.
	July 
2020
	October 
2020
	Experimental research, collection and analysis of experimental results will be carried out.
The results of calculations of the working area and trajectory of movement for various robots of a parallel structure will be obtained.

	3.5
	Summing up the results of research on the project, formulating the main conclusions that can be made based on the results of theoretical and practical experiments
	October 
2020
	1 November 
2020
	The results of the research on the project will be summed up, the formulation of the main conclusions that can be drawn on the basis of the results of the theoretical and practical experiments.
As part of the project, publications will be published in domestic and international journals, including 3 articles in journals indexed in Web of Science or Scopus databases with a non-zero impact factor.
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List of publications for 2020
	Foreign:
1 Maksat Kalimoldayev, Balgaysha Mukanova, Maxat Akhmetzhanov, Murat Kunelbayev. Robot Singular Motion at Onward Travelling and Kinematics Problem Solving and Covering of Workspace and Global Asymptotic Control. Publication// The 2nd International Conference on Electrical, Communication and Computer Engineering. –  IEEE, 2020. .,P.1–5. DOI: 10.1109/ICECCE49384.2020.9179428. Electronic ISBN:978-1-7281-7116-6. CD:978-1-7281-7115-9. Print on Demand (PoD) ISBN:978-1-7281-7117-3. 
2 Balgaisha Mukanova. Control of Actuators Torques for Optimal Movement along a ‎Given Trajectory for the DexTAR Robot // Journal of Applied and Computational Mechanics. Available Online from 25 September 2020.. DOI: 10.22055/JACM.2020.34650.2449.
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Program codes

Matlab code for calculating the optimal law of parameter change when moving along the optimal trajectory
clc % clear command window
clear all %clear workspace
close all %delete figures
global alpha a b p0 p1
N=256;Tmax=1; dx=Tmax/N;
xgrid=(0:N)*dx;
alpha=0.1; p0=0.; p1=pi*2; 
a=1.;b=2.;
solinit.x = linspace(0,1,N);
solinit.y=[ones(4,N)];
solinit.y(1,:)=linspace(0,p1-p0,N);
solinit.y(2,:)=0.*ones;
solinit.y(3,:)=0.*ones;
solinit.y(4,:)=0.*ones;
options=bvpset('RelTol', 1e-12);
p(1:3,1:N+1)=0;
v(1:3,1:N+1)=0;
acc(1:3,1:N+1)=0;
alpha=0.001;
    solX = bvp4c(@MyODE,@MyBC,solinit,options);
    solXgrid=deval(solX,xgrid);
    p(1,:)=solXgrid(1,:);
    v(1,:)=solXgrid(2,:);
    acc(1,:)=v(1,:).^2+solXgrid(3,:);
alpha=0.01;
    solX = bvp4c(@MyODE,@MyBC,solinit,options);
    solXgrid=deval(solX,xgrid);
    p(2,:)=solXgrid(1,:);
    v(2,:)=solXgrid(2,:);
    acc(2,:)=v(2,:).^2+solXgrid(3,:);
alpha=0.1;
    solX = bvp4c(@MyODE,@MyBC,solinit,options);
    solXgrid=deval(solX,xgrid);
    p(3,:)=solXgrid(1,:);
    v(3,:)=solXgrid(2,:);
    acc(3,:)=v(3,:).^2+solXgrid(3,:);
figure
plot(xgrid,p(1,:),'-k',xgrid,p(2,:),'--k',xgrid,p(3,:),':k','LineWidth',1.5);
legend('alpha=0.001','alpha=0.01','alpha=0.1','Location','northwest');
figure
plot(xgrid,v(1,:),'-k',xgrid,v(2,:),'--k',xgrid,v(3,:),':k','LineWidth',1.5);
legend('alpha=0.001','alpha=0.01','alpha=0.1');
figure
plot(xgrid,acc(1,:),'-k',xgrid,acc(2,:),'--k',xgrid,acc(3,:),':k','LineWidth',1.5);
legend('alpha=0.001','alpha=0.01','alpha=0.1');

	Listing of the program to define the work area.
	The algorithm is implemented in the C ++ programming language using the Snowgoose interval analysis library. 

