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Abstract. The abstract presents the architecture of a control system for the positioning trajectory of high positioning precision robots or manipulators at high speed through reducing and compensating dynamic vibrations induced by the system’s movement and is based on the system dynamic inversion method. So, supplementary to the robots control systems which ensure control on a desired trajectory, having as input signals velocity, position, in some cases force, there is introduced an active damping force, which leads to a fast mitigation of the vibrations. There is presented the Open Architecture System (OAH) for robot real time control with high positioning precision at high working speed. Through determining the optimal trajectory using a quadratic cost function for reducing tracking errors results a six fold increase in tracking speed on micro or nanometric positioning precision.
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1. Introduction.

It is well acknowledged that high-precision positioning is reduced in high speed applications due to motion-induced dynamic vibrations of in the system. By establishing a set of outputs which defines the dynamic behaviour of the system, vibrations can be compensated using the inversion of the system -dynamics by determining the inputs which achieve exactly the outputs-tracking. Thus developing a base inversion consists in finding the input which leads to a desired output. The resulting input can be limited corresponding to the available band width or the available input amplitudes.

An alternative approach is increasing the dynamic response through inverse reaction. For example, the supplementary derivative reactions tend to eliminate residual errors due to vibrations, which allows for increasing the trajectory tracking speed. In any case, there are limits to improving performance through inverse reaction high reaction amplifying schemes, because these tend to destabilize the system (Barrett and Quate, 1991). Moreover, inverse reaction is not always available to micro- or nano-technology positioning systems. Thus, the positioning band is significantly limited upon using standard inverse reaction techniques [4,5 and 6] due to structural vibrations.  

Recent results have clearly shown that significant increases in positioning speed can be obtained through the method of piezo-dynamic inversion which consists in finding the inputs which compensate for the structural vibrations (Croft and Davasia, 1998). In this sense the approach based on the inversion methods is known, which was developed in order to take into account the histerezis nonlinearities of positioning systems for a wide range of movement [4, 5].

The control system architecture of the trajectory of industrial robots or high positioning precision manipulators at high speed through reducing and compensating the dynamic vibrations induced by the system’s motion is presented in fig.1 and is based on the method of inversion of the system’s dynamic [17].

In addition, to the robot control systems which ensure control in a desired output trajectory, having as input signals the speed, position and possibly force, there is introduced an active dampening force which is to lead to a fast diminishing of the structural vibrations of the mechanical system.

The active dampening force is obtained by summing the error signal ui, resulted from the position control through the known methods, with the inverse input trajectory ud which realizes the desired output trajectory yd in conformity with the method of inversing the system’s dynamic.

In concept, the method entails finding the inputs which ensure exactly the desired trajectory outputs. Mathematically this relation can be determined starting from the following transfer function relationship in the frequency domain expressed as a polynomial function of the polynoms n(jand d(j):      
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where u is an input and y an output.

According to Bayo’s demonstrations (1987), considering a given desired output trajectory yd, the inverse input trajectory - ud which realizes an exact tracking of the input can be obtained through the inverse of the dynamic matrix of the system, respectively:
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Fig.1. The trajectory control system architecture though the piezo – dynamic inversion method

It can be demonstrated that the tracking input of a certain exact output is unique (Bayo, 1987; Devasia, 1996; Ledesma, 1994). In spite of this, for a desired trajectory output there are more exact tracking inputs.

In order to determine the optimal trajectory a quadratic minimization criterion is applied (Croft and Devasia, 1998) given by the relation:   
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Where * represents the complex conjugated transpose, and R(jw) and Q(jw) represent the weights on control-input and respectively of the output-tracking-error and are non-negative scalars, dependant on the frequency, with real values. The parameters R(jw) and Q(jw) cannot be simultaneously zero at the same frequency. Also, is the desired output trajectory according to the requirements of Bayo (1987) and Devasia (1996 ) [4,6].     

Finally, the inverse optimal input trajectory is given by the relation:      
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and the optimal output trajectory is given by the relation:
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In the following the approach to applying this method is presented. Thus, in the first phase the system’s dynamic is linearized through the method of inversion of histerezis unlinearities, modelled as an nonlinear input. In the second phase, the approach based on inversion is applied to the dynamic characteristic of the linearized actuator system in order to determine exactly the control inputs of the desired outputs.    

2. Determining the linear dynamic model

Determining the linear dynamic model of the kinematical system [4,6] is a phase undertaken prior to realizing real time control and entails the “offline” realization of the system architecture  from fig.2. 

In the first phase the histerezis nonlinearities of the robot’s structural dynamic are determined by applying a linear variable voltage in low frequency (approximately 1 Hz) and measuring the input-output response. The measurements are made at low frequencies because structural vibrations have a reduced effect and can be considered negligible in determining the transfer function. Through spectral analysis of the measured data there is determined the inverse histerezis function in the form of a third order polynom (Croft and Devasia, 1998). 

