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Abstract

Since the very successful application of parallel robotsaterial handling, many
projects attempted to implement the Gough platforms asmgithachine manipu-
lators with limited success mainly achieving roughing.

The displacement of the milling tool should meet surfacesfiniequirements.
Users also wish to increase tool feedrate in order to imppoeductivity thereby
reaching high speed milling levels. Even a constant higledfeedrate brings im-
portant challenges since they mean higher actuator aatieles even on straight
lines. This work introduces geometric formalization offage finish which is more
realistic then classic error calculations.

This research work proposes an off-line simulation toollgsiag the milling
task feasibility using a robot constituted by a general pexgparallel manipulator,
namely the Gough Platform, often refered as the StewarfdPiat Moreover, in
order to meet the machine-tool standards, the paralleltreiibbe controlled by
a typical CNC controller implementing classic position édslgorithms adapted
to the parallel robots with any kind of actuator polynomiateirpolation. Control
sampling rates are studied and their impact evaluated.

High and very high speed milling simulation results showithplementation of
linear and third order interpolation between the actuatbipsints calculated from
the CAD/CAM computed end-effector or tool set-points psinthe results show
that linear interpolation are not sufficient for high speetling and then third order
interpolation reach the required surface finish at fast aadible CNC sampling
rates.
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pus, St-John’s, NL, Canada, e-mail: Irolland@mun.ca
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1 Introduction

After the confirmed success of parallel robots as flight satauk followed by their
more recent breakthroughs in material handling, they atealg implemented
as machine-tools. Several commercialization attempt® weade over the years,
Fig. 1. With the promise of increased productivity, we aim@cthieve the two fol-
lowing goals:

1. Toreach higher feedrates while keeping excellent saffiacsh quality
2. To obtain faster accelerations during path transfensdot task trajectories.

The main advantages of these robotic manipulators comparsetial ones are
simpler construction, more rigid structures, non-cumwdgtinematics chain deflec-
tions, greater throughputs from higher accelerations assl €nergy consumption
from smaller actuators. On the other hand, these manipsl&ature drawbacks
such limited workspace and complex non-linear kinematics.

In material handling applications the ratio between actudisplacement travel
and accuracy is around 1000 mm over 1 mm, whereas in millipdiegtions the
ratio becomes 1000 mm over 0,001 mmm, meaning it 1000 tinngera

Due to the highly non linear nature of parallel robots, tlmiplementation still
pose serious challenges.

Initial path planning investigations for parallel robotem trying to determine
if any task would include their entire paths inside the rolotkspace, where the
notion of trajectory quality has been formulated in termslisfances from actuator
limits (Merlet 1993). Kinematics chain collision was addedhe analysis, (Ched-
mail, Hascoet and Guerin 1994). Path planning involvedidariy investigation
to avoid instantaneous self-motion, (Nenchev and Uchiya886). Singularities
were extensively studied (Bhattacharya, Hatwal and Gh@88)l (Dasgupta and
Mruthyunjaya 1998), (Dash et al. 2003). The problem evolm¢al multi-objective
optimization finding the optimum path according to a certaimber of criterias

Fig. 1 Two commercial milling machines : Variax of Giggings and lisand CMW-300 of CMW-
Marioni
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(Carbone et al. 1997), (Merlet 2001). (Chablat and Weng@B1ttroduced colli-

sion avoidance to singularity analysis to answer the qoestf moveability in the
presence of obstacles. Planning time-minimal trajecsosiere introduced by (Ab-
dellatif and Heimann 2005), (Huang T. et al. 2007). In (KhouBaron and Bal-
azinski 2009), the authors minimize electrical energyekimenergy, robot motion
time separating two sampling periods, and maximize a measumanipulability

allowing singularity avoidance.

More specifically, implementing the Gough platform as aimgilmachine, of-
ten refered as the Stewart platform, path planning was etiidhere the contour
error was used as a performance criteria to determine tleetesf PID controls
applied on each actuator (Masory and Xiu 1998). The redurslaih degree-of-
freedom was utilized for optimization according to variauigerias (Merlet, Perng
and Daney 2000). Path planning schemes also targeted @ildaxie minimization
(Shaw and Chen 2001), where maximum constant cutting fdocegahe contour
were maximized (Oen and Wang 2007). Then, added objectiabsded stiffness
maximization (Pugazhenthi, Nagarajan and Singaperun@)20

This research work addresses the feasibility of a sucdasfthining task in
terms of surface finish quality, the manipulator type, thesse accuracy, the con-
trol strategy (position or velocity control), typical fegatck servo loops, signal dig-
itization, time digitization, inter-point polynomial iatpolation, the related com-
puter numerical control algorithms and even signal synuizedgion. This general
framework allows to study any specific robot controlled by &pical Computer
Numerical Controls (CNC). A novel formal approach to evédusurface finish is
proposed including a milling task description. A CNC modsil@ulation block is
introduced where the effect of time and signal digitizatiam be studied allowing
to adjust sampling rates. The task is analyzed from a puenkatics point of view,
allowing to determine the best achievable result and eadlgtincrease machining
parameters such as feedrates.

In the next section, the high speed milling problem and cdrdee explained.
It includes the theortical background on parallel manimrl&inematics and CNC
control The third section reviews the machining Process. fdrth section covers
the geometric formalization of surface finish. The fifth s@ttpresents the path
planning simulation results.

2 General Issues with Parallel Kinematic Machines

2.1 Problem Statement

To obtain five axis CNC machining at high speed feedrate$etted Gough platform
or hexapod has to be envisaged with six kinematics chaingdeet the fixed base
and the mobile platform where the tool is located, Fig. 2. lleree possible cases
can be derived. The 6UPS/6SPU configuration contains eaemidtics chain with
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a free prismatic actuator (P) between one Universal joiniaftl one ball joint (S);
the 6RUS/6RSU includes kinematics chains constituted valute actuator (R)
operating a crank moving a bar including one Universal jfitand one ball joint
(S); and finally the 6PUS/6PSU replacing the crank by a trdgkesmatic actuator
(P).

In reality, any robotic system is never constructed ideticthe ideally designed
one. A significant difference can be often osberved betweethieoritical and prac-
tical configurations translating into errors on the pasgmet positions of the mo-
bile platform and the fixed base. These configuration errdfswthout doubt have
a significant impact on milling precision. These discrepesevill usually grow
following various milling operations where unperdictallear is occuring in the
joints. These will also appear following maintenance whtéee manipulator was
reassembled if not followed by an adequate calibrationgutape, (Daney 2000).

In the litterature, we can identify several procedures afdares analysing the
characteristics and performance of robotic manipulat®raishnav and Magrab
1987). These studies seek to evaluate the extremes of anceutaber of criteri-
ons. More specifically, in parallel robotics, lets highligbme interesting packages
proposing some level of verifications:

PRRS

Fig. 2 Typical 6-6 parallel robots: the 6UPS/6SPU, 6RUS/6RSU @d®6PSU
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1. Localisation of robot trajectories inside the workspadéerlet 1993) (Merlet
and Mouly 1994).

2. Singularities over nominal trajectories inside the vepdce, (Merlet 1993)
(Nenchev and Uchiyama 1996) (Dasgupta and Mruthyunjay&)199

3. Power and torque of motors, (Salerni 1995).

4. Positioning errors, (Patel and Ehmann 1997) (Masory and %98).

These analyses concern the entire workspace where perioensan be affected
by large variations. In many scenarios, it may be possibé&toeve the task over a
large portion of the workspace and then the task quality neyeach the desirable
levels in certains specific areas of the workspace. The pedioce analysis shifted
away from workspace studies towards the task trajectdnemselves studying the
following factors:

1. the joint travel in terms of the actuators and passivegoiiMerlet 1993)

2. the kinematics chain and platform collisions, (Merle93§ (Chedmail 1994),
extrapolated from serial robotics work, (Tournassoud 3992

. maximum velocity, (Luh and Lin 1981)

. dynamic rigidity, (Shulz et al 1999)

. servo modeling, (Masory and Xiu 1998) (Shulz, Gao andistH909)

. robot control, (Masory and Xiu 1998)

. tool deformation in milling tasks, (Depince P., Hascaet &uret 1997)

. sixth rotation angle optimization for milling tools, (Met, Perng and Daney
2000) (Daney 2000)

These research works do not include all the important cagem he displacement
of the milling tool should meet surface finish requirememtd tool feedrate. The
second criterion will be increased in order to improve paihity. Even a constant
feedrate brings important challenges on trajectories sischrcs since they mean
higher accelerations.

The goal of this work is to propose tools analysing the nglltask feasibility
using a robot constituted by a 6-6 hexapod parallel manipylaamely the Gough
Platform, often refered as the Stewart Platform. Moredmarrder to meet the stan-
dards of the machine-tool domain, the parallel robot wilkbatrolled by a typical
CNC controller implementing classic algorithms adapteparzllel robots.

The factors influencing robot trajectory following are thisspace of task exe-
cution, tool feedrate, position sensor accuracy and thielud control algorithms.
The milling task is in turn described by several robot tragees. For high speed
milling, surface finish is required to obtain asperities arteeding 10 to 20 mi-
crons over the entire trajectories constituting a milliagikt. To qualify as high speed
milling (HSM), the feedrate should reach 20 m/min and thgdgis even 60 m/min,
classified as ultra high speed milling (UHSM).

The simulation system will require solving the kinematiageldems several
times. To aleviate many problems related to usual numenegthods, an exact
and certified method was derived and will be applied to perfend-effector po-
sition and orientation calculations, (Rolland 2005) (Rot 2008). This method
implements ideal based techniques utilizing Groebnerdasd rational univariate

O~NO Ul h W
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representations (RUR) insuring that the produced equitalestem is excactly cor-
responding to the original system. The RUR system includesumivariate equa-
tion from which the real roots are calculated and proven ia-tmone bijective

correspondance with the original kinematics problem. Tipeaven root isolation

techniques will provide for all the exact real roots. Thetegsapplies the modular
black-box approach where any user can replace the seleictechtics solver by
any other, at the condition that it provides for sufficient@@cy to study milling

tasks.

In practice, during design, construction, start-up orrafibot maintenance, these
simulation tools will allow to select the complete contrppaoach including sen-
sors and the the path planning algorithms; The operatorbeilable to study the
control scheme, the path following algorithms, the joirtenpolation functions, the
axis servo controls, the response-time of the various obfevels, the effect of
time discretization, the effect of digital conversions gradameter fine-tuning. The
proposed tools will allow to determine milling task feattigi

2.2 Kinematics of the general 6-6 parallel manipulator

Manipulator configuration
OA‘, CB
Rf Rm

Joint

coordinates Generalized

coordinates

I

I's

Fig. 3 Kinematics model

Any manipulator is characterized by its mechanical conijan parameters and
the posture variables. The configuration parameters aeef:thEf , the base attach-

ment point coordinates iR (the base reference frame, locate@ytandCB, , the
mobile platform attachment point coordinateslf (the mobile platform reference
frame, located a€). The kinematics model variables are the joint coordinates
end-effector generalized coordinates. The joint varisbte described &s the pris-
matic joint or linear actuator positions. The generalizedrdinates are expressed

as X comprising the end-effector position and orientation.
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The kinematics model is an implicit relation between thefigumation param-
eters and the posture variablEs{,Y,E,OA‘Rf ,CByg,) =0 whereL = {ly,...,lg}.
For the sake of clarity and simplicitSDA‘Rf will be replaced byYODAp andCB|, by
CBo.

This simulator shall only require successive passagestherjoint space to the

task space and vice versa, Fig. 3. The Inverse Kinematiddéio(IKP) is defined
as:

Definition 1. Given the generalized coordinates of the manipulator dfetter,
find the joint positions.