#include <cmath>
#include <iostream>
#include <iomanip>
#include <vector> 
#include <fstream>
#include <string>
#include "expression/expr.hpp"
#include "expression/algorithm.hpp"
#include "interval/interval_air.hpp"
#define PI 3.14159265
#define N 2
using namespace std;
using namespace snowgoose::expression;
using namespace snowgoose::interval;
double dist,BC,CD,AB;
double D2xmin, D2xmax, D1xmin, D1xmax, D3xmin, D3xmax, D2ymin, D2ymax, D1ymin, D1ymax, D3ymin, D3ymax;
double d1,d2,d3,a1,a2,a3,h1,h2,h3,stor,s,R,D1x,D2x,D3x,D1y,D2y,D3y,yp31,zp32,xp33,yp41,zp42,xp43;
double DIM1,cosb1,cosb2,cosb3,x1,y,z;
int br;
double j11,j12,j13,j14,BDmin1,BDmax1,BDmin2,BDmax2,BDmin3,BDmax3;
double cosamin1,cosamax1,cosamin2,cosamax2,cosamin3,cosamax3;
  struct S {
    double a[N];
    double b[N];
    double c[N];
  };
  std::vector<S> aMatrix;
  std::vector<S> bMatrix;
template <class T> Expr<T> func1()
{
	Expr<T> x;
	Expr<T> G1=sqrt(sqr(x[0]-AB)+sqr(x[1]));
	return G1;
}
template <class T> Expr<T> func2()
{
	Expr<T> x;
	Expr<T> G2=(BC*BC+CD*CD-sqr(x[0]))/(2*BC*CD);
	return G2;
}
Interval<double> calc(const Expr<Interval<double>> & expr, const std::vector<Interval<double>> & vars)
{
	return expr.calc(InterEvalAlg<double>(vars));
}
int main() {
cout<<"Пожалуйста введите точность в тысячных долях и нажмите 'Enter': "<<endl;
    cin>>DIM1;
cout<<"Пожалуйста введите размерность сетки и нажмите 'Enter': "<<endl;
    cin>>s;
double bmin=10*PI/180; //
double bmax=10*PI/180; //
double cmin=10*PI/180; //
double cmax=170*PI/180; //
dist=950;
stor=100;
AB=dist/20;
BC=dist*0.5;
CD=dist*0.5;
int m=1;
int m1=1;
int i=0;
double x1min=9999;
double x1max=-9999;
double y1min=9999;
double y1max=-9999;
double z1min=9999;
double z1max=-9999;
 S s1;
  s1.a[0] ={-stor};
  s1.a[1] ={dist+stor};
  s1.b[0] ={-stor};
  s1.b[1] ={dist+stor};
  s1.c[0] ={-stor};
  s1.c[1] ={dist+stor};
  aMatrix.push_back(s1);
double check=aMatrix[i].c[1]-aMatrix[i].c[0]+1;
while (aMatrix[i].c[1]-aMatrix[i].c[0]>DIM1/1000)
{
if (aMatrix[i].c[1]-aMatrix[i].c[0]<0.9*check)
{
cout << "A" << DIM1*0.1/(aMatrix[i].c[1]-aMatrix[i].c[0]) << " %  " << i <<endl;
}
check=aMatrix[i].c[1]-aMatrix[i].c[0];
if (i==300)
{
cout << "300" <<endl;
}
if (i==1000)
{
cout << "1 000" <<endl;
}
if (i==10000)
{
cout << "10 000" <<endl;
}
if (i==100000)
{
cout << "100 000" <<endl;
}
if (i==1000000)
{
cout << "1 000 000" <<endl;
}
int v=0;
int u=0;
int u1=0;
R=stor/sqrt(3);
D2xmin=aMatrix[i].a[0]-stor/2;
D2xmax=aMatrix[i].a[1]-stor/2;
D1xmin=aMatrix[i].a[0]+stor/2;
D1xmax=aMatrix[i].a[1]+stor/2;
D3xmin=aMatrix[i].a[0];
D3xmax=aMatrix[i].a[1];
D2ymin=aMatrix[i].b[0]+R/2;
D2ymax=aMatrix[i].b[1]+R/2;
D1ymin=aMatrix[i].b[0]+R/2;
D1ymax=aMatrix[i].b[1]+R/2;
D3ymin=aMatrix[i].b[0]-R;
D3ymax=aMatrix[i].b[1]-R;
for (int j = 0; j < 3; j++)
{ 
if (j==0)
	{
	j11=D1ymin;//y
	j12=D1ymax;
	j13=aMatrix[i].c[0];//z
	j14=aMatrix[i].c[1];
	}
if (j==1)
	{
	j11=aMatrix[i].c[0];//z
	j12=aMatrix[i].c[1];
	j13=D2xmin;//x
	j14=D2xmax;
	}
if (j==2)
	{
	j11=D3xmin;//x
	j12=D3xmax;
	j13=D3ymin;
	j14=D3ymax;//y
	}