In the second phase, a linear structural model of the kinematical system is obtained. To this end, as results also in fig.2., a dynamic signal analyzer is used, whose output signal is processed in real time by an inverse histerezis functions’ modelling system. Because this modelling entails a great volume of mathematical calculations at high speeds and the experimentations are made “offline”, a powerful personal computer can be used as a module. 

[image: image11.wmf]Inversed

hysteresis

function

q

.

.

y

d

u

d

h

-1

Dynamic Structural

Transfer Function

Hysteresis

h

G(j

w

)

Robot System

Dynamic

analysis

system

P C

y

d

Fig.2. Experimentations to determining the structural linear model

Finally, an input-output response is obtained which permits the modelling of the system’s structural dynamic to a polynomial transfer function.

 With the aid of the transfer function G(j) of the linear dynamic model obtained as a 3rd order polynom, the inversion can be realized in order to determine the inverse input trajectory, according to relation (2), respectively the optimal inverse input trajectory through relation (4) 

In the real time control process, the input signal ud thus determined can be overlapped on the position control input signal ui, in order to obtain an active control through a dampening force. Thus, the dampening force will reduce structural vibrations which appear especially in high precision-position control at high working speeds. 

Applying this method to an experimental model which approximates a robot motion axis through an elastic fixed blade at one end and free at the other led to shortening approximately ten times the overlap vibration period [2]. For generating the additional function which brings an intense active damping force a genetic algorithm to find the four parameters of the transfer function starting from an initial family of ten random chromosomes. 
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Thus it is experimentally asserted that after the control force stops the necessary time for complete mitigation of the arm oscillations is at least 3 ms without using the active dampening force in comparison to approximately 300s when it is used (fig.3.). Starting from the obtained results, there is presented the Open Architecture System (OAH) for real time control of a robot with high positioning precision at high working speed. It achieves in real time a great array of mathematical computations at a high rate through a PC with great processing power and fast communication for data transmission to a multimicroprocessor system with parallel data processing for control on each freedom axis. 

Fig.3. Reducing dynamic vibrations using the active dampening force

Through determining the optimal trajectory using a quadratic cost function for reducing tracking errors results a six fold increase in tracking speed on micro or nanometric positioning precision.      

3. Open architecture (OAH) systems with structural dynamic vibrations control

Applying this method to the control of industrial robots with high positioning precision at high working speed leads to a very complex real time control system. However, by analysing the open architecture (OAH) acquisition and control system presented in fig.4., one can distinguish the possibility of an easy projecting without bringing about important modifications in its structure [11,12 and 17]. Thus, the PLC system is supplemented with an analogue input module for measuring accelerations from the piezo-transducers on each axis and the PC system with a soft module for generating the active dampening force in concordance with the method and the equations presented. Finally, the multiprocessor SM-PLC system is supplemented with the PLC6 for determining the inputs ud which ensure an exact tracking output yd.

The open architecture control system presented in fig.4 allows the structural dynamic vibrations control using the system’s dynamic inversion method. Position control is realized in Cartesian coordinates through numerical processing, in real time, of the Jacobean matrix obtained from direct kinematics through the Denevit – Hartenberg method [3, 7,8-10 and 13]. The back loop is achieved by determining the inverse Jacobean matrix and actioning the motors on each axis. The position control is done through a standard structure with open architecture position control structure. The component elements of the real time control open architecture system of contour robots have been conceived to ensure flexibility, fast response, precision in attaining targets and repeatability in executing technological programs, completely eliminating closed systems which lead to projects dedicated to a certain application. The basic elements of such a standard structure for a position control system in real time on six motion axis with open architecture are presented below [12-15, 18 and 10].      
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Fig.4. Open architecture systems for the control of structural dynamic vibrations
Displaying the position can be done at an SAE MT65–ABB intelligent terminal with multifunctional keys.             

The communication between the PC and the PLC is achieved by a RS232 serial interface using the DRUCK and EMAS functions block from the PLC0. From the PLC0 to the PC the current angular motion values are transmitted in absolute value ci for position control in robot coordinates. Determining the positions on each motion axis in the robot’s environment coordinates is done by the SM-PLC multiprocessor system by calculating the XC matrix. In addition there is transmitted, for the control and reducing of structural dynamic vibrations, by communicating on the RS232 bus, the input ud which tracks exactly the desired output yd in concordance with the relation (6). When functioning on automatically there are generated, from the SM-PLC multiprocessor system in real time through the ARCNET communication network, the angular values of reference on each axis ri based on the studied mathematical model by applying the Denevit – Hartenberg method and determining the inverse Jacobean matrix. As input parameters there are: from the PC the technological target position, given by the technological contouring program XPi processed by the INTERPOLATOR into desired positions of the robot environment XDi and from the PLC0 the current angular values ci. The reference position on each axis XDi is continuously transmitted from the PC to the PLC0, in conformity with the values of the technological program XPi, for each display on the SAE MT60/MT65 intelligent terminal. 

