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Abstract. One of the greatest challenges in today’s indaktrobotics is the development of off-line prograimn
systems that allow drastic reduction in robots’ iggramming time, improving productivity. Among fireblems that
hold back the development of robots’ off-line paygming is the lack of accuracy in static and dyrapasitioning.
The intention here is to improve the robot positignaccuracy so that off-line programming is viabke computer
system was built for developing and implementirggléoration system that involves the joint workcofmputer and
measurement systems, including all processes obbatrstatic calibration, from kinematic modeling toodel
identification and evaluation. Each step of thisteyn’s development is presented together witthésretical basis.
With the development of a remote maneuvering sybtesad on ABB S3 controller experimental tests Haeen
carried out using an IRB2000 robot and a measurdraem (ITG ROMER) with a position measurement aacyrof
0.087mm. The robot model used by its controller idastified and the robot was calibrated and evabaain different
workspaces resulting in an average accuracy impm@ from 1,5mm to 0,3mm.

Keywords: Robot Calibration, Off-Line Programming, Parameléentification, Robot Position Accuracy.

1. INTRODUCTION

For decades robots have been used in manufactiméhgtries to replace men work in simple, repegitand
dangerous tasks. Investments on the robotic reseand technological achievements in computer seierend
electronics has brought about to the arena newlplitiss to make robots more accurate and pregsshing the field
of robotics towards an enormous amount of appboati from industry to service, entertainment tokaing robotics.
However, one of the greatest challenges in todiagsstrial robotics is still the mismatch betweemtrol models and
the physical robots, making the so desired robilired programming largely used in industry an aseiment quite far
away to be reached. That means, robots have agee repeatability but still a poor accuracy.

In addition to improving robot accuracy throughte@ire (rather than by changing the mechanical stracor
design of the robot), calibration techniques cao ahinimize the risk of having to change applicatiwograms due to
slight changes or drifts (wearing of parts, dimensirifts or tolerances, and component replaceraéfatts) in the
robot system. This is mostly important in applioati that may involve a large number of task points.

Robot calibration is an integrated process of madelmeasurement, numeric identification of actphysical
characteristics of a robot, and implementation néa& model (Schréer, 1993, Motta, 2007).

The proposal of this article is to present a rotedtbration system that has been developed aimirigyaroving
robot position accuracy. Mathematical basics, @rpamtal procedures and results are presented aodsdied. The
system was conceived to be used with an ABB IRB2@B®t model, however it can easily be adaptedusad with
any type of industrial robots.

2. THE ROBOT CALIBRATION SYSTEM

Robot calibration is the process of improving thbat accuracy by modifying its control software (Beardt and
Albright, 1993). General calibration systems cardivéded into two main groups: static and dynanschroer, 1993).
While static calibration systems focus on the adiom of parameters such as joint/axis geomethias affects static
positioning of the robot, the dynamic calibratioocdis on the determination of parameters that affelghamic
characteristics such as torque and speed (Bernaaddélbright, 1993).

The calibration system described here involvegahmt work of a measurement system, an off-lineotatalibration
model and the robot controller as shown in Fig. 1.
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Figure 1. Block Diagram of the developed calibnatiystem

In the next sections each part of the calibratigstean will be discussed such that the entire systambe fully
understood. The robot calibration model outputsnigtoic parameters that describe the robot geonitiys lengths,
joint offsets and axis misalignments). The robdibcation procedures can be divided into four msteps:

¢ Kinematic Modeling;

¢ Position Measurements;
e Parameter ldentification;
e Position Compensation.

Kinematic modeling is a subject that has been widaldied for a long time, and together with dynesnit is the
topic in robotics that has produced the largest bemof publications up to date (Goldenberg and Ema®n9)
Kinematic modeling for robot calibration has tolirde an error model to fit the actual robot errors.

The measurement step is the most critical in tlop<dloor since measurement data have to be margstimore
accurate than the robot accuracy expected aftecdlibration procedures. There is a wide range easurement
systems available with different levels of accurdkyle, 1993), including contact and non-contacsteyns. The
measurement system used here can only measureffeatie positions, since orientation measuring @ possible
with the type of measuring device used. Only fevasueing systems have this capacity and some of #renusually
based on vision or optical devices. The price efriteasuring system appears to be a very imposgane ifor medium
size or small companies.