std::vector<Interval<double>> vars1;
vars1.push_back({j11,j12});
vars1.push_back({j13,j14});
auto interval1 = calc(func1<Interval<double>>(), vars1);
if (j==0)
	{
	BDmin1=interval1.lb();
	BDmax1=interval1.rb();
	}
if (j==1)
	{
	BDmin2=interval1.lb();
	BDmax2=interval1.rb();
	}
if (j==2)
	{
	BDmin3=interval1.lb();
	BDmax3=interval1.rb();
	}
}
if ((D1xmin<=dist) && (D1xmax>=0) && (D2ymin<=dist) && (D2ymax>=0) && (aMatrix[i].c[0]<=dist) && (aMatrix[i].c[1]>=0))
{
u1=1;
if ((D1xmax>=dist) || (D1xmin<=0) || (D2ymax>=dist) || (D2ymin<=0) || (aMatrix[i].c[1]>=dist) || (aMatrix[i].c[0]<=0))
{
u=1;
}
}
if ((BDmin1<BC+CD) && (BDmin2<BC+CD) && (BDmin3<BC+CD))
{
for (int j = 0; j < 3; j++)
	{ 
	if (j==0)
		{
		j11=BDmin1;
		j12=BDmax1;
		}
	if (j==1)
		{
		j11=BDmin2;
		j12=BDmax2;
		}
	if (j==2)
		{
		j11=BDmin3;
		j12=BDmax3;
		}
	std::vector<Interval<double>> vars2;
	vars2.push_back({j11,j12});
	auto interval2 = calc(func2<Interval<double>>(), vars2);
	if (j==0)
		{
		cosamin1=interval2.lb();
		cosamax1=interval2.rb();
		}
	if (j==1)
		{
		cosamin2=interval2.lb();
		cosamax2=interval2.rb();
		}
	if (j==2)
		{
		cosamin3=interval2.lb();
		cosamax3=interval2.rb();
		}
	}
if ((cosamax1)>=cos(17*PI/18) && (cosamin2)<=cos(PI/18) && (cosamax2)>=cos(17*PI/18) && (cosamin1)<=cos(PI/18) && (cosamax3)>=cos(17*PI/18) && (cosamin3)<=cos(PI/18))
{
if ((cosamax1)>=cos(PI/18) || (cosamin2)<=cos(17*PI/18) || (cosamax2)>=cos(PI/18) || (cosamin1)<=cos(17*PI/18) || (cosamax3)>=cos(PI/18) || (cosamin3)<=cos(17*PI/18))
	{
					for (int p1 = 0; p1 < (s+1); p1++)
				{ 
					for (int p2 = 0; p2 < (s+1); p2++)
				{
					for (int p3 = 0; p3 < (s+1); p3++)
				{
				x1=aMatrix[i].a[0]+(aMatrix[i].a[1]-aMatrix[i].a[0])*p1/s;
				y=aMatrix[i].b[0]+(aMatrix[i].b[1]-aMatrix[i].b[0])*p2/s;
				z=aMatrix[i].c[0]+(aMatrix[i].c[1]-aMatrix[i].c[0])*p3/s;

				D2x=x1-stor/2;
				D1x=x1+stor/2;
				D3x=x1;
				D2y=y+R/2;
				D1y=y+R/2;
				D3y=y-R;

				d1=sqrt((D1y-AB)*(D1y-AB)+z*z);
				d2=sqrt((z-AB)*(z-AB)+D2x*D2x);
				d3=sqrt((D3x-AB)*(D3x-AB)+D3y*D3y);

				a1=(BC*BC-CD*CD+d1*d1)/(2*d1);
				a2=(BC*BC-CD*CD+d2*d2)/(2*d2);
				a3=(BC*BC-CD*CD+d3*d3)/(2*d3);

				h1=sqrt(BC*BC-a1*a1);
				h2=sqrt(BC*BC-a2*a2);
				h3=sqrt(BC*BC-a3*a3);