Accordingly, the Forward Kinematics Problem (FKP) is dedias:

Definition 2. Given the joint positions, find the generalized coordinafethe ma-
nipulator end-effector.

Usually the IKP is required to model the FKP. To solve the F&iPexact method
based on Groebner bases and rational univariate repréeestahall be applied,
(Rolland 2005) (Rolland 2008).

The forward kinematics problen®KP ), Fig. 3, has been identified as a difficult
problem (Raghavan and Roth 1995). Usually ithesrse kinematics probleis re-
quired to model th&KP and is defined as, (Raghavan 1998yen the generalized
coordinates of the manipulator end-effector, find the jpiositions.

Accordingly, theforward kinematics problens defined as, (Raghavan 1993):
given the joint positions, find the generalized coordinatehe manipulator end-
effector.

The kinematics problem can be described that, contrari§et@l manipulators,
the inverse kinamtics problem yields a closed-form expBoiution and the for-
ward kinematics involves the resolution of at least six finear equations. These
kinematics models play an increasingly important role whavotic manipulator
accuracy is decreased to the micron level.

2.3 Vectorial formulation of the implicit kinematics model

Containing as many equations as variables, vectorial ftatiom constructs an
equation system for each kinematics chain (Dieudonne 1%&a closed vector
cycle between thé; andB; kinematics chain attachment points, the fixed base ref-
erence framéd and the mobile platform reference frar@e For each kinematics
—
chain, an implicit functiomA;B; = U1(X) can be written between joint positioAs
—

andB;. Each vectoA;B; is expressed knowing the joint coordinateandX giving
functionU,(X,L). The following equality has to be solved; (X) = Uy(X,L). The
distance betweeA; andB; is set tol;. Thus, the end-effector positiof or C can

i

be derived by one platform displaceme€ and then one platform general rota-
—

tion expressed by the rotation maté&. For each distinct platform poirl; o with
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Fig. 4 Kinematics chain and mobile platform vectors

i=1,...,6, see Fig. 4, the position can be calculated in terms of tke baference
frame, (Merlet 1997):

— — —
OBip = OC+ ZCB 1)
The vectorial formulation evolves as a displacement bagedten system using
the following relation :

ABi — OC+ %CB — OA 2

These six equations cannot be applied as such. Hence, esrhadics chain can
be expressed using the distance norm constraint, (Mer&t)19

12 =||ABi|[? (3)

The rotation matrixZ can be written utilizing various orientation models with
their specific rotation variable sets such as navigatoneanaw, pitch and roll),
Euler angles, quaternions or even taking the nine rotatiatrismcomponents as
variables, (Rolland 2008). Implementing the equation 2atly, various displace-
ment based equation models can be derived depending onléwteskorientation
variables, (Rolland 2008).

Another excellent approach is called the position basedefireggland consists in
considering any rigid object to be positioned into threeeatisional space by three
distinct points, Fig. 4. Any rigid body three points are adiy characterized by
three distinct distance constraints and a pointing axicwhémain constant. This
principle was then applied to the forward kinematics modelavallel manipulators
by Lazard (Lazard 1993). It is easy to choose three distioicttp which are not co-
linear on most mobile platforms. These three points arellysselected to coincide
with three joint centers connecting the mobile platformhe kinematics chains al-

—
lowing to utilize the vectorial model, 4 and to rewriteAB;, 2 as it is explained in
details in (Rolland 2008).
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Two reasons justify the choice of the position based modedryvariable yield
the same units and their ranges are equivalent leading tedaime weight in the
equation system. The rotation impact is included into tHatgarameters and made
equivalent to the translation impact.

The coordinates of the three distinct joint center pointlee the nine variables
from which constraints equation can be written. The thregf@m distinct points
are usually selected as the three first joint centers, naBgeB, anbdB;. Each
coordinate of the selected joint centers becomes a vari@hke nine end-effector
variables are set toCTE‘O = [X,¥i,z] fori = 1...3. To simplify computations, we
choose one non-Cartesian reference frégeo be located aB; joint center. Then,
we defineuy, u; andus asRy, reference frame axes which are calculated by:

B.B B,B
U= =2 lp= —=2 Uz=U Al (4)
|[B1Bz|| ||B1Bs|

This new reference franf&,, is applied instead dRy, as the mobile platform Carte-
sian reference frame and has its origin locateB;ahnd the reference frame axes
u; andu, point towardsB, andBg3 respectively. The third reference framgpoints
perpendicular to the plane determinedByB, andBs. It becomes the mobile plat-
form pointing axis. This transformation is achieved to proel a simpler equation
system.

Knowing that the mobile platform is supposed infinitely dgany platform point
M can be expressed in the reference fraRggby calculating the following linear
composition:

—
BiM = ayuy + byuz + cyus (5)

whereay, by, cy are constants in terms of these three points. Hence, in e ca
of the IKP , the constants are noteg,,bg,,cg , i =i...6 and can explicitly be
deduced from the mobile platform fixed distan€&B|c by solving the following
linear system of equations :

- .
B1Bijg,, = ag U1 +bglz+CaUs, i=1...6. 6)

— —
WhereBlBi‘Rbl = B1B; Ic-

Note that the mobile platform fixed distandeB|c are given by the configuration
which is obtained from the design values or deduced from iarediion procedure
after the Gough platform manipulator construction. Theficoumation file is pro-
viding the position of all six joints of the mobile platfornelative to the mobile
platform reference frame and this ensure that the pointnigelo the same rigid
body which is the mobile platform.

Equation 7 requires that we calculate the configuratiomdists with:

— —

ByBic =CB —CBy,i=1...6 @)
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Hence, the remaining three mobile platform joint cen&yBs anbdBg are ex-
pressed in terms of the nine end-effector variables.

— 2
Using the relations Eg. (6), the distance constraint eqoakf = ||AB; oll ,i=
1...6 can be expressed Thus, foe 1...6, thelKP is obtained by isolating thi
actuator variables in the six following equations:

I7 = (% — OAw)’+ (i — OAy)’+ (2 — OAz)®, i=1...3 ®)
17 = IIB1Bis, — OOl i=4...6 ®)

2.4 The Inverse Kinematics Problem

The 3 or 9 are actually the two general forms of the explicR.IK

2.5 The Forward Kinematics Problem

For the general Gough platform parallel manipulator, itdtually not possible to
express the FKP directly or explicitely?]] We have to revert to th&KP expres-
sion which gives an algebraic system comprising six eqoatio terms of three
point variables x1,Y1,21,X%2,Y2,22,X3,¥3, 23, EQ. (9). This system contains algebraic
(polynomial) functions which can be handled by the numésgobvers implemented
in all genetic algorithms.

The usual method advocated for writing the FKP equationesysstarts by
rewriting the IKP as functions. This produces an algebrgstesn of three leg equa-
tions and three functions in terms of the nine variablesy;,z , i = 1,2, 3.

F = (% — OAx)*+ (yi — OAy)*+ (z —OAx)* 17, i=1...3  (10)
F =By, —OAolP~I?.i=4...6 (11)
1

When solving the FKP with numeric or algebraic methods, ihésessary to
provide a zero-dimensionnal system, meaning an equatistersywhich contains
as many equations as their are variabl@ahd [?]. In this case, this means that
to the six equations provided by the IKP, three more shalldbected to close the
system.

Moreover, the actual FKP is derived directly from the IKP rahd 1, and it does
not provide for any information to constrain the positioriied mobile platform joint
positions which are necessary to describe the FKP.

Hence, to complete the algebraic system and to constraimtigle platform
joint positions, three constraints are derived from thifeing three functions. Two
functions can be written using two characteristic platfatistances, expressed as
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norms between thB1, B, distinct points and thB;, Bz ones. The computations will
select the variables which are only at the right distancenftioe B; reference joint
point. These constraint equations require one last equalioe points are known
relative to each other in terms of distance but the mobilé&fgia alignement is
left undetrmined. To alleviate this problem, the third doaisit equation will de-
termine where the mobile platform is pointing. The pointiregtor is selected as
the one perpendicular to the three poiBis i = 1,2, 3 by calculating the vectorial
multiplication of the two vectors separatiBg andB3 from By:

s
F = (e —x1)°+(Y2—y1)°+ (22— 2z1)° — ”BZBl‘Rbl 15

s
Fe = (xs—X1)°+ (Ys—y1)°+ (z3—21)* — 1BsByjg, 17

(12)

(13)

Fo = (Xg—x1) (% —X1) + (Y3 — Y1) (Y2 = Y1) + (zz—21) (22— 1) — | |B3T31\Rb1 1A ||B?Blh§b114b

The choice ofg, the last function, provided an important mobile platforome
straint related to the pointing axis. FBg, it would be possible to write a function
related to the distance betweBp andB3 but our experience shows us that it does
lead to better results then the platform pointing function.

The result constitutes then an algebraic system with ninaténs in the former
nine unknowns.

2.6 Machine Tool Control

In a high speed milling machine, a typical Gough platforrmiea generab-6 or
hexapod robot is constituted by several parts driven by drcler connected to
a remotely located CAD-CAM computer, (Mery 1997), and, facle kinematics
chain, it can be described by the following components:

e A manipulator end-effector where its position and orieintaare indirectly con-
trolled, since an external sensor system cannot be implerénmilling opera-
tions.

One prismatic axis per kinematics chain identified as awvegint.

One DC electrical motor on each prismatic axis as one aatuato

One position sensor on each prismatic axis measuring itgHen

One pulse-width-modulation (PWM) amplifier for each DC éleal motor.

As it is explained in (Mery 1997), one CNC machine-tool isesdilly con-
sidered identical to a robot achieving arbitrary and preaeined continuous path
following.

Definition 3. NCMT - A numerically controlled machine-tool is defined aglni
precision machine-tool associated to a control unit of itgalMarty, Cassagnes
and Martin 1993).
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A milling task is achieved by an NCMT divided into five main mlents, (Mery
1997):

e The tool: the device which performs the process of mategialaval.

e The end-effector: the unit which holds and activates thé too

e The tool carrier machine: the specific robotic manipulatmiuding actuators
and instrumentation.

e The CNC: the computer numerical controller.

Mery defines a computer numerical controller (CNC) in thdofeing terms,
(Mery 1997):

The CNC is defined as the control system capable to manageatigime-tool
and its control in order to follow a program achieving a milgj task.

Practically, the CNC handles a written program in standartht constituded
by G codes from the ISO standard, (Magnin and Urso 1991) (M@edssagnes and
Martin 1993). Note that this machine-tool industry conssdéis format mandatory
for machine-tool controls. Any simulation package shatisider that CNC systems
handle these codes and simulate their operations. In Rige Hasic elements of any
CNC are presented. The goal of such control system is to emisatr any machining
task is carried automatically. This particularily inclisdgajectory pursuit of the
robot and the operation of the tool.

In typical CNC, the control unit is further divided into tler&ontrol stages or
levels: the off-line CAD-CAM providing the task set-poirtsscribing the nominal
paths, the on-line nominal path following as the upper adler level and the mo-
tor servoing as the lower controller level, usually drividigectly the actuators by
implementing oné?ID feedback loop for each axis. The connection between each

o
oy

c CAD - CAM  =—
Control <—
Actuators
Servos Power suppl

Sensors

Fig. 5 Typical robot schematic



Title Suppressed Due to Excessive Length

13

Fig. 6 Example of a CNC machine-tool

Servos

Motors 1
]

Path

CAD-CAM

Sensors

Fig. 7 Block diagram of machine-tool numerical control

stage is through data tables. Each stage operates in disicnetaccording its own
cycle time or sampling rates. Lets define the following cyirtees or sampling rates:

e T the task trajectory set-point file sampling rate produgethlb CAM program.
e Tp: the path following cycle time corresponding to the timeuiegd to calculate

the joint servo trajectory set-points.

e Tg: the motor servo cycle time corresponding to the time deditto PID loop

computation.

e Ty the motor amplifier sampling rate which gives the time atakittheir output

is being refreshed.

