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Abstract

We present in this article a brief analysis together kinematical and dynamical, for serial robots only, and using programmable command laws. The solution of mechanical equation of industrial robots can be useful to provide a dynamical analysis based on Lagrange’s equations for motion, which also lead to automatic control using calculated torque method. 
This application is put in practice in software, summarizing analysis and automatic control, which present various kinds of results.
I. INTRODUCTION

The use henceforth  generalized of manipulator robots in the industry requires some tools to characterize those robots. We will here present a method which offers the possibility to define the kinematics – temporal evolution of acceleration, speed and position – as well as the dynamics – inertial moment – of a without kinematical redundancy robot. We use here five base types’ of robots fully programmable. This analysis will follow a command law defined by the user, also programmable from four base types’ laws, trapezoidal, sinusoidal, exponential and equi-exponential. 

This study is finally used in software described at the end of the article, which allow the user to characterize easily his own robot using the described method.
II. GENERAL DIRECTIONS 
The full analysis of an industrial robot requires two ways of approach: the first one is a kinematical one.

First, we set for each part of the robot maximal speed, minimal and maximal reachable positions and we calculate maximal acceleration. Then, by using the generalized forward kinematical equations for each kind of robot, we can define the radius vector, that is to say the distance from point of origin to the tip of the manipulator, the speed vector and the acceleration vector according to those of each actuator. A command law, either based on maximal speeds and reachable positions, or defined by user, will afterwards allow us to solve the equations all the time. 

The second approach, a dynamical one, takes up accelerations, speeds and positions previously calculated to solve the dynamical equations of each robot based on the Lagrange’s equations of motion.
III. KIND OF ROBOTS AND COMMAND LAW
All existing types of robots reduce to five base types without kinematical redundancy. That means that each robot has only 3 degrees of freedom (3 manipulator links).  Other degrees are frozen. The types of robots are defined by the co-ordinates’ point which is associated with:
· cartesian co-ordinates (fig. 1);
· cylindrical co-ordinates (fig. 2);

· spherical co-ordinates (fig. 3);

· angular co-ordinates (fig. 4);

· mixed co-ordinates (Typically SCARA) (fig.5).

We define for each manipulator link:
· Position: 
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· Acceleration: 
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Fig. 1.: Linear robot with cartesian co-ordinates
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Fig. 2. Cylindrical robot
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Fig. 3. Spherical robot
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Fig. 4. Angular robot
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Fig. 5 Mixed co-ordinates' robot
For each of them, actuators can be linear (prismatic) or rotoïd (pivot). 
The command laws, as we have seen before, are labelled in four types:
· trapezoidal (fig. 6);
· sinusoidal (fig. 7);
· exponential (fig. 8);

· equi-exponential (fig. 9).
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Fig. 6 Trapezoidal command law

When 0 < t < tP
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When tP < t < tT
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When tT < t < TK
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Fig. 7 Sinusoidal command law
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Fig. 8 Exponential command law
When 0 < t < tT
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When tT < t < TK
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Fig. 8 Equi-exponential command law
When 0 < t < tT
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When tT < t < TK
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All those command laws are particular cases of the following polynomial equation, gave in [1]:
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We get an approximation of the defined command law by performing a serial development at the fifth or seventh order of their definition equation.

This gives a polynomial equation of the laws, with parameters 
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defined in the development.
IV. Kinematical analysis
To define the robot, we need to calculate the following parameters:

· radius vector: 
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· acceleration vector:
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We can easily calculate x, y, z by projecting one after the other in the ground base the value of the motion of each manipulator link.

That way we can get the position of the manipulator as a vector.