				yp31=AB+a1*(D1y-AB)/d1;
				zp32=AB+a2*(z-AB)/d2;
				xp33=AB+a3*(D3x-AB)/d3;

				yp41=yp31-h1*(z)/d1;
				zp42=zp32+h2*(D2x)/d2;
				xp43=xp33+h3*(D3y)/d3;
				cosb1=(AB-yp41)/BC;
				cosb2=(AB-zp42)/BC;
				cosb3=(AB-xp43)/BC;
				if (cosb1>=cos(17*PI/18) && cosb1<=cos(PI/18) && 		cosb1>=cos(17*PI/18) && cosb1<=cos(PI/18) && cosb1>=cos(17*PI/18) && cosb1<=cos(PI/18))
					{
					v=1;
					u=1;
					}
				}
				}
				}
	}
else
	{
						for (int p1 = 0; p1 < (s+1); p1++)
					{ 
						for (int p2 = 0; p2 < (s+1); p2++)
					{
						for (int p3 = 0; p3 < (s+1); p3++)
					{
					x1=aMatrix[i].a[0]+(aMatrix[i].a[1]-aMatrix[i].a[0])*p1/s;
					y=aMatrix[i].b[0]+(aMatrix[i].b[1]-aMatrix[i].b[0])*p2/s;
					z=aMatrix[i].c[0]+(aMatrix[i].c[1]-aMatrix[i].c[0])*p3/s;

					D2x=x1-stor/2;
					D1x=x1+stor/2;
					D3x=x1;
					D2y=y+R/2;
					D1y=y+R/2;
					D3y=y-R;

					d1=sqrt((D1y-AB)*(D1y-AB)+z*z);
					d2=sqrt((z-AB)*(z-AB)+D2x*D2x);
					d3=sqrt((D3x-AB)*(D3x-AB)+D3y*D3y);

					a1=(BC*BC-CD*CD+d1*d1)/(2*d1);
					a2=(BC*BC-CD*CD+d2*d2)/(2*d2);
					a3=(BC*BC-CD*CD+d3*d3)/(2*d3);

					h1=sqrt(BC*BC-a1*a1);
					h2=sqrt(BC*BC-a2*a2);
					h3=sqrt(BC*BC-a3*a3);

					yp31=AB+a1*(D1y-AB)/d1;
					zp32=AB+a2*(z-AB)/d2;
					xp33=AB+a3*(D3x-AB)/d3;