Programming in FBD of the programmable automate, with the KT94 central unit in the role of MASTER, allows the control of sequential motion, realizing the interface with the technological process through binary and analogue input/output modules, as well as generating the angular position error i with PID loop. Also, the programming in FBD of the central unit of the SA93 ABB module with the role of SLAVE in the PLC network is necessary for position reading and achieving the “homing” function on the robot degree of freedom.

Servomotors with position driver – ensure the control of the motion on each freedom axis based on the XDi reference points generated by the interpolator module implemented as a PC – OAH system task. Incremental transducers permit the introduction of a supplementary position loop to the current, flux and speed loops characteristic of those frequency converters. Position error calculating is done in the SM – PLC (PLC1 – PLC5) multiprocessor system by determining, in real time, the Jacobean matrix based on direct kinematics through the studied Denevit – Hartenberg method and of the inverted matrix through triangulation with generating the position error at the frequency converter. The position error can be transmitted through N/A conversion on 12 bits (control in speed) or directly through the ARCNET/CAN network with a 24 bit precision at a speed of 12 Mbytes/sec (control in position).    

The interpolator module – ensures the generating of intermediary points between two position references. The interpolator is a routine residing in the computer’s memory which allows for generating the contouring trajectories, in relation to the position references XPi from the robot environment, by generating the position references XDi in real time on six axis of numerical command to the SM – PLC multiprocessor system, in order to determine the angular position error on the robot axis i.

The interpolator communicates with the PLC0, which has the role of MASTER, through a RS232 serial bus in which the PLC0 generates the current angular position data  i on each axis individually, the alarms, commands and control of the sequential movements for the initializing functions, semi-automatic motion towards target, etc. The interpolator generates directly the XDi references in the robot environment. When functioning on manual, the PLC generates directly the positions without the necessity of processing the position with the mathematical model through the PLC (SM – PLC) multiprocessor system. 

The main program (PP) – ensures a graphical interface between the operator and the robot. It has a menu that allows for: choosing the technological contouring program, simulation of 3D linear and circulation interpolation program, alarm generating when work parameters are exceeded, simulation of trajectory generating, step by step functioning and automatic functioning. By integrating the specialized graphical interfacing program BIBEXE the problems related to processing and generating surfaces and three-dimensional curves are solved.            

The interface and PC/PLC communication module – allows for PC communicating on the ISA bus with the interpolator module and the PLC serial communication through USART with the logical controller KT94. This leads to an increase in communication speed between PLC and  INTERPOLATOR respectively between PLC and the main program.

The PC – OAH (PC – OPEN ARCHITECTURE) system allows for the introduction of new control functions on the basis of supplementary programs, which makes for an open system. Due to the high processing speed with operating systems which allow programming in evolved languages there can be implemented, using an executive real time multitask ExTR, the basic functions: interpolation, the main program (PP) for interface with the operator, the technological operating program. In addition there has been implemented in order to control structural vibrations the program for generating the optimal input uopt for exact tracking of the desired output yd using a quadratic criterion of minimizing the tracking errors.

The PLC (SM – PLC) multiprocessor system consisting of the processors PLC1 – PLC5 and the base processor PLC0 has the task of transmitting, in real time, through the ARCNET fast communication bus, the angular reference positions for the position regulator of PIDT type, implemented soft on the PLC [19]. The processor PLC6 receives the desired output yd, which realizes an exact tracking of the input, from the PLC0. The PLC acquires the desired output yd through transforming the analogue measurement signals from the piezoceramic transducers into unified signal, in a task amplifier, followed by conversion and digital scaling. Through the system dynamic’s inversion method, the PLC6 determines the ud input which tracks exactly the desired output yd on a polynomial transfer function in accordance with relation (6). This signal is retransmitted to the PC through PLC0 using the ARCNET bus for communicating between PLC6 and PLC0, respectively the RS232 bus for communicating between PLC0 and the PC. Through signal processing in the vibrations’ control program, which represents a task of the PC according to relation (4), the optimal input uopt for generating the active dampening force of reducing the structural dynamic vibrations on the robot’s axis is obtained.  

4. Conclusion        

The open architecture (OAH) system thus conceived allows for achieving high performances in controlling the motion trajectory of industrial robots, with applications in micro- and nano-technologies, through control and reducing of structural vibrations. This entails real time processing of a great volume of data and is obtained, thanks to the facilitations offered by the OAH open architecture systems, by using a PC with great processing power and fast communication which transmits data, for control on each motion axis, to a multimicroprocessor system with parallel data processing. By determining the optimal trajectory, using a quadratic criterion of minimizing tracking errors, yields an increase in tracking speed of approximately 6 times at micro- or nano-metrical positioning precision.   
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