The simulation module will allow to test and verify the thrfist cycle times.
The amplifier sampling rates will not be included in the siatiodn work. The task
follows one or several nominal functions from which disization produces the
task path file containing a large number of points being déarthon the sampling
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rates. The number of points will have an impact on surfacstiiand impact CNC’s
ability to follow the nominal path.

The machine-tool operates in a spatial continuous domaiohnk completely
described by 6 dimensions (3 translations and 3 rotatidns) 6, with parameters
€ 0. To execute a milling task, the path following algorithm nmaguire from three
to five axes control. The sixth axis corresponds to the tooldde rotation axis and
therefore does not participate to the trajectory pursiié TNC should then receive
five analog inputs or encoder inputs for actuator axis pmsstand drive five analog
or direct pulse-width-modulation outputs for actuatoriposing. The simulation
will not include the tool spindle axis angular speed control

The CNC can either implement one of the two control typesitipmsand speed
control, (Coiffet 1986):

e Position control is preferred when you can calculate the Kiht position con-
trol follows the trajectory profile at the axis level froménpolated point to in-
terpolated point and does not control the velocities betvtkese points leading
to a discrepency between the exact nominal trajectory amccthieved trajec-
tory at the tool level. If the range of motion is importantnhtée robot reaches
its destination with larger inaccuracies. The traditios@lltion is to slowdown
robots.

e Speed control is based on small displacements and implsrttentomputation
of the inverse Jacobian matrix. You will need to calculateF#P.

2.7 Task space conversion to joint space

In principle, implemented in the off-line CAM, the trajecyoplanning algorithm
calculates one inverse kinematics problem from the Camespace set-point tra-
jectory functions to determine the six actuator-spacetfons which are then called
the joint set-point trajectories. The real continuous algmre computed from these
fonctions. Then, the continuous signals are sampled aitgptalthe first level cycle
time Tp, corresponding to the time required to calculate these paintl the signal
magnitude discretized into a certain number of bits.

When planning and following any task path, the upper levat@dler calculates,
in advance and in real time at eack kT, for k= 1...np wheren, is the number
of points provided by CAD/CAM, all interpolated points b&t@n joint set-points
that will then serve as set-points to the six lower level sezuntrollers driving
the actuators. It is interpolating these reference valgegga polynomial interpo-
lation function or blended polynomial function sets. Sitise majority of control
algorithms calculate the instructions in the joint space threre are no sensors for
performing a return position on the end-effector where tligmg tool is located in
task space, then the controller must perform the forwarerkitics problems (FKP)
calculations to return the tool Cartesian position andraton.
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Fig. 8 Example of signal and time digitization of nominal actudtorction

3 CNC Handling of the Machining Process

3.1 Introduction on milling

Tournassoud emphasizes that the robotic task is definedhirs t&f constraint verifi-

15

cation for a set of measurements applied on the system,rf@esoud 1992). All the
performance of a robotic task is then reduced to trajectacking and is expressed

as follows:

Let o be an initial configuration and ga final configuration, both achievable,

thatis to say, within the robot workspace and non-singtihen one trajectory kiA )
with A € [0,1] is calculated in the free space, such that= go and H(1) = gs.
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Nilsson and Udupa proposed initial work on robotic tasks dpecific robots
(Nilsson 1969) (Udupa 1977). In (Lozano-Perez and WesI&p) % first general
approach included the first trajectory planning algorithm(Brady et al. 1982)
(Latombe 1991), numerous work summary indicates mostlyashss avoidance.
Coiffet extends the application of constraints to the effidetor member maintained
in a constant orientation, singularity avoidance and sargphtes, (Coiffet 1986).
Specifically, the milling goal is to produce a workpiece bytemgl removal (Mery
1997). The end result is an object whose surfaces are chdesct by a certain
quality of surface finish. This quality is normally defined aypermissible error
denoted by a tolerance in terms of the part’s drawing and deximescribing the
surface quality. The part is thus represented like a gederadject drawn using one
typical CAD software. The CAM functionality translates thietual object shape
into a certain number of paths spanning and scanning theTgase task paths are
the CNC set-points in one machining file.

The machining path is defined as the functional path thatrdetees the contact
position between the tool tip and the workpiece, (Chedntg#).

3.2 Description

Several parameters are required to proceed with tool dpardéscription: tool tip
position, tool tip orientation, tool feedrate, nominajéetory to follow during ma-
chining and tool rotational speed. These parameters, eXvepast one, have been
integrated into the simulation tool since they are all sfieadly related to the robot
operation. Machining consists of a set of task trajecto({E3).

Set—points

interpollation 1

interpollation 2

asservissemen

>
t (ms)

Fig. 9 Details of actuator signal digitization
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Simulation proceeds with surfacing tasks which are easysiealize and simple
to represent. However, from the point-of-view of the robonirol, they are not
necessarily easier with a parallel manipulator featurioig-inear kinematics.

Definition 4. Let H be a machining task, cutinto a set of m pattss hy, hy, ... hy.
Let 1iot be called the total time to perform all machining andrjéie path i duration.

The trajectoryPy departure point and tH& arrival point or final point are respec-
tively correspoding to time= 0 andt = Ty (Taylor 1979) (Luh and Lin 1981). We
know that the end-effector is at rest at the point of deparé&umnd arrival, where the
velocity and acceleration are then set to zero at these gadtor each task path
hi, the start point and the end point are made to respectivehggoond to times
ti =Y, k1 andt =3y, _; T

The realization of the task is essentially reduced to thatlon of the tool tip
in task space. According to Chedmail and Mery (Chedmail }g8ry 1997),
the majority of machining tasks consists of two types of pakig. 10: Continuous
machining path and transition paths between them when thartecontact between
the tool and the part. The transitions can be described adicslzlassical point-to-
point motion which should last a minimum amount of time, (M&897), justifying
the parallel robot choice.

Definition 5. The functional paths are defined as continuous paths cameang to
the machining process of the workpiece, (Chedmail 1994).

These paths are usually made at a constant feedrate to ¢hsugeality of the
finished surface. Each functional path is defined by two namianctions: one
function describing the tool Cartesian position, a secam¢tion describing orien-
tations. For example, in Figure (6.6), we observe that ttaégdtt line segments are
the machining paths. A task is defined by a succession ofatispients when the
tool is actually in operation, (Mery 1997):

b
v
2
g Tooltip
— o
o —>
= —
— —
Workpiece ﬁ

Fig. 10 Example of a typical milling task
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XMOMre = (xi(t),yi(t), (1), By (1), 62 (1), 65, (1)) (15)

Typically, milling tasks generally consist of sets of arsgaight lines, spirals

and eventually splines. The robot moves the end-effectcoastant feedrate. This
—

translates by the following Cartesian constrdiiv(t)|| = Fr whereF; is a constant.
Thus, the speed being the velocity magnitude is always anhsthese tasks are
usually defined on planes parallel to the XY plandief the robot reference frame,
meaning that we must ensure thaf{z] = P;[7) = R[Z.

3.3 Trajectory Position Nominal Function

A task is defined by a parametered nominal function set whacé éunction is

defined as?nom(/\) with A € [0, 1] to exactly describe the task trajectory to follow.
It covers the vast majority of machining work in the indus{iery 1997). For each
segment, we assigh = 0 to the start poinB4 to and end poinPs with A = 1. The
task will seek to move the robot tool along a function whoseegal implicit form
is defined as follows: _nom

P (A)=f(Py,Ps,A) (16)
In the case of a constant feedraterepresents the time to complete a path, one
can express the paramefewversus time t according to the following relationship:
A= t? The implicit function becomes:

—snom

P (t)=f(Py,Ps,t,1). a7)

Knowing that the travelled distan@Sis the actual distance along the path between
Py the start point andP; the final point and is calculated S = F, T whereF; is
the constant tool feedrate. Then, the implicit functiondpressed by:

—hnom

(t) = f(Pg,Pr,t,F). (18)

This form will be retained for the simulation since, in thechae-tool domain,
it is customary to specify the machining tasks in terms dfahpoints, endpoints,
path type and feedrate, (Mery 1997).

3.3.1 Trajectory in a general plane

For reasons of simplicity, the machining majority is arred@n planes parallel to
the XY plane.
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3.3.2 Straight line segment formulation

The straight line segment starts by calculating the trajgdime :

[|Pa — Px]|
= 19
T=—p (19)
Then, the segment equation is determine :
nom P — P
P gy (PR (20)

3.3.3 Arc formulation

It is therefore proposed several methods to evaluate anegrendling on the data
entered :

e First case - start poinBy, end point:Ps, feedratef, centre of rotationCC and
radius:r;

e Second case - start poiri; or end pointP;, displacement angléig, feedrate:
F, centre of rotation CC and radiusr;

e Third case: start angley, end angle®, feedrate:F;, centre of rotation CC and
radius:r.

Two additional inputs are necessary. To calculate the p@atueh Ps is not di-
rectly used and it will only used calculate the total time

Firstly, the angular velocity is calculated and then, thewar fonction is in-
stantiated. Particular attention must be brought toghangle calculation which
corresponds to either the starting point or end point :

e to match the start time which is not always zero,
e to proceed with quadrant verification related to trigonaimétinction inversion.

The following algorithm is implemented :
This formulation has two disadvantages :

e The path calculation cannot include tasks where the are@tgr than a circle.
e \We must ensure that the end point is on the arc.

The implemented solution is rather technical since it ifiegian arc being longer
then a circle into two arcs. If the arc rotates several tutis,technique is applied
whenever a complete rotation oft2s encountered.

An alternative is to replace the endpolt by a final angle®. It can handle
circles and arcs with a rotation angle larger than Phe algorithm becomes:

Another alternative is to replace the starting pénby a start anglep.

These different Arc algorithms would adapt perfercly toembjoriented pro-
grammning.
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Arc(Input) w="
if Py[2] - CC[2] > 0 then

@ = arccog PT‘E:SS‘[‘I] )

else Py[1]-CCl1]
¢ = m—arccos 5 )

if Pr[2] —CC[2] > 0 then

P [1)-CCl]
® = arccog MLLCC‘[‘ )

else
Py [1]—-CC[1] )
[P —CC]

[CC[1] + rcos(wt + @),CC[2] + rsin(wt + @), Py[3]]
=

@ = — arccog
—nom
P
tau=

——hnom
return(P  ,1)

iS2
d

Arc(Input) w="
if P4[2] —CC[2] > 0 then
RalL)—CC[1]
@ = arccos =55t
else
@ = m— arccog

—nom

P
tau=

Fu (1 -CC[1] )
[IFs—CCl]

[CC[1] + rcos(wt + ¢),CC[2] + rsin(cwt + @), Py[3]]
)
return (?nom, 7)

S

Arc(Input) w="

retun(P , 1)

3.3.4 Constant velocity circle formulation

Using arc functions, any circle can be parametered, takiiogher path time calcu-
lation which takes into account that the path is returningtéoting point :

21
T=—

i (21)

And if the task involves machining a plurality of turns, thiglue is multiplied
by the number of turns.
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3.3.5 Variable radius spiral

Using arc functions, spirals can be parametered. A spiialisost cases located in
a plane parallel to the XY plane.

Hence, the radius becomes a parametric function versus Tilme evaluation
algorithm of the spiral function is the same as for the arc.

The firstidea that comes to mind is to follow the path at cantdeedrate, mean-
ing, it results in a spiral at constant tangential velocity.