					yp41=yp31-h1*(z)/d1;
					zp42=zp32+h2*(D2x)/d2;
					xp43=xp33+h3*(D3y)/d3;
					cosb1=(AB-yp41)/BC;
					cosb2=(AB-zp42)/BC;
					cosb3=(AB-xp43)/BC;
					if (cosb1>=cos(17*PI/18) && cosb1<=cos(PI/18) && 		cosb1>=cos(17*PI/18) && cosb1<=cos(PI/18) && cosb1>=cos(17*PI/18) && cosb1<=cos(PI/18))
						{
						v=1;
						}
					else
						{
						u=1;
						}
					}
					}
					}
	}
}
}
if (v==0 || u==0 || u1==0) 
	{
//cout << "-" <<endl;
	}
else if (aMatrix[i].b[1]-aMatrix[i].b[0]<=DIM1/1000)
	{
//cout << "+" <<endl;
	 S s8;
	  s8.a[0]=aMatrix[i].a[0];
	  s8.a[1]=aMatrix[i].a[1];
	  s8.b[0]=aMatrix[i].b[0];
	  s8.b[1]=aMatrix[i].b[1];
	  s8.c[0]=aMatrix[i].c[0];
	  s8.c[1]=aMatrix[i].c[1];
	m1=m1+1;
	  bMatrix.push_back(s8);
	if (aMatrix[i].a[0] < x1min)
		{
		x1min = aMatrix[i].a[0];
		};
	if (x1max < aMatrix[i].a[1])
		{
		x1max = aMatrix[i].a[1];
		};
	if (aMatrix[i].b[0] < y1min)
		{
		y1min = aMatrix[i].b[0];
		};
	if (y1max < aMatrix[i].b[1])
		{
		y1max = aMatrix[i].b[1];
		};
	if (aMatrix[i].c[0] < z1min)
		{
		z1min = aMatrix[i].c[0];
		};
	if (z1max < aMatrix[i].c[1])
		{
		z1max = aMatrix[i].c[1];
		};
	}
else
{
//cout << "+-" <<endl;
	if ((0.9*(aMatrix[i].b[1]-aMatrix[i].b[0])<=aMatrix[i].a[1]-aMatrix[i].a[0]) && (0.9*(aMatrix[i].c[1]-aMatrix[i].c[0])<=aMatrix[i].a[1]-aMatrix[i].a[0]))
	{
	 S s2;
	  s2.a[0]=aMatrix[i].a[0];
	  s2.a[1]=(aMatrix[i].a[1]+aMatrix[i].a[0])/2;
	  s2.b[0]=aMatrix[i].b[0];
	  s2.b[1]=aMatrix[i].b[1];
	  s2.c[0]=aMatrix[i].c[0];
	  s2.c[1]=aMatrix[i].c[1];
	  aMatrix.push_back(s2);
	m=m+1;
	 S s3;
	  s3.a[0]=(aMatrix[i].a[1]+aMatrix[i].a[0])/2;
	  s3.a[1]=aMatrix[i].a[1];
	  s3.b[0]=aMatrix[i].b[0];
	  s3.b[1]=aMatrix[i].b[1];
	  s3.c[0]=aMatrix[i].c[0];
	  s3.c[1]=aMatrix[i].c[1];
	  aMatrix.push_back(s3);
	m=m+1;
	}
	else
	{
		if (0.9*(aMatrix[i].c[1]-aMatrix[i].c[0])<=aMatrix[i].b[1]-aMatrix[i].b[0])
		{
		 S s4;
		  s4.a[0]=aMatrix[i].a[0];
		  s4.a[1]=aMatrix[i].a[1];
		  s4.b[0]=aMatrix[i].b[0];
		  s4.b[1]=(aMatrix[i].b[1]+aMatrix[i].b[0])/2;
		  s4.c[0]=aMatrix[i].c[0];
		  s4.c[1]=aMatrix[i].c[1];
		  aMatrix.push_back(s4);
		m=m+1;
		 S s5;
		  s5.a[0]=aMatrix[i].a[0];
		  s5.a[1]=aMatrix[i].a[1];
		  s5.b[0]=(aMatrix[i].b[1]+aMatrix[i].b[0])/2;
		  s5.b[1]=aMatrix[i].b[1];
		  s5.c[0]=aMatrix[i].c[0];
		  s5.c[1]=aMatrix[i].c[1];
		  aMatrix.push_back(s5);
		m=m+1;
		}
		else
		{
			 S s6;
			  s6.a[0]=aMatrix[i].a[0];
			  s6.a[1]=aMatrix[i].a[1];
			  s6.b[0]=aMatrix[i].b[0];
			  s6.b[1]=aMatrix[i].b[1];
			  s6.c[0]=aMatrix[i].c[0];
			  s6.c[1]=(aMatrix[i].c[1]+aMatrix[i].c[0])/2;
			  aMatrix.push_back(s6);
			m=m+1;
			 S s7;
			  s7.a[0]=aMatrix[i].a[0];
			  s7.a[1]=aMatrix[i].a[1];
			  s7.b[0]=aMatrix[i].b[0];
			  s7.b[1]=aMatrix[i].b[1];
			  s7.c[0]=(aMatrix[i].c[1]+aMatrix[i].c[0])/2;
			  s7.c[1]=aMatrix[i].c[1];
			  aMatrix.push_back(s7);
			m=m+1;
		}
	}
}
i=i+1;
br=i;
}
cout << "FINISH1" <<endl;
cout << "X=" << x1min << "  " << x1max << "  Y=" << y1min << "  " << y1max << "  Z=" << z1min << "  " << z1max <<endl;
FILE *f;
string a;
f = fopen("/home/rybak/3d.stl","w");
ofstream fout ("/home/rybak/3d.stl");
        fout << "solid " << endl;
for(int i = 0; i < m1; i++)
    {
        fout << "   facet normal 1 0 0" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal 1 -0 0" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal -1 0 0" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal -1 -0 0" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal 0 -1 0" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal 0 -1 0" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal 0 1 -0" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal 0 1 0" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal 0 0 -1" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal 0 0 -1" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[0]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal -0 0 1" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "   facet normal 0 0 1" << endl;
        fout << "      outer loop" << endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[1]<<" "<<bMatrix[i].b[1]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "         vertex "<<bMatrix[i].a[0]<<" "<<bMatrix[i].b[0]<<" "<<bMatrix[i].c[1]<< endl;
        fout << "      endloop" << endl;
        fout << "   endfacet" << endl;
        fout << "endsolid" << endl;
}
        fout << "endsolid" << endl;
fclose(f);
  return 0; }
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DETERMINATION OF THE POWER INTERACTION
OF THE HYDRO TURBINE GRID WITH A FLUID FLOW
FOR A DOUBLE-ROTOR MICRO HYDRO POWER PLANT