Thus calculation of speed and acceleration is done by deriving the components of the position vector, or by successively projecting acceleration and speed of each actuator in the ground base.
For instance, in the case of cylindrical co-ordinates, we have:
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By solving those equations using command laws, we can have, in any time, the value of acceleration, speed and position of each of the three links of the robot. 
V. Dynamical analysis
First step, we have to define the Lagrange’s equation for motion:
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Matrix version:
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With:

· T = kinetic energy ;

· П = potential energy ;

· Q(M) = energies .
To simplify we consider the following assumptions:

· links of the robot are replaced with absolutely rigid cores;
· we consider a consecutive kinetic scheme;

· weight is concentrated in geometrical centre of the link;

· 
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For instance, we will see the case of mixed co-ordinates (SCARA).

First, we define every parameters of the Lagrange’s equation:
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We can finally solve the equation using the matrix form:
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For each co-ordinates base, the same calculation leads to energies of each link of the robot. Some robots also need an inertial moment, such as:
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VI. PURPOSE OF THE METHOD
The final aim of this method is to be used in a software application. As we already said, it is possible to choose between five kinds of robots, and four types of command Law. We had so to allow the user to customize his own robot and command law to have the results he needs. Then, results given had to be easy to use, so easy to understand. Graphics to present results were a good way to simplify them.  
VII. APPLICATION
The software is divided in two main parts: the first one is to parameter the robot, the second one is for results.
In the first part, we have to customize each kind of robot by filing some dedicated arrays, using for example the documentation given by robots’ seller. Some information is easily reachable, as max speed and motion, length of the link, global and load weight. But the maximal acceleration or the weight of each link is more difficult to get. Maximal accelerations are calculated as shown in part III. We get parameters 
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from speed and motion as follow:
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To get weights, we can choose between three kinds of section for each link:
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Fig. 9 : Definition of link's sections
Each section can be filled after having chosen materials and dimensions. Then, we can also choose the inertial moment for each link that needs it.
Once the robot is set, we can define specific parameters for each kind of command law. It is possible, all along the software, to use either the command law calculated with the max speed and position, or to set our own command law. The first step is to choose the base law for the customized one, and then we can change every parameter in the acceleration calculation specified in part III, including times
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. But the base law has to be the same for every link of the robot; it is not possible to choose a trapezoidal law for link 1, sinusoidal for link 2 and exponential for link 3. However parameters for every links can be different. A real time graphic of speed and position help us to define the parameters, taking account of the limit speeds and positions. 
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Fig. 10 Command laws editor
The second part deals with results. It includes calculation, which is fully integrated in software and so invisible for users.

First, we have to select the kind of analysis:

· kinematics, by choosing the robot and using trapezoidal law for calculation;

· kinematics again, but this time we can also choose an other command law for calculation;

· dynamics, with a robot to choose but using the trapezoidal law;

· dynamics again, with the choice of the command law.
The results are in two or three parts, depending of the kind of analysis.

For kinematics, we have first the graphics showing the evolution of calculated parameters during the motion (acceleration, speed and position). We can see either normalised parameters for each link, or those of the tip of manipulator. A summary of this graphic is available as readout printable.
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Fig. 11 Kinematical analysis
Then, we can use the 3D viewer which shows the motion of the robot (stylized), fully programmable, with a zoom available and the possibility to show the motion in chosen plan as xy, yz, zx. We can also draw the path of each link and for each command law (in the second kinematics analysis only), with the speed vector in any point.
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Fig. 12 3D Display
For dynamics, only graphics with parameters like components of the matrix
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, as well as speed and moment are available. A printable readout summary is also available.
VIII. CONCLUSION
This application of forward and backward tasks of kinematics and dynamics allows the user to get a very good approximation of the performances of an industrial robot. Despite the simplification hypotheses, all the programmable parameters available provide a full way of applications. The easiness of use of the software is another strong point. The many graphical results make easy the analysis of the results, and the different editors are a good way to avoid manual calculation. 
To improve the software, we could increase the number of robots, for instance by proposing parallel robots, or giving other command laws. 
And an automotive control based on those equations is also in study, usable directly on an industrial robot or to simulate it.
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