Suppose that the path is traversed in the concentric dirgatihen you approach
the center, the angular velocity tends to infinity. So, theeeminimum radius below
which the angular velocity exceeds the physical capadslitif the robot speed and
acceleration. This also means it will be impossible to maelai very small disk.

The solution is not mathematical but technical: at the tirhmachining prepa-
ration, the operator will mill the spiral until minimum radi is reached and then
finish milling the small residual disk by successive stralgte passes.

A minimum radius calculation is provided in terms of the nmaxim feedrate.
One maximum acceleration calculation is added.

One alternative consists in traversing the spiral constagtlar velocity, for this,
the function of tangential velocity corresponding to thed®rward will vary ac-
cordingly:Ve(t) =r(t) w. When you approach the center, then radius thends towards
zero, the tangential velocity tends towards zero and themthchining time tends
towards infinity. Again, this is another case which is not gibglly realistic. The
machine-tool cannot cut a small disk of radius using spiedhg below a certain
radius or the operator will need to select a smaller mactoné-

The calculation of minimum radius will in terms of minimalesgd which is the
tool tip velocity vector magnitude.

3.3.6 Helix formulation

The helix or screw or spin ressembles the spiral, exceptttieatadius does not
vary against the helix axis or rotation. To simplify caldidas, the tool axis will be
positionned parallel to the helix axis, meaning perpendico the XY plane, then
the tooltip position will vary only in terms of its verticalogition but its position
projection on the XY plane will coincide with a constant naslitcircle.

The arc equation can be implemented where the vertical copmgonhich is
calculated by one parametric function which is usually sddd linear :

PPO™= v ot (22)

The vertical helix is determined by the screw thread
If we implement a general pointing axE), then the formulation becomes:

m

—nhom ——NO
p ={calRP, (23)
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whereﬁzomdescribes the vertical pointing helix aficalRis the rotation matrix
related to the displacement of the helix axis from the velosition to its actual
position. The rotation matrix handles orientation changbkikh can be expressed
by equation 29 explained in the following orientation seati

3.3.7 Constant speed spline formulation

A spline is a set ofj(A) with i = 1,...,n parameterized polynomial functions. Let
a nominal milling path be defined by a set of these functioresvil focus on one
of them where the required trajectory continuity will be ttsare that the end of a
fi(A) spline trajectory is aligned and continuous with the beigigiof nextf; . 1(A)
function, matching velocities, accelerations and jerksaatsitions.

Let the vector parameters, ..., A, be constitued by constant real values, we
evaluate a path such that :

—_nom

P =Ag+tAr... A+t (24)

We seek to establish these equations in order to have a cofesta rate i, =
|| (P™™t))]]-

3.4 Trajectory Orientation Nominal Function

The end-effector motion can be modeled to obtain decoumediation and rotation
displacements (Coiffet 1996) (Dombre and Khalil 1999). Mamethods exist for
modeling orientations and their displacements: navigadiogles (roll, pitch, yaw),
two types of Euler angles, quaternions, Rordrigues pamnsighe normal vector to
the mobile platform, the pointing vector of the tool axis;.et

3.4.1 Constant orientation modelling

The first set of encountered trajectories are the so-callB®Bs milling tasks or
surfacing tasks. These are performed at constant orientafiiere the tool axis is
kept perpendicular to the workpiece. To simplify calcudas, the parallel robot is
positionned to keep the tool axis parallel to the base raterérame z axis. Then,
the rotation matrix is equal to the identity matrix. This msdhat the end-effector
axis is set td\; = [0, 0, 1] which is selected for orientation formulation, since many
rotation formulations lead to singularities whiee= | ( Euler angles, Bryant angles,
etc. ) as shown in (Coiffet 1996) (Dombre E. and Khalil 19929th planning can
be simplified with the calculations avoiding rotation matiiansformations. This
axis can be called pointing axis or normal axis since it isallgselected the mobile
platform normal axis coinciding with the tool axis.
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It is possible to apply the same formulation for any otherstant pointing axis
displacement. The normal vector becon&s= [ny, ny,n;]. However, in this case,
the normal rotation parameters are the converted into &ontaatrix. This is used
to calculate the IKP in trajectory analysis.

3.4.2 Variable orientation around one standard axis

The former tasks can be extrapolated into 4 DOFs millinggaghere the displace-
ment includes one rotation about a single axis staying eohsiver the entire tra-
jectory.

For reasons of simplicity, we chose to perform this rotatioound an axis par-
allel to the base reference frame X or Y axis. The rotatiomidation will be ex-
pressed with the intuitive angles of aviation (yaw, roltchi.

Konwing that the CAM file data provides orientation in ternfisaml axis orien-
tation. Thus, the normal axis will be converted in a the iotatmatrix format ex-
ploitable by kinematics calculations. The conversion egajion will either produce
6y or 8,. The third angled, will not impact orientation sinced it corresponds to the
tool spindle angle. It must be either determined or optichigsing a performance
criterion, (Daney 2002).

The rotation around an arbitrary axis is representated layanpeterized function
that can be instantiated with initial and final rotati@nor 6;:. Then, we obtain a
function Ghom:

Bhom= Fori(6, 64, 61,t,T) (25)

3.4.3 General variable orientation

The former tasks can be generalized into 5 DOFs milling tagksre the displace-
ment includes one rotation about a single axis being arlgitrad changing over the
entire trajectory.

We could use the previous method to express changes of mifdations using
standard formulations ( aviation angles , Euler anglestego#n , etc. . ) but these
formulation are not intuitive and some yield mathematidgagslarities at specific
configurations. Moreover, navigation angles do not cowedo theb,, 6, and 6,
since these last angles appear one after the other in the&ties calculations based
on homogeneous transforms.

Euler’s theorem states that a finite displacement from aiootal movement
about a fixed point is equivalent to a rotation of a certain@agout an axis passing
through that fixed point, (Coiffet 1996). Generally, for anpot, any orientation can
be calculated by the following rotation matrix, (Luh and Li@81) (Coiffet 1996)
(Dombre and Khalil 1999) :

Z =[3n,3 (26)
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wheren,n,a are the unitary normal vector being colinear to the tool atkis slid-
ing unitary vector and the approach vector being coline#n thie tooltip feedrate
velocity vector respectively, Fig. 11. The sliding unitamctor is also refered to the
transverse vector being perpendicular to the two others.

The rotation matrix can be generally expressed as:

% =1co90)+7d (1 cog8))+[q sin(6) (27)

Whereq* is the following matrix :

l11ri2ris
H = | T21l22023 (28)
3132133

Fig. 11 The axisn,s,a of the robot end-effector

Since the CAM program formalizes tool orientation ushkiiggthe normal unitary
axis of the end-effector, the Rodrigues formula represertisplacement of a ro-
tation angle around the resulting general motion rotatidg, §Coiffet 1996). This
formulation is related to quaternion formulation, (Coiffe996) (Dombre E. and
Khalil 1999). Let the vectorvectPbe subjected to a finite rotational displacement
of an angled about an axig = [gx, 0y, 0] then the resulting rotation matrix is :

#=1c0g0)+07 (1—cog8))+ [ sin(0) (29)

Whereg* is the following matrix :
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kOya-+ oysind  gga+cosH  yGza— 0Sind
002 — QySind gyqa+ axsind  g2a+ cod

gGa  Guya—G.SinG gxgza+ gysing
] = (30)

The inverse problem is then solved, (Coiffet 1996). Givea ttbtation matrix

computed from the normal vectd)Tg, g and 6 are then calculated. Note that the
passage from the mobile platform vector to the rotation ixa&i@n be done with
most formulations.

The trigonometric functions are derived for positive rmas constraining the
angle to: 0< 6 < 1T:

cO = (ri1+roo+raz3—1)/2 (31)
S8 = +[(rsp—r23)%+ (r13—ran)? + (ra1—r12)%/2 (32)

The angle value is found by calculatingd:= arctan(cf /s8). For improved
accuracy, the following equations will be implemented :

sign(rgz — F23)[rifcc92]l/2
0= | sign(ris—ra1)[ 225 ]Y? (33)

sign(rag — ri2)[35211/2

An orientation change is described passing from ma#ix, to matrix %, by
rotation variabled around a predefined arbitrary vecmrFig. 12. In the general

—_—
case, note that thgaxis does not necessarily correspond tolfgemobile platform
normal vector.

The rotation axis can be determined by calculating :

1 (al)t§'fl_(§)talfl
0= 5= n)ta-t— (@)t 34
. 2sin(6;) (SI)'[ n-1_ Ehi)t g1 (34)
The rotation angle is obtiained henceforth :
AVt mi—1 (it a—1 (mit mi-1
G.:arccos{(n) n +(§)2§ +@)a ) (35)

This formulation allows to represent the orientation etiolu with two fonc-
tions :

e l'angle de rotatiorf"°™Mt),
e l'axe de rotation exprim par le vectegt°"(t) = [oz°™(t), qg°™(t), a2°M(t)].

Note that the quaternion formulation has the advantageafiang the calcula-
tion of the transition to the Rodrigues formula.
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|
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Fig. 12 Orientation change with ax@ss,a

3.5 Task transition trajectories

The task is defined by a set of m functidfis= hy, hy, ..., hy. In the implementation
of the trajectory simulator, at each extremity of the susisespaths, positions and
velocities are made to correspond with each other. The eimd piopathi — 1 must
be equal to the starting point of the path i. The path tramsdtialso require speed
equivalence. According to the strategy, we can also matehrénsition accelera-
tions and jerks.

The transition trajectories are usually following somesaas shown on Fig. 10.

3.6 Milling task preparation

The machining engineer draws a mechanical workpiece onrbfenqed CAD pro-
gram and the result is a virtual solid. The CAM machining nmedsi used to define
cutting planes on the workpiece. The program proceeds legysetting the cut-
ting planes with the virtual solid to determine several paraurfaces. The CAM
program then fills the surface with cutting paths This resinto a set of nominal
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Cartesian trajectory functions that are saved in a nomiaaleSian trajectory file.
certain CAM programs allow the user to access this file.

The CAM program further transforms the nominal Cartesiajetitory functions
of the milling task into sets of points that are saved in a tegcal Cartesian trajec-
tory file. This file can also be retrieved is refered to the €zan set-point file.

3.7 Initial digitization of milling trajectories

As input, a task definition file comprises a series of nomioatfions; each func-

nom
tion is of the formf> (t)‘rF. The points of departure and arrivig andP; are
known for each function. Theoretical positions are thusuated from these nom-

—th —hom
inal symbolic functions:X (c)‘rF =X (t) at eachl sampling cycle. Timé
is assumed to remain constant throughout the process. H#hd¢inoe is therefore set
tot=cT.forc=1,...,s Firstly, a first time digitization occurs at the sampling
rate, Fig. 13, which has the effect of transforming the pathmoint series.

P

Fig. 13 Digitization of task Cartesian theoritical path

Finally, the CAM program considers that all theoritical pisi are connected by
line segments in some kind of linear approximation, Fig.FBther point sampling
is then performed by separating the points selected by aletéd distance in ac-
cordance with a chord errdf., Fig. 14. Thus, as an arc is bent by a straight line
rope, each pair of set points sees a line segment connebéng This cord is at a
maximum distance dE; from the nominal trajectory. Let the arc be of radius R and
lenght L, thenE. = R— Rcos{z—'-R). In order to obtain a prederminég cord error,
the arc point distance is calculated ty:= arccog1 — E—RC). Then, the cord distance

is calculated byD = 2,/EZ — 2R E.. Knowing the constant feedrate and the cord
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distance, the sampling tinig, is then calculated. Each new point will then add to
the original theoritical path file. The resulting file is @llthe complete theoritical
Cartesian path. ThREAM program linearization is typically already introducing an
error, so that the accuracy of the robot can never be betertthisE.cord error
value.