Parameter identification is the step where datauiaed with the measurement system are processddnwat
mathematical model specific for error searchingdprcing a corrected robot kinematic model. Thersrealculated are
used to fit the robot model to the experimentahdat

Position compensation refers to using the robotrgdncal errors obtained from the parameter idiesatifon step
after the robot kinematic model is corrected to ifyothe robot’s control commands, compensatingtj@asitions as
needed to improve the robot position accuracy.

2.1. Measurement System
The robot calibration system constructed for thiskagives support to different measurement systénasks to its

modular construction. In this work, the measurensrstem used was a Measurement Arm ITG ROMER with a
accuracy reported by the manufacturer of 0.087mme. System can be seen in details in Fig. 2.
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Figure 2. ITG ROMER measurement arm

The measurement arm was used to measure the esutieefpositions of the ABB IRB2000 robot.

2.2. Mathematical Basis

Concerning mathematics, robot calibration is balsi@aproblem of fitting a non-linear model to exjpeental data.
The results are error parameters that are idethtifigng a proper cost function.

A robot kinematic model can be seen as a functiai telates kinematic model parameters and joiriabkes to
coordinate positions of the robot end-effector. leknatic model following the Denavit-Hartenberg eention
(McKerrow, 1991) can be formulated as:

P=1f(6,a,d,1)= R, ()T, (d)Tx ()R« (o) (1)
where P represents position and orientation coordinates of the miatop end-effector (Tool Center Position — TCP)
and @, a, d andl are the four parameters that define the transformationtiferrobot base frame to the TCP-frame.

The first derivative of Eg. (1) can be seen as the positioairdy orientation error equation of the robot TCP
coordinategHollerbach and Benett, 1988),

AP 25%6A6?+5%aAa+a%dAd +a%l Al 2)

where AP is a measure of error and can be measured. Considering therfisformationP , from the robot's base
frame to the TCP-frame, the measured robot position M véference to the measurement system origin and the
transformationB that identifies the robot base frame in the measuremeeinsyAP is the vector illustrated in Fig. 3.
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Figure 3. Calibration transformations

The transformatiorB can still be treated as a link that makes part of the robdehsoich that Fig. 3 becomes Fig.
4 and the error valuAP can be calculated using Eg. (3).
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Figure 4. Simplified representation of the calibration tramsédions
AP=M -P 3)

The transformatiorP is then iteratively modified as the error parameters ofdhetrmodel are upgraded, and by
the end of the calibration process the transformaforwill represent the real robot and locate this robot within t
measurement system coordinate frame.

Rewriting Eq. (2) in a matricial form for various measupedgitions and orientations of the robot end-effector, Eq.
(4) is obtained, wherd is the Jacobian matrix containing the partial derivatives fgm(1) andAx is the modeling
parameters error vector,

AR a%& a%a a%d a%

a8 T3,
AP oP. oP, oP, oP. Ao J
M %a %a %d % g | 7| = nx=ap @)

Thus the calibration problem is reduced to the solutionnafrelinear system of the typ&x =b .

There are many different methods to solve this type of syatehone of those that is widely used is the Squared
Sum Minimization (SSM). Many authors (Jacoby et al, 192 R@nnis et al, 1983) discuss extensively those methods
and algorithms are easily found in the literature (Press £992).

One method to solve non-linear least-square problems pravelde very successful in practice and then
recommended for general solutions is the algorithm propbgedevenberg-Marquardt (LM algorithm) (Dennis &
Schnabel, 1983). Several algorithms versions of the L.M.riligo have been proved to be successful (globally
convergent). It turns to be an iterative solution methothtvgpducing few modifications in the Gauss-Newton method
in order to overcome some divergence problems. (Jacoby efal, 19

Each algorithm iteration has three steps, whereepresents the parameter list of the mathematical moded w'th
iteration andAx, the alterations to be introduced in the model.
1. Calculation of the robot’s jacobiad(@k));

2. Calculation of the vectoAx, using the relatiom\x, = —{[J(xk N a(x )+ ,ukl}_l[J(xk)]T AP(x);
3. Upgradexg,; = x +Ax, andk =k+1.