Abstract Theprobem in given arick consists i defiiion of power iferaetion of 3 ltics o the e with
s qid . The moment on th drving wheeis cqul 10 change of he mommen of QU of movement of 3
procoodin liquid. To ind the moment and capacty o & diving wheelshal i i neccsry o defin Kinematic
pramctrs o th seam whic s lowing round  atie of  wheel. At cleulaion ne the blad systems h retun
prble fthe heary o atices s s The Fetum problenconssts i definion of the form of 3 proile underthe
St law of distibution ofsped (presure) on  profilecontur, and 1 i defaon of power inracion of 4 sram
and i profile. For durbiliy cleultons of watc-wbecls it s ecesary 1o know the ydrodynamic forees
aperating o th blde o the driving wheel. Analysis and sty ofthe peculaiics of clectomagnetc calulaion
sk generto instatc mode doss not llow 1o evaluste th work ke fll ik geerstor, This regar,sudics have
been conducted dynamic mode disk gncrtor. Sudis and calulaions were caied ot by compucr simulation
using the program «asoft Maxwel. U esentilly new dsign ofmicro ydeosecric povwer sision with double-
lor e hydo genraor s ofeed.
eymords: water,mthod,clcustion,sial chamber,micr by power siion.

1. tntroduction

Renewable coersy resources a gaining slobal atcntion due to depletin fosi ucls and harful
covironmental cficcts scsocited wih thei wage. Hydro, wind, solar, biomas and geothemalcoergics
form the bl of renewablecoerzy sourcs; among which hydro pover ffes one ofthe ot exciting and
sustinable propositon. Tadionaly, hydropover has accounted for the bulk of the renevable cnergy
producion i the United s, The pimary cnergy use n e US.in 2011 was 38,516 TWhy of which
only 5% came from reneabl 1] Traditonal bydroclectic o miceo-hydro fclis contrbuted 35% of
ol rencwabie cnery production (1] However, growth o convertional bydropaer plants s mited
due 1 imiationsan the mumber of vailabe natural sies,arge capal (i) investmert,pay-back ime.
and covponmental concems. n i of s, marne nd ydrokinetic (MHK) sysies offr many.
sdvantges:these are portble systems with sl il cost, o lare frasiucure and casy nd quick
deployment [2-5). A stdy conducted by Elctric Power Rscarch Insiute (EPRI) for US rivers cstimated
bydrokintc powr potenial of 12,500 MW [6, 7). This sty was based on consevative ssumption of
e aray deploiment for vers with dischare s retor than 113 35 and flow velocis greser
than 1.3 mis. A sudy conducted by EPRI evaluated many, but not all tdl cnery s in U.5. and
cstimaicd 115 TWhiy of tdal ncrey(, 7], These stmatesshow potentil of MK sysers,

Hydrokintic urbines (HKT) e s of low head cnergy conversion devices which comvrt Kictic
cncry of flowing vate ito mechanical work [3, 9] Tidl 1nd marne curent tbins alo fll into
imlar catcgory of (ifesg) devices which utlise hydeodyamic blade shaps to deive pover from
Towing i, Depending on the low dircion of water relane 1 the axis of rotation, HKT can be
clasified a3 horzontal axis and vericalaxis tubines. The performance of thse tubines i governed by
e thre non-dimensiona prametrs defned blow: () t-speed atio (TSR) that i defied a the ratio
oflade tpspee to T speed: () sty (c) that s defincas the ratio of blad hord engt s the
sumber of lades o b crcuesence; and, () Reynolds mumber
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INFORMATION SYSTEMS OF INTEGRATED MACHINE LEARNING
MODULES ON THE EXAMPLE OF A VERBAL ROBOT

Abstract.In this work, information systems of itegraed machine caming moduls have becn perormod
using the verbal robot as an exampl. Hardware componcats have been developed. logical componets that have
cen asscmbled and for developed to implement an automated verbal robo sysem, module tracking has been alse
performed that can trsck human facs in real time trough the OpenCV lbrary and sutomated sevices on Jetson
'TX1 SoC for maneuvering  mobile robot chasss.

ey words: nformaton systcms, negrated modules, machine learning, vrbal robot

Introduction. An automated platform to study the role of the vesbal robot s shown in [1]. In [1]. 2
humanoid robot was developed by French sculptor Gacl Langevin using the InMoov platform as part of
public project itated in 2012.