Then, the IKP is calculated on each theoritical Cartesidin. [f@r each pose point
comprising the position and orientation, the actuatortpmss are calculated. The
result will be written in an actuator theoritical set-pdiit¢ which is then uploaded
to the CNC controller.

-~ -

= -

o -
-

e _—© L @ O_[@O ® o—9

—
— = =

Ec

Fig. 14 Digitization of task theoritical section

3.8 Second digitization of milling trajectories

Running at a smaller cycle time, the six servo feedback |digmstionnaly imple-
ment a PID feedback loop on each linear axis position. DueisghT, cycle time,
the path following level interpollates a certain numbemp®inside the interval de-
termined by each point pair in the actuator theoriticalati file. The number of
points is determined byNl = roor( ) whereTs is the servo feedback loop cycle
time determined by the time to calculate the PID algorithictuator point sampling
is then performed by utilizing a polynomial interpollatibmction.

Typically, in many CNC controllers, it is observed that tleev® sampling rate
(second level) can be ten times the cycle time of the firstleve

4 \ferification criteria for machining

4.1 Machining accuracy

The most important performance criterion is the machinimdage finish. Since
machining requires a trajectory following with high preécis we must ensure that
the path is simulated within a given precision, (Mery 1997).

In classic robotics, the majority of path planning applicas are classified as
point-to-point and a marginal number are concerned by wnaotis paths such as
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in machining. However, even when implementing continutius robot control al-
gorithms handles points. The main difference with poinptint control is that the
task is defined by several hundreds of points instead of a éémig Liege and Coif-
fet define four types of precision : static accuracy, dynaaaimuracy, repeatability
and resolution, (Liegeois 1984) (Coiffet 1986). Repeditgtstands for the repro-
duction accuracy of the same movement and does not really &ppcontinuous
trajectory tasks. The resolution is the smallest amountahge in the positions and
orientations. It is determined by robot component choices.

Definition 6. Static accuracy is defined as the ability of the robot to pmsiand
orient the end-mechanism in accordance with the prograninsgaictions.

This notion is applicable to a specific point and then canrtvapolated to one
entire continuous trajectory.

Definition 7. Dynamic accuracy is the ability of the robot to follow a paththe
end-effector mechanism in accordance with the programratid p

In principle, the error is calculated at all points alongfitsoritical pathX (kT)t"
wherek = 1,... kmax Where is thekmax number of discretized points. The error
vector between the nominal path and the simulated pathiis the

— th —

€ (KT) = X(KT) —X(KT)nom (36)
The distance or error vector magnitude is also calculated:

— th —

e(KT) = [[X(KT) =X (kT)™™m| 37)

After calculating the error vector or value of distance fpiath, we determine the
overall path accuracy for each error vector component améttor vector distance
by choosing the largest value.

4.2 Error over the Cartesian position

4.2.1 Calculation of the absolute error and the error vectoibetween the points

In practice, the end-effector precision calculation isidi#d into two task space
parts : Cartesian position and Cartesian orientation. k@wetror in the Cartesian
position, we obtain the equation is calculated for eachrétezal Fig. (14) :

—

£(KT) = [X(KT)S™ — X(KT)™]| (38)

We also study the nature of the error vector.
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N —

g(kT) = X(kT)Sim—X(E)th (39)

This calculation is also applicable on theoretical poirftshe CAD produced
files.

nom

Fig. 15 Error vector, tangentielle error and transverse error

Since the error along the trajectory is not as significanhastitansversal path
error, we calculate the tangential error and transversaf,dfig. 15. The transverse
error can also be called cross-sectional, normal or peipefad error.

The tangential error allows us to evaluate if the simulatti s ahead or behind
the nominal planned route. A tangential error indicatirag the real path is followed
ahead of time is of course advantageous because it meantheh@gjectory can
be continued in a shorter time than expected. In fact, Lisgstates that a robot
can be late in the path set without the finished surface beffiegtad, (Liegeois
1984). A tangential error indicating that the real path &gpled by a slowdown may
not necessarily affect the surface finish as such and therefaot so considered
important.

On the other hand, the transversal error will directly &ftbe surface finish. It
corresponds to the difference between the simulated pathireennominal path at
timet = kT wherek = 1, /ldots m with m the number of points. Then, we try to
determine if the simulated path is located within a giverhpabe with a predefined
radius. The tube radius is determined by machining tolersnc

To calculate the vector tangential error, we must deterrttireunit vector tan-
gential to the nominal curve through the velocity vector :

u(t) = et (40)

Vel
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The value of the tangential error is obtained by:

—_—

g(kT)"@"9= u(t) - SP(KT) (41)

Applying the Pythagorean theorem, we finally find the valu¢heftransversal
error :
e(KT)"™" = [(e(KT))? — (e(KT)\*"9)?]*/2 (42)

The calculation of transversal error with respect to the inaitrajectory is not
exact but an approximate value of the deviation sought tsectiis obtained from
the digitized values and is not necessarily the perpenalicerror defined as the
minimal distance between the nominal and theoritical ttajges. It is necessary to
nuance this comment. The perpendicular error may not besatditeasurement of
surface finish. For example, during 3D milling, the robotdsitioned so as to obtain
the Z-axis of the terminal member perpendicular to the serf@ be machined.
Then, we seek to mill a planar surface that is positionedlighta the XY plane
and the finished surface will be evaluated by calcula&ifig ). Upon reaching the
portion of the part where a wall is reached, the wall perpeudr error will be
determined.

4.3 Calculate the actual deviation from a nominal curve

To be meaningful, dynamic precision must be defined relatitbe nominal path,
—_

(Liegeois 1984). On the Fig. 15, we note tlgékT)!"@"S is not the actual deviation
from the nominal curve. To achieve this, we must calculagepbintP being the
— sim

closest toP(kT)  on the nominal curve. To do this , we determine the tiff¥
which corresponds to the poiRton the nominal curve, Fig. 15, and two methods
can be derived.

The first method consists in determining the normal to theinahcurve which
is performed by solving the following system :

— sim — nom —

(PkT)  —P(t) ) -Ve()=0 (43)

The second method consists in searching the minimum distéetween
— —— nom

P(kT)S™andP(t) by calculating the minimum of the function :

—» sim  —5 nom

G(t) = IPkT)  —Pt) |l (44)

which corresponds to determining the time at which the @érie of the function is
zero, that is to say whe@ (t) = 0. N

Introducingte¥ time in the function, we obtaiR and then the deviation is cal-
culated :
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£(kT) = [IPKT) B (45)

Deviation value is determined by calculating the maximuniatéon of an entire
trajectory. The second approach for calculating the diewiat®" has the advantage
of being less complex in terms of calculations and therefoliebe preferred.

4.4 Calculation of deflection from a straight line segment

When the nominal paths are straight lines, it is not necgsegrerform the calcula-
tion of the deV|at|on to approach presented in the previeasan. Determ|n|ng the

deV|at|onP(kT) directly by caIcuIatlng the distance between the smulﬁédl’)
and the line defined by the starting polﬁt and the arrival posz of the section :

£(KT) = (||Py P(KT)|> — [|Py P(KT) « 12 | 2)1/2 (46)
PR

4.5 Calculation of the deviation from a theoretical curve

There are many cases where the nominal functions are ndableaand the curves
are not necessarily straight lines. For example, as we Hesady explained, many
CAD program produce files with aB. cord error between selected points. Not
knowing the curve profile between these points,@#évi module interpolates using
a linear function, that is to say, we assume that the poiets@nnected by line seg-
ments, being different from the exact shape having then &nawn curvature. The
curvature was lost in the digitization process. The demmatialculation takes then

equation (46). The question to be carefully addressed icliloégce of the points
—

P, andP,. We wish to determine the theoretical interval being cldsd?fim, the
point simulated, Fig. 16. The comparison is limited to adjg#dntervals : the — 1
—

segment before and the segment i after the pejiht
There are two possible methods for interval selection. Triserfiethod is select-
ing the interval by the scalar products respectively forititervali — 1 and i :

—sth _—th —
Vk-1=(Re1 — R ) -€P(KT) (47)
5 th —th —
Vo= (Pg1 — R ) -eP(KT) (48)

The closest interval will be identified by selecting the pigsiresult between
Vi_1 andy;.
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P(KT)

devi
E(KT)

Fig. 16 Deviation vector from the theoretical points

The second method ivolves the calculation of the time cpoeding to the point
on each straight line segment :
5Sim  5Sim | =-sim

R +RT 4R, wherel35im

—sim th

—sth  _th
[P — PR |2

=-Sim  =-sim Sim

B +R T +P
s th st

Ag: — R (2

The two times are then compared with the cycle tilgeand the closest interval
from the point is the one confirming0t < T,,.

The second approach is less complex to implement and hashesan.

The distance is determined by replacihgandP; by the extrema of the chosen
interval in equation (46). This distance is not equal to tbeia deviation since
each interpolation corresonds to the straight line segiefteen two points. It is
necessary to take the deviation vector and add the vecttiedelo thee; error being
perpendicular to the straight line segment and includetiénplane defined by the
velocity vector at point i and the vector aligned with stiditine segment.

Note that if the theoretical path is a straight line, then w&e calculate the devi-
ation directly with equation (46).

—sim__ —?SIM

o h
ty=Tp whereP" = R, — P} (50)
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4.6 Calculate the actual deviation from a theoretical curweth a
small radius of curvature

In the case where the radius of curvature is high, this meihodt guaranteed to
—th
calculate the minimum distance, since the theoretal is not necessarily the
—Sim
closest to the simulate®,  point. For example, such a situation is encountered

when machining rectangles with corners with radii of cuuvatending towards O.
—th
To remedy this problem, an added algorithm determiRgs, the closest the-

. . . . *)th —sim .
oretical simulated point, by seeking the valueno$uch that(||P, — R ||) is
minimized by varyingn from n— 20 ton+ 20. Indeed, it is not necessary to test
all trajectory points. Then, the deviation is calculatedhwhe aforementionned
method.

4.7 Orientation errors

There would as many methods to calculate errors over thetatiens as there exists
representation models. We chose to determine the orientatror by calculating
the variations on the normal vector because it is more emgntm visualize the
movement of a vector that characterizes the parallel rolodsile platform.

SNo(KT) = Ne(KT) — N(KT)" (51)

In addition,CAD programs represent orientations by expressing the pgiaén-
tor colinear with the tool axis which, in the case of paratt#ots, is commonly
corresponding to the mobile platform normal vector.

4.8 Actuator joint errors

The simulator also compares the theoretical and simulatedsor joint trajecto-
ries, thereby obtaining the actuator error for the six aotgaFori = 1,...,6, we
calculategsm = LM — L th,

4.9 Error Models

In order to simulate a realistic trajectory pursuit, errondals are introduced at
different levels of the simulator. The majority of errorgantroduced by adding
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X sim p N v sim
Control model
N ~ Relative
Step
- ~ Error
Exact model
S Y, ref
Y

Fig. 17 Calculation block diagram of the end-effector relativeoefor a step

a parameter to a function determined by randomly selectingl@e in a specific
interval[—max +may.
We have chosen to the modeling of all the following errors:

CADfile precision,
sensor accuracy, lj,
configuration precisioyOA anddCB;,
precision on the calculation of tHe&KP,

[ Nominal path ]

;

‘ Theoritical path ‘

J]—

Path planning

;

‘ IKP ‘

:

Control

:

‘ FKP ‘

P, (KT) sim J;

th

Fig. 18 Calculation flow chart of the end-effector absolute error
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e resolution of time measuremefit and temporal digitization,
e the resolution of signal digitization,
e the asynchronous nature of joint signal updates.