, Where [/, is obtained from the formation law in Eq. (5).
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2.3. Computer System

In order to implement the calibration proceduresam user-friendly environment a computer prograns wa
developed. More than robot calibration resultsithplemented software also offers a series of ressufrom robot
modeling to Jacobian analysis.
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The software was developed in C/C++ with the hdlghe Borland C++ Builder compiler using the 3Dréby
OPEN-GL for visualization. One important aspectsidared was to make calibration procedures an aagysimple

task that can be carried out in a fast and preoiséne.
Each of the software features can be easily acdesitk the help of its main menu, as can be sedfign5. The

calibration screen can be observed in Fig. 6
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Figure 5. Calibration software main screen
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Figure 6. Calibration screen

3. EXPERIMENTAL PROCEDURES

The robot calibration system implemented was evetban an ABB IRB2000 robot using an ITG ROMER
measurement arm. The robot was calibrated withfferéint workspaces, and the accuracy improvementdcbe
assessed in various robot configurations. The systas also used to validate the correct matchingvden the
nominal robot kinematic model in the off-line caiion software and the nominal robot kinematic elad the control
unit. The results and procedures are presentedligndssed to show up the performance of the degdlggstem and
the robot accuracy improvements.



3.1. IRB2000 Modeling

The first step to calibrate a robotic manipulatikinematic modeling. The IRB2000 robot is an indakrobot
with six degrees of freedom used in a wide rangegsifs that can be remotely controlled by usingrRB232 interface
and the communication protocols ADPL10 and ARAFBRA 1993)

The IRB2000 robot (Fig. 7 and Fig. 8) has perpandicand parallel axes. However, the well known &aén
Hartemberg convention, shown in Eq. (6), largelgdusor kinematic modeling cannot be used in errarameter
models when modeling parallel axes due to singidarthat come about in the Jacobian matrix of(BE}.This issue is
discussed in details in Motta (2005) and Schr6@97). A possible convention for parallel axes he Hayati-
Mirmirani, that cannot be used in perpendicularsafa the same reason. The Hayati-Mirmirani is @ag-parameter
convention that describe the transformation betvweenparallel axes as shown in Eq. (7).

f(6,a.d,1)= R, (6) T, (d)Tx ()R« (a) (6)
f(6.a.8.1)= R (6)Tx ()R (@) R/ (B) (7)
So, the kinematic model was constructed using teeabit-Hartenberg convention for perpendicular sxed the

Hayati-Mirmirani convention for parallel axes. Thmdel parameters used are shown in Tab. 1, wheege the error
parameters between the nominal model and the actiiat model to be identified by the calibratiorstgym.
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Figure 8. IRB2000 modeling
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Table 1. Joints and links modeling for IRB2000 sifin mm and degrees)

Variable | Model Variable | Model Variable | Model Variable | Model
Link B Link O Link 1 Link 2
Ty, tOrx, | 0.00 Ty, 0.00 T, t0r, | 0.00 T, +Jn, | 710.00
Ty, t*or, | 0.00 R, 0.00 T, *0r; | 750.00 Ry, +Jgy, | 0.00
T, *Jr, | 0.00 T, 0.00 R, *9r¢ | -90.00 Ry, + Iy, 0.00
Ry, TOry, | 0.00 Ry, 0.00 R, 0.00 R, +Jr;, | -90.00
Ry, *Ory, | 0.00
R, *9rs | 0.00
Link 3 Link 4 Link 5 Link 6
Ty, Ok, |-125.00 Ty, 0.00 T 0.00 Ty, + 0 0.00
T, t0r, | 0.00 T,, +Jr;, | 850.00 T, 0.00 Ty, + Oy, 0.00
Ry *9rs | 90.00 Ry, *9ry, | -90.00 R +0re | 90.00 T, +0r, | 100.00
R, +0rs | 180.00 R, +0r, | 0.00 R, +0rs | 0.00 Ry 0.00
Ry, -90.00
Ry, 0.00

The error parameters are included in the modeliah $inks that there will be no redundancies initiedel. Motta
(2005) and Motta and Mcmaster (1999) discuss attreuthoice of those parameters and about strategesalyze the
conditioning of the resultant system.