“The main software architecture i the implementaton of Automatic-Deliberative (AD) Architecture
[2). The main component of the AD architecture is skill 3}, Skil is a miniml module that allows the
£obot to perform an action, such as maving through the cnvironment, reading products from a laser sensor
or communicating with a person.

In essence, kill i process that conducts computational operations and shares the results of these
operations with other skill. For example, imagine  skill that is responsible for deteting obstacles using
laser readings. In this cas, the main skill operations: reading laser dat, deciding whether there is an
obstacle or not and making tis information availabl to other kils. The partitioning mechanisms used by
skills are events (2 communication mechanism that follows the publisherfsubscriber paradigen described
by Garmma et al. i [4]), or a shared memory system. ROS [4] i an open source, mela-operating system
forrobots

It provides services simila to those provided by the operating system (OS), including hardware
abstracton, low-level device control, implementation of commonly used functionalites, interprocess.
communication, and package management. In addition, i also provides tools and librarics for oblaining,
building, writng, and managing code in a mult-computer cnvironment.

“The main concept of ROS that applics to this article is nodes and themes. The first is the minimal
ROS architecture it structue. These are processes that perform the calculaton, Essentially every skill i
implemented os a ROS node. The later, topis, are & communication system that allows the exchange of
information between nodes. They ar, in fct, the implermentation of Announcement events.

Method of research.

Hardvare  Components. The central processor consists of the Arduino Mega ADK.
ipsistore.arduinoccfarduinomega-odk-rev3) board. This microcontroller is responsible for collecting
commands from various software modules running on the PC discuss ater and transmittng therm (0 the
servos. Two cameras were placed in the robo's eyes to reproduce the vision system. Two speakers were
sed for sound reproduction: they were attached to the amplifier Board and placed in the robo’ cars. An
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ABOUT OPTIMAL MOTION MODE FOR A GIVEN TRAJECTORY OF THE ROBOT
Mukanova, Dr.Sci(Eng), Professor, nstitute of Information and Computatonal

Technologies SC MES RK, Almaty, Kazakhstan; mbsha| @ gmai com

Masat Akhmetzhanov Insittc of Informaton and Computtional Technologies SC MES RK..
Almaty, Kazakhstan: maks? | 4@mailru

‘SHokan Mashitoy Institute of Information and Computational Technologics SC MES RK.
Almaty, Kazakhstan; choka! @ mailcu

“Abstract. At the momen, in comparison with sequental mechanisms, paralle]sructures (robots)
have superority in terms of maximum power and postoning sccurscy. The task of contoling the
dymamics of sctuaorsis considered in oder o cnsure 3 given mode of movcment ofthe working tol for
 robot of a pralelsrucure DexTar (dexterious bwin s robot). Th soluions of the direct and inverse:
kinematc problems are used ss auvlary material for the formulation of equations of motion in
gencralized variables. The resulting quations have & complex nonlncar structure. Numerica examples o
Calculating the moment on the engine ae given a which the predetermined mode of movement along the
trajecory s approximalely realized.Inthis pape, we sove th inverse problem of dynamics based o the
Lagrange cquaions according o @ given la of movement o the working tool.In our preliminary study,
we cxamined the problem of optimizing the law of motion of 8 working toal of 5 robot slong
parametially specifed flat path. As 2 quality crierion, the problem of minimizing kinctic cncrgy and
incrtia forces (i, “comfort” of movement) was considered. The next scp is (0 build the laws of motion
for actuaors, which wil be their wn for cach type of robot, . he inverse kinematcs problem must be
Solved. Note that for the purposes of this study, it does not matir on the basis of which optimality
criteion the law of motion slong the trscctory was obfined. We only assume that the trsjectory s st
parametrically and the law of change of the parsmete that deseribes the trjectory s known.

‘Keywrds: paralll robot, robot dynamics, robot control, optimal working tool movement mode,
mverse dynamics tasks.
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