We can thus simulate a trajectory introducing all errorg,@mbination of these
or even only one. The simulation can be tailored to the actwaly and it is possi-
ble to isolate errors and investigate their impact on serfaish. We propose two
alternative calculation errors :

e the relative error between two steps, Fig. 17,
e the absolute error giving the end-effector accuracy Fig. 18

5 Results of path simulation

5.1 Operative part of the trajectory simulator

A simulator is proposed where a typical machining task isgraered by a general
6-6 hexapod manipulator. Knowing that path planning and foitmnis essentialy
a kinematics problem, the principle of the kinematics satiah is based on the
alternate use dKP andFKP.

The robot operative part consists of the following : the nagism described by
the actual geometry (passive joints), sensors (instruadgotnts), motors (actuated
joints) and amplifiers, (Mery 1997). The following modelsrevéncorporated : the
calibrated values of the configuration and the position @en®8oth are character-
ized by a certain measurement accuracy. At the simulatigmbang, we determine
the actual real configuration values by adding a random ittion to the ideal
configuration vaIue@A‘rF andCB, . Then, at each point of the theoretical Carte-
sian path, we calculate the theoretical joint values udimgKP using the actual
real values of the configuration. For each calculatgd(for i = 1,...,K) where K
is the number of actuator set-points. Realistic joint valaee calculated by adding
random contribution$L;, on the six actuators (fdr=1,...,6). We will continue
with the FKP calculation for each trajectory point. The simulation emdth the
surface finish evaluations.

The simulation does not address the impact of amplifiers apins. It imple-
ments a nominal trajectory (continuous) or theoreticadddite) as the set-points
and the real simulated trajectory (computed on points).

Consider that the random error on the measurements of tisévpgsint posi-
tions are determined at the beginning of the machining m®aad remains constant
throughout the simulation. This assumption means that \gkentethe configuration
change values caused by mechanical wear. The positionrsemstom error is re-
calculated each time the measure is used by the controlme#ning at eachig
sampling period.
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Input e Output
: : nom
RyPt F———  Nominal path = OM()

....................

th
OM(n)f@M————{  Theoritical path——— [OM(KT)]
o™ IKP ' th
th - [Lkm)]
cB —T
[max] ——=| Error addition
T.T e A
s P . sim
ordre | CNE = [Li(kT)]
FKP . OM(kT)Sim
Performance F(kT) sim

Fig. 19 Simulator Diagram of the general hexapod robot with control

5.2 Trajectory simulator including the controller

The operative part could be studied by itself in order to idgithe configuration
error impacts. After studying the robot operative part dgra machining task, a
complete analysis of the parallel robot path planning igppsed incorporating a
model of theCNC. The controller performance is then investigated in terfreaio
face finish, (Marty, Cassagnes and Martin 1993). The sirautaen implements a
conventional joint control strategy as usually found in thajority of CNC. Each
servo can only ensure the setting of one single actuatetlyanmble. In the ma-
jority of current controllers, this variable is either thesition or the speed. CNC
Speed control analysis will be left for another article.

5.2.1 Trajectory simulation for position control

The position control simulatorimplements a joint stratefrajectory planning and
following for indirectly controlling the end-effector pibi®n through the calculation
of the FKP. The principle of the simulation remains basically the sa&imemat-
ics one as before, meaning that it is based on the alternatefu&kP andFKP,
Fig. 19. Between the two calculations of the geometric pastef the simulated and
theoritical trajectory, in addition to adding the variousog contributions, a module
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that models the command is integrated and it calculateseiiv® set-points using
various polynomial interpolation functions. The surfacest evaluation proceeds
applying the same calculations as before.

5.2.2 Interpolations of actuator set-points

TheCNC is equipped with polynomial interpolators which calcutaseveral inter-
mediate points between the theoretical set-points. Theseniediate point calcu-
lation actually determines the higher level control cyatest, T,. New interpolated
points are calculated at all times @ . It then follows that the polynomial joint
movements give a Cartesian movement which polynomial israsd to approach
the scheduled task for the nominal machining movement . Mhatethe movement
will never be obtained equivalent to nominal displacement .

Interpolation modules are used on a segment defined by twispof joint in-
th

th
structionsI—i> (k Tp) and? ((k+1) Tp) upon which typical polynomial curve
fitting is performed. The time interval is the time for calatithg the interpolation
order, orTp. They use polynomial functions whose parameters are megdawy
matching certain amounts (positions, velocities, acaglens, jerks, etc.) depend-
ing on the polynomial order. The following interpolatiorencbe simulated :

e first order: passing a straight line between each point , then the lifueation

f(lj) =c1 li +¢co , we calculate coeffientsy and c; with the positions at the
— th th

N
beginning and end of the intervia(k T,) andl;([k+1]Tp) , this technique is
widely used in usuaCNC machine-tools;

e second order. it calculates the parameters of the quadratic functidln) =
C Ii2 + ¢1 lj + ¢o from two positions and speed;

e second and first orderit divides the section into two parts : an acceleration phas
and a phase constant speed can choose two methods witratedtatceleration
or acceleration set (often the maximum acceleration of Xi®;a

e third order: it softens the movement using a cubic functidh) = c3 13+, 12+
c1 li + cp which coefficients are calculated from the known positiomd 2eloci-
ties at the beginning and end of the interval values;

o fifth order. one takes the two positions, two gears and two known staread
accelerations interval to calculate six parameters of h @iigree polynomial
function.

5.2.3 Algorithm to simulate the control position
The former algorithm now includes one typic@NC containing the control levels
with each its cycle time :

e The first level for path planning and following,
e The second level comes from the six motor servo controllers.
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The simulator requires the same inputs and produces the@aimets has shown
above.

SimulatorCNC Configuration of robotOA |, ,CBy,
Configuration of commandeTy, Ts
# of control intervals np, = round(%)

# of servo intervals ns = round( TTZ)
Interpolation order Or =5

Configuration of the nominal pattPy, P; andF;
—— nom

Nominal path X(t) = X(t)
Path duration t = £2
Cartesian nominal derivativag ()"0 = & X(t), Ac(t)"m = V() """
Actuator nominal functiong(t)"°™= MGI(OM(t)"™) _
Actuator nominal derivativesL; (t)"°™ = % L(t)"°Mandal; (t)"°™M = vL;(t)nom
Fork=0— npdo
Foru=0—ngdo
tw=KTp+uTs
OMII' = OM"O™t,,)
Lith = inter pollg(Or, LI'°M(ty,), Tp, Ts, tw)
OA\Rf :OA\Rf +AIea(OAmax)
CB\Rm = CB‘Rm +AIea(CBmax)
Fork=0— npdo
Foru=0—ngdo

tw=KTp+UTs
If k=0andu=1do
Fori=1— 6do

Ligm = Lifh + Alea(Lima) _
sys= modeleFA7entOA |, ,CBj. ,Lig™)
res= MGDexact(sy9
Forj=1— #(res)
solg = CalculCentréres)

OMZ'™ = Closer(solc Py)
else
Fori=1—6do

LigM = Lit" 4+ AleaLimay) _
sys=modeleFA7rat(OA ,CBg,,-Lig™
res= MGDhybride (sys OMS™)

OMgM = CalculCentréres)
—Sim .
Calculation of precision P, ™
Calculation of deviation &' _
Calculation of actuator precisiorfg'™
return OMS™M LM ¢SIM varepsilod™, s'M

The simulator uses the following functions

e modeleFA7ent (OA‘rF ,CBg, - Li$™) : computing system dfKP as the mobile
platform three points with integer coefficients,
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e modeleFA7rat (OA| ,CB‘Rm,Liﬁim) : computing system ofKP according to
the mobile platform three points with rational coefficients

e Aleavalmay) a function that computes a random value taken between 0 and
Valmax

e PlusPres (solc Py) function that computes the closest parameter in thedikt
to pointPy

e CalcCentre ({7}) function that computes the position of the ceridéy from

—
each parameter in the li§iX )
e Interpolle function that calculates the interpolated set-pointssTanction re-
ceives the order of the polynomial function selected by ter.u

6 Results of path simulation

In this section, as part of the path planning related to ngliand by extension to
all high accuracy applications, kinematics simulatiorutesscalculates end-effector
surface finish impact integrating configuration inaccugaend postion based CNC
control strategies. The results are compiled, presentedyzed and compared.

Firstly, the error impact of the joint positions is studi@the actuator lenghts are
subject to an error and their introduction will be studietie, the passive joints
correspond to the kinematics chain attachment pdingdB; fori =1,...,6. The
section continues providing an analysis of trajectory $ation with classic CNC
position control which will be performed o8+6 parallel robots for the first time.
Various parameters will be varied and the results will altmandetermine how to
improve finish surface.

6.1 Parallel robot configuration

Let us take a typicab-6 configuration example written in a configuration text file
which includes the manipulator essential parameters: tloedinates of the joint
center position®OAR, in the fixed base reference franfe and the coordinates
of the joint center position€Br,, in the mobile platform reference franf&y,. In
the computations, we use their simplified format, respettiidentified as A and
B. Here is a typical configuration example with a real marapad configuration.
The unit is the millimeter. The values were the ones caledldty a calibration
procedure:

We try one difficult FKP example on a typical 6-6 hexapod withegbmplex
solutions out of which 16 real solutions can be extractedcdinfiguration is given
on Table 6.1 where the fixed base and mobile platform jointdioates OAo, CBc
are given with units being the millimeter.
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Table 1 Parallel manipulator configuration table

Joint Coordinates Respective Values
OAl(x) OA (y) OA(z)| 464.141 389.512 -178.804
Ao (X) OAp(y) OAp(2)| 569.471 207.131 -178.791
OA@(X) As(y) OA3(2)|529.050 -597.151 -178.741
By (x) CB1(y) CBi1(z)| 68.410 393.588 236.459
B, (x) CBy(y) CBy(2)| 375.094 -137.623 236.456
Bs(x) CBs(y) CBs(z)| 306.664 -256.012 236.461

Vertical (mm) Vertical (mm)

708
706
704

1215
1210
1205
1200
1195
1190
1185

Fig. 20 Selected nominal paths

6.2 Typical trajectory and realistic milling configuration

We have implemented various control strategies in poshipimterpolating points
by polynomial functions of the first degree, third degree &ftld degree. We also
tested a preceded by an acceleration phase linear intéguol@he latter has been
interpolated with a quadratic function for setting accatien. This type of interpo-
lation requires smoothing functions of first and second ide must determine
four boundary conditions of the interval and two alternegiwere studied : the two
positions and joint velocities at the ends and three enditond by setting the
acceleration phase of the second order. In the first casehasé¢o calculate the
acceleration as a function of the end conditions.

We chose two nominal paths located on planes parallel to h@l&ne. These
path nominal functions are respectively determined bydHewing configurations,
Fig. 20 :

e a line segment starting at point50020,1200 and ending at point
[150Q 20,1200 traveled at three constant feed forward speeds : 30, 45 and 60
m/min.

e an arc of radius 500 mm from the poirit00 600,700 to reach point
[—400,100,700 using the same three feed rates. The center of the arc is point
[100,100,700.

Note that the selected tasks are simulated tyring to reedealistic milling
conditions. We will study the trajectories at differentdetes which are set to
30, 45 and 60 m/min. The feedrates of 30 and 60 m/min speedsspand to the
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Vertical (mm) Vertical (mm)

Fig. 21 Simulated path pursuits: straight line segment and arc

speeds of high speed millitgSMand ultra high speed millinggHSMrespectively.
A study is also conducted on the impact of path following eytehes which will be
setat 5, 10 and 20 ms.