3.2. The IRB2000 Remote Control

Robot calibration procedures require the acceshaaobot TCP position coordinates and the cormedgot joint
values. However, the IRB2000 control unit doesstaw this information on the teach-pendant scréam {ndustrial
robots will do so), but only when expensive offdiprogramming software produced by the manufacisravailable.
Fortunately, the IRB2000 has a remote control fater that complies with those requirements (ABB3)9 Thus, by
using the remote control interface, software fanoée manipulation of the IRB2000 was developed. Tbmputer
program communicates with the robot using the ADPhRfhid ARAP protocols and the RS232 interface. Withhelp
of this software the robot can be commanded topaisjtion within its workspace and joint variablesxde read from
its control unit and recorded together with TCPrdamates. The software interface can be seen in%ig
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Figure 9. Remote control software



3.3. Control Unit Model Identification

When a robot is to be calibrated for the first tiinis very important to check if the kinematic nebaf the off-line
program is exactly the same as the robot contribl Doing so, the kinematic model used in the afélprogram can be
corrected to fit exactly the nominal model usedh®sy/control unit. This procedure is needed bectheseominal model
used by the control unit is not accessible.

The procedure to identify the control unit kineroatiodel requires the robot to be moved to seversitipns within
the workspace and that its joint variables and PpG§itions are recorded. The value&®, in Eq. (3) (Fig. 3), can be
so fully determined, wherd is set to null andM is the TCP positions obtained from the controlt.ulihe error
parameters in the kinematic model are then modtfiddclude only error variables related to théldimensions in the
nominal kinematic model, that is, not all error graeters in Tab. 1 are identified. Table 2 showsideatified link
parameters.

Table 2. Identified error parameters for the IRB2@0ntroller model (units in mm)

Error Parameter Value
Ory 0.08
Orx, 0.20
Ory, -0.05
Orz, 0.05
Orz, 0.08

Those results, as expected, do not represent adeoaisle change in the robot model, and can beiders as
numerical error due to the low resolution of thePT@osition obtained from the control unit (0.125mrfherefore
those results were not incorporated to the nonmlel.

3.4. Robot Calibration

With the mathematical model used by the robot'strmdrunit identified, the next step is the idertiftion of the
mathematical model that best represents the reak.rin this stage the robot is maneuvered to wiffepositions, and
those positions are measured using the measuresystetm. The value of each joint variable is ob@ifrem the
control unit and the position of the TCP is meagdwsing the measurement system. So the value géelbrs, shown
in Eqg. (3) and Fig. 3, are known adP is fully determined.

For the calibration of the IRB2000 model shown iabT 1 five different regions were chosen. The fv®sen
regions are cubes within the robot’'s workspace. démral cubes have 27 positions and the exteutsschave nine.
These regions and the robot’s positions used f@mtlodel calibration are illustrated in Fig. 10 dfid. 11. In those
experiments the orientation of the TCP was not nmeaks Only TCP position data was used in the catiibin process.

External Cubes

Central Cubes

Figure 10. Cubic regions chosen and robot positiattsn
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e

Figure 11. Calibration regions within robot's woplkese

In Fig. 12 and Fig. 13 the accuracy improvemenaioled through the robot calibration is shown. Thkigs in Fig.
12 and Fig. 13 were calculated according to Eqa(®) Eq. (9).
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4. CONCLUSIONS

A robot calibration system capable of improving tbbot position accuracy has been presented. Thelafament
of this system with its mathematical background gmdctical considerations focusing the IRB2000 tobere
discussed.

The presented system allows easy and fast cadibrgirocedures, making the implementation of aféli
programming on the shop-floor of industrial robpplcations a more viable alternative.

The system was tested on an ABB IRB2000 by usingT& ROMER measurement arm, and results showed an
average improvement of the robot accuracy from t6.50.3mm. The system allows a large variation iboto
configurations, which is essential to proper calilon.
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