The simulator computes and sketches the two resulting pétizeng a controller
with a cycle time of 1éhsand a feed rate of 36/min, Fig. 21 where the one dimen-
sion is exagerated to visualize the path errors. There isvglEx high-frequency
noise on every simulated patterns which highlight sudderuapredictable changes
in the continued trajectory.

Firstly, we compute the error vector of the Cartesian pasitirhe error vector
norm determines the accuracy of the robot at each contralk jpoid gives an idea
of the behavior of the robot itself. Since we are in the specidise of continuous
trajectory, the deviation of the path relative to the norhjpeth is calculated. In
these two cases of calculation of performance , we retaiirecsit Finally evaluate
the surface finish , we study the vertical component of theresmctor . In order to
simplify our study , there is provided the machining surfagewhich are parallel to
the XY plane . It also retains the maximum and minimum valuekthe difference
therebetween reflect surface finish .

The simulations are performed with actuator set-pointpakations of the first
(linear), third and fifth order.

6.3 Control with linear interpolation

6.3.1 Straight line segment with linear interpolation

The first tests with the simulator implements the first lexaiteol proceeding with
actuator joint set-point interpollation utilizing a lineaterpollation. In the first
analysis, we calculate the deviation of a typical path segsienulated over a nom-
inal path. We therefore study the straight line segmentipgfirst varying the cycle
time of the order and the results are shown in Fig. 26.

At 5 ms, the deviation is a high frequency signal oscillatingund a straight line
functionf(t) =t/4+ 1 in microns. The amplitude increases and has peaks reaching
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Fig. 22 Simulated path deviation for a straight line segment : ctiohes of 5, 10 et 20 ms, linear
joint interpolation

3.6 microns. At 10 ms, the signal oscillates around a cohstaaight line at 1.8
micron and oscillations thend to increase very slowly. An2§) the average rose to
4.75 micron and the extrema of the oscillations are 1 and &Boms with peaks at
9.5 microns.

In the second analysis, we study the same trajectory by noyingathe feed-
rates and the results are shown in Fig. 23.

At feedrates of 30 m/min, the average is near 2 microns antigtefrequency
oscillations feature peaks from 0 to 3.5 microns. At 45 m/mairsimilar signal is
obtained where the average rises to 3.5 microns and peakts @emicrons. A 60
m/min, the oscillation average reaches 5 microns with 1Ganis peaks.

We continue the analysis by showing graphs of vertical ertfwait are perpendic-
ular to the machined surface errors since they provide witbx@ellent account of
surface finish. The first graph shows the results at the seldeedrates, Fig. 24.

At feedrates of 30 m/min, the signal shows a high frequenciflason with an
average of approximately 1,25 microns with peaks as low asiclons and as high
as 3 microns. At 45 m/min, there is an oscillation betweennd B microns with
an average of just over 2,5 microns. A 60 m/min, it is obsetiedl the oscillation
evolves mainly around 4.7 micron between -1 and 8.5 micratis some peaks at
10 and -1.5 microns.

We close this simulation cycle with vertical errors at thé&esed cycle times,
Fig. 29.

At 5 ms, the signal is oscillating at a high frequency of amb0r8 micron. The
amplitude of oscillation increases significantly. Peakched 2.4 and -1.6 micron
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Fig. 23 Simulated path deviation for a straight line segment : fetedr of 30, 45 et 60 m/min,
linear joint interpolation

causing surface finish error to become 4 microns. At 10 mssityeal oscillates
around 1.6 micron with an amplitude increasing less rapidigre extremas of 3.75
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Fig. 24 Simulated vertical error for a straight line segment : fagels of 30, 45 et 60 m/min, linear
joint interpolation
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Fig. 25 Simulated vertical error for a straight line segment : cyoiees of 5, 10 et 20 ms, linear
joint interpolation

and -1.6 micron are extracted giving surface finish vangiof 5.35 micron. At 20
ms, the oscillation is constant between 8.5 and -0.5 withvarage of 4.2 microns.
Peaks reach -1.4 and 9.5 microns leading to vertical varniaf almost 11 microns.

Simulation results are collected in Table 2. On the tabkeptider of interpolation
functions, theT, cycle time in ms, thé; feed rate in m/min, then the minimum and
maximum extremas for thevector error magnitude in microns, tegvertical error
in microns and|d|| deviation in microns.

Ordr Tp FI‘ smax gmln sénax eg‘lln ||6||maxH6||m|n
ms{m/min|micron micronfmicron/micron micron|micron,
10[ 30 |4.900| 0.142| 3.716|-1.738| 3.796 | 0.047
10[ 45 |7.198| 0.219| 5.918|-1.403| 6.055| 0.047
10{ 60 |11.872 0.026|10.067-1.403|10.106| 0.096
5| 30 |3.783[0.142| 2.470(-1.738| 3.726| 0.021
10{ 30 | 4.900| 0.142| 3.716|-1.738| 3.796 | 0.047
20| 30 (11.487 0.258|9.734|-1.403| 9.747| 0.096

[ e e [ e

Table 2 Simulated errors and deviations for a straight line segmeposition control with linear
joint interpolation

As might be suspected by intuition, we get better resultsdulucing the path
controller (first level) cycle time and also the feedforwardocity. At very high
speeds or with long cycle times, we met and exceeded thehtbicksf 10 microns.
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Fig. 26 Simulated path deviation for an arc : cycle times of 5, 10 en&0linear joint interpolation

At feedrates below or equal to 30 m/min and cycle times equaks than 10 ms, the
kinematics surface finish or the best feasible surface finmid reach 5 microns.

6.3.2 Arc with linear joint interpolation

In the second analysis, the same simulation process istezpfea a typical arc path
y first varying the cycle time of the order and the results ams in Fig. 26.

On Fig. 26, the signals are high frequency oscillations ada@iconstant value. At
5 ms, the signal oscillates around an average of 1.5 micrtbnpeiaks evolving from
0to 3 microns. At 10 ms, the signal oscillates around theevafit microns between
extremas of 0.5 and 7.5 microns with peaks near 0 and 8 michorrgasing to 20
ms, the average increases to 14 microns. The signal resembilery regular high
frequency sinusoidal curve ranging from near 0 to 27 micron.

We continue the study using the same arc path and varying#uzdte, Fig. (27).

The feedrate change from 30 m/min speed to 45 m/min doubéesigmal av-
erage and its oscillation amplitude (from [0, 8] to [0, 1@&)milarily, The feedrate
change from 30 m/min speed to 60 m/min triples the signalageand its oscilla-
tion amplitude (from [0, 8] to [0, 27]). In the later, the sajraverage is 15 microns.

In the second analysis, we then continue the arc path asddygilotting vertical
errors at the usual different feed-rates and the resultstenen in Fig. 24.

The feedrate change from 30 m/min speed to 45 m/min doubéesigimal aver-
age and its oscillation amplitude (from [-0.5, 3] to [-0.}), @imilarily, The feedrate
change from 30 m/min speed to 60 m/min triples the signalageand its oscilla-
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Fig. 27 Simulated path deviation for an arc : feed-rates of 30, 4®ehfnin, linear joint interpo-
lation

tion amplitude (from [-0.5, 3] to [-0.5, 10.5]). In the lat¢he signal average nears
5.5 microns.
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Fig. 29 Simulated vertical error for an arc : cycle times of 5, 10 etr) linear joint interpolation

Ordr Tp FI‘ smax gmln sénax eg‘lln ||6||maX||6||mln
ms{m/min|micron micronfmicron/micron micron|micron,
10] 30 [8.164] 3e> [3.2329-0.806| 8.157] 0.016
10[ 45 |16.129 0.023| 6.533|-0.481| 6.533|-0.481
10{ 60 |27.179 0.129|10.803-0.806|27.093| 0.043
5| 30 |3.602]0.023| 1.378(-0.806| 3.598| 0.023
10| 30 |8.164| 3e° |3.2329-0.806| 8.157 | 0.016
20| 30 (27.179 0.129|10.803-0.806|27.093 0.037

N e

Table 3 Simulated errors and deviations for an arc : position comtith linear joint interpolation

To end this simulation cycle, vertical errors are computethe selected cycle
times, Fig. 29.

The oscillating signals are similar to the high frequenavous ones. At 5 ms,
the oscillation ranges from -0.25 and 1.25 microns with agrage at around 0.5
micron. At 10 ms, the oscillation extremes reach -0.2 and@d@ons with an av-
erage at 1,5 micron. At 20 ms, the signal is a high frequenaypasite oscillation
with extremas at 0 and 10.5 microns and peaks at -1 and 11 msicro

Table 3 compiles the results of kinematics simulationstierarc path tests.

The results confirm the former results obtained with striigle segments. The
simulator can provide surface finish of 10 microns, only ie gase of high speed
milling (< 30m/min).
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6.3.3 Discussion on the linear joint interpolation

From the kinematics analysis simulation, providing thedetperformance bounds,
the CNC robot controller with linearily approximated treeries can reach the sur-
face finish if the feed-rate and path following cycle time se¢ properly. The con-
troller can provide surface finish of 10 microns, only in cas@ to high speed
milling (< 30m/min). The surface finish is not met at faster feedrates. Lindar-in
pollators should keep control cycle times relatively slferflOmg in order to reach
the required surface finish. The surface finish is not metregdo cycle times.

To achieve an accuracy of less than 10 microns, one shoulkdesegsponse time
at 10 msec or less and maintain the feed-rates below 45 mlimis also means that
UHSM is not feasible.

Those linear displacements are performed by a roboticrsystach is not linear.
The interpolators try to transform curved path segmentslinear path segments
leading to interrupted segments. The linear interpoltaigoonly matching the posi-
tions at the ends of the intervals, Fig. 13. As an advantagdiriear interpollation
algorithm implementation is easy and does not require difftomputations lead-
ing to smaller cycle times. As disadvantage, with the ajfitie of parallel robots,
the control system will not be able to reach 10 micron surfadsh without very
fast controllers featuring small cycle times. Moreovepiddeedrates are not prac-
tical.

Let us add that the Cartesian velocity vector undergoespalwhanges when
passing from one linear segment to another which will réaudiynamics overshoot.
In fact, the continuation of this type of movement by an dffecrobot is impossi-
ble without stopping at each interval change which would m&awing down the
milling process.

This type of interpolation is only recommended for roughimiging.

6.4 Control with third order interpolation

6.4.1 Straight line segment with third order interpolation

The second simulation test series implement the first lewedrol proceeding with
actuator joint set-point interpollation utilizing a thiatder polynomial interpolla-
tion. In order to ensure the continuity of movement, it isrttieund to match the
positions and joint velocities at the ends of intervals. tAzas done for linear in-
terpollation, tests begin with an analysis of deviationhwiite different selected
feed-rates, Fig. 30.

The three signals are featuring growing high frequencyllasicins until the tra-
jectory ends. At 30 m/min, the signal oscillates around aigitt line described by
equationf (t) = 0.375t+0.75 and it peaks at 3.75 microns. At 45 m/min, the curve
deviation appears more advantageous since it oscillatag #ie same straight line
axis as with 30 m/min and the signal peaks do reach just undaicBons. At
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Fig. 30 Simulated path deviation for a straight line segment : fetedr of 30, 45 et 60 m/min,
cubic joint interpolation

60 m/min, the same conclusions can be deduced and the pezdadeX microns
slightly.

The test are repeated by varying the cycle time of the CNCrobet The results
are shown in Fig. (31).
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Fig. 32 Simulated vertical error for a straight line segment : cytaiges of 5, 10 et 20 ms, cubic
joint interpolation

The three signals are actually very similar and are feagugiowing high fre-
quency oscillations until the trajectory ends. The sigoalsllate around a line de-
scribed by equatiofi(t) = 0.375 4+ 0.75t. The peaks reach 3.75 microns. Note that
the feed-rate does not seem to impact deviation signifizantie difference be-
tween the error vectdte|| and deviation|d]|| is less than one micron. This result
means that the third order interpolation allows accuragetétical trajectory fol-
lowing. This also means that the path following will takeqdavithout undue delay
or advance.

We continue the analysis by showing graphs of vertical srwdnere the cycle
times are varied, Fig. 37.

The three signals are actually very similar and are feagugiowing high fre-
quency oscillations until the trajectory ends. The gragimassignals which are
centered on 0.2 micron with increasing oscillation with kgegetting close to 2 and
-2 microns.

The vertical error is simulated at various feed-rates, &&y.

The three signals are actually very similar and are feagugiowing high fre-
quency oscillations until the trajectory ends. The sigraaiks around the constant
value 0.1 micron with peaks from -1.8 to 2 micronz. At 45 m/nthme peaks are
+1.4 micron.

Table 4 shows a compilation of results.

All error and deviation values remain below or equal to 4 .
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Fig. 33 Simulated vertical error for a straight line segment : fages of 30, 45 et 60 m/min, cubic
joint interpolation

OrdrgTrajetfl F gmax:| gmin | glmax: | glin | 5[|max||5]|™n
ms |m/min{micronmicron{micron|micron micron|micron|

10 | 30 |3.787|0.069| 2.124(-1.936| 3.786 | 0.021
10 | 45 | 4.053|0.069| 2.351(-2.059| 3.285| 0.032
10 | 60 |3.692|0.069| 1.978(-1.738| 3.146 | 0.035
5 30 | 3.787|0.069| 2.124|-1.936| 3.786 | 0.021
10 | 30 |3.787|0.069| 2.124(-1.936| 3.786 | 0.021
20 | 30 |3.692|0.069| 1.978|-1.738| 3.146| 0.035

WwWwwwww

Table 4 Simulated errors and deviations for a straight line segmensition control with cubic
joint interpolation

6.4.2 Arc with third order interpolation

The same simulation process is repeated for a typical atcipafirst varying the
feed-rate and the results are shown on Fig. 34.

The three signals are actually very similar and are feagurnegular oscillation
signals with averages at approximately 0.5 micron with pextk0,02 and 1.85 mi-
cron. As the feedrate increases, the deviation signal besdass dense indicating
a reduction of oscillation frequencies.

The simulation is repeated by varying the cycle time of theQddntroller and
the results are shown in Fig. (35).
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Fig. 34 Simulated path deviation for an arc : feedrates of 30, 45 eh@0in, cubic joint interpo-
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Fig. 35 Simulated path deviation for an arc : cycle times of 5, 10 an&0cubic joint interpolation

The three signals are actually very similar and are feaguiriregular oscilla-
tion signals with averages at approximately 0,5 micronsrédwer, the deviation
remains below 2 microns regardless of the case.

In Fig. 33, the simulation results are shown for the selefgedrates.
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tion

The three signals are actually very similar and are feaguriegular oscillation
signals with averages at approximately 0,1 micron withexis at -0.4 and 0.6
micron and peaks at0.8 micron.

We then study the vertical error where the controller cyalees are varied,

Fig. 37.

As it was observed for the former tests, the vertical errgmais are very similar
and their density is inverserly proportional to the coréotycle time.
Tests ends by collecting the results onto the followingeabl

Ordr Tp Fr £max gmln 82’161X sgnn ||5||max ||5||m|n
ms{m/min|micron micronfmicron/micron| micron|micron|

3 [10] 30 |2.034(0.042| 0.695(-0.806| 1.939| 0.012
3 |10| 45 |[1.991|0.023| 0.704|-0.812| 1.816| 0.037
3 [10| 60 | 1.823|0.058| 0.695(-0.806| 1.802| 0.040
3 | 5] 30 [2.196]0.023| 0.704|-0.812| 1.939| 0.012
3 (10| 30 |2.034(0.042| 0.695(-0.806| 1.939| 0.012
3 |20| 30 |[1.823]|0.058| 0.695|-0.806| 1.802| 0.033

Table 5 Simulated errors and deviations for an arc : position cdmtith cubic joint interpolation

The results barely exceed the value of 2 microns whatevespbed and response

time.
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Fig. 37 Simulated vertical error for an arc : cycle times of 5, 10 etr#) cubic joint interpolation

6.4.3 Discussion of the third order joint interpolation

A trajectory tracking using third order interpolators giveery satisfactory results.
In all instances, deviation of less than 2 microns are obthin

It is notable that the arc path results are better than faigdit line segment.
The difference between the error vector and deviation is@ti.2 micron. As a
consequence, the simulated path is not significantly ddlayahead of the nominal
path. It is observed that the curve is simulated even clasthe theoretical curve
for the case of the line segment.

The results of surface finish indicate milling quality witts and 2 microns re-
spectively for the line segments and circular arcs. Inddeslresults of the third
order interpollation show that hexapod performance shbelgufficient for UHSM
(feedrate of 60 m/min or higher). Position control with auiniterpolators are highly
recommended.

Furthermore, algorithms can be implemented in a conveatiGhNC adjusted
with relatively slow response time.

Among other advantages, the following can be observed :

e The relative ease for calculating joint speeds at the béggnand the end of a
trajectory interval.
e The continuity of movement is ensured.

The only drawback is that the acceleration continuity wilt be ensured. Indeed,
nothing prevents large acceleration variations to be agun the motors.
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6.5 Control with fifth order interpolation

6.5.1 Straight line segment with fifth order interpolation

Implementing interpolators with fifth order polynomial fttions follows the goal
to ensure acceleration continuity of interval transitidfig. 38 shows the results for
the same straight line segment according to different seddeedrates.

“Temps de trajet

Fig. 38 Simulated path deviation for a straight line segment : fetedr of 30, 45 et 60 m/min,
quintic joint interpolation

The three signals are featuring growing high frequencyllasicins until the tra-
jectory ends. These deviation signals seem similar to tiid trder results. The
deviation remains below 4 microns. At the higher feedrdtte,signal amplitude is
sligthly larger at the beginning.

The simulation is repeated by varying the cycle time of theQ3dntroller and
the results are shown in Fig. (39).

The three signals are featuring growing high frequencyllasicins until the tra-
jectory ends. The deviation signals share some commoialitgontain oscillations
remaining below 4 microns. Moreover, as the cycle time getstsr, the signal be-
comes denser.

We continue the analysis by showing graphs of vertical srréhe following
graph shows the results at different cycle times, 40.

The three signals are actually relatively similar and aeguigng growing high
frequency oscillations until the trajectory ends. At festds of 30 and 45 m/min, the
graphics show signals which are centered on -0.2 microningtieasing oscillation
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Fig. 39 Simulated path deviation for a straight line segment : ctiobes of 5, 10 et 20 ms, quintic
joint interpolation

with peaks getting close to -2 and 2 microns. At 60m/min, thaltations start with
larger amplitudes and grow less rapidly to reach -3,5 andc2anipeaks.
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Fig. 40 Simulated vertical error for a straight line segment : fagek of 30, 45 et 60 m/min,
quintic joint interpolation
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The next error results are calculated at cycle times, Fig. 40
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Fig. 41 Simulated vertical error for a straight line segment : cyotees of 5, 10 et 20 ms, quintic
joint interpolation

These results show a similar trend then for changing theééesl At feedrates of
30 and 45 m/min, the graphics show signals which are centered.2 micron with
increasing oscillation with peaks getting close to -2 andi@roms. At 60m/min,
the oscillations start with larger amplitudes and grow legsdly to reach -3 and 2
micron peaks.

Several tests were performed and the results are summamzéte following
table 6.

Ordr Tp FI' smax Emln sgwax Eg'lln ||5||max”5||m|n
ms{m/min|micron micronfmicron/micron micron|micron,
10[ 30 | 3.886|0.087| 2.113|-1.935| 3.502| 0.021
10| 45 | 4.578|0.119| 1.806|-2.847| 3.621| 0.028
10{ 60 |4.992| 0.136| 1.830(-3.847| 3.948| 0.56
5| 30 |3.730(0.082| 1.985(-1.857| 3.502| 0.035
10{ 30 | 3.886|0.087| 2.113|-1.935| 3.502| 0.021
20| 30 [4.992| 0.258| 1.701|-3.847| 3.948| 0.096

o1 o oo o1 Ol

Table 6 Simulated errors and deviations for a straight line segmpasition control with quintic
joint interpolation
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Table 6 shows that the values are between 3.5 and 5.5 midiots.that these
values are proportional to the feed-rate or cycle time.
6.5.2 Arc with fifth order interpolation

The simulation calculations are repeated with the straiglbtnominal trajectory
being replaced by the arc. Fig. 42 shows the results forreiffiefeedrates.

eeeeeeeeeeee
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Fig. 42 Simulated path deviation for an arc : feedrates of 30, 45 enhf0in, quintic joint inter-
polation

The results show oscillations which tend to be slightly éasing with a signifi-
cant peak at the beginning. Signals are centered on a degedfine curve. At 30
m/min, the largest oscillation deviation is 3 microns. Neithstanding the starting
peak, at 45 m/min, the deviation remains below the value ofd&ans. At 60/min,
the oscillation deviation starts at 8 microns.

After varying the feed rate, the simulation is repeated wayyhe cycle time of
the CNC controller and the results are shown in Fig. 43.

These deviation signals seem similar to the results of thedo tests where
feedrates are modified. At a cycle time of 5 ms, the high fraguescillating signal
is irregular and slowly reducing. Some peaks are observ2dvatrons. At 10 ms,
similar observations can be made but the peaks reach 2,6msicAt 20 ms, not
considering the starting peak, the oscillatory signal ightly decreasing and the
peaks start at 8 microns.

In Fig. 40, the vertical error is calculated on the selectstifrates.
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Fig. 43 Simulated path deviation for an arc : cycle times of 5, 10 en®)quintic joint interpola-
tion

The curves are oscillations of relatively constant amgétaround a slightly in-
creasing curve. As the feed-rate increases, the oscillagater is shifted down and
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Fig. 44 Simulated vertical error for an arc : feedrates of 30, 45 atnéin, quintic joint interpo-
lation
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the amplitude becomes larger. For the cycle time of 30 m/d#nm / min and 60
m / min, we observe linearized averages of respectively@%,1.2 micron and
amplitudes of [-1, 0.6], [-1.8, 0.4], [-3, 0.5] microns respively.

Then, we study the vertical error for different cycle timegy. 45.
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Fig. 45 Simulated vertical error for an arc : cycle times of 5, 10 et#) quintic joint interpolation

As expected, these vertical error signals seem similargodhults of the former
tests where feedrates are modified. The curves are detatimreecenter following
a slightly non-linear curve. At the cycle time of 5 ms, therage is approximated
to -0.1 micron, with sligthly decreasing amplitudes, whire extremas are -1 and
0.5 micron and peak reaches -1.2 and 0.6 micron. Time of 2Bhmsyverage signal
is -1 micron with peaks amount to 0.6 micron and down almo8trgcrons.

To terminate this fifth order interpollation simulation &ycthe results are col-
lected and presented in table 7.

Ordr Tp FI' smax emln sgwax 8?"] ||5||max”5||m|n
ms{m/min|micron micronfmicron/micron micron|micron,
10| 30 | 3.037|0.042| 0.679(-1.283| 3.028| 0.012
10| 45 | 7.425|0.023| 0.635|-2.742| 7.423| 0.037
10{ 60 |13.052 0.129| 0.635|-5.136|13.043| 0.043
5| 30 |2.156(0.023| 0.680(-0.867| 2.017| 0.012
10{ 30 | 3.037|0.042| 0.679|-1.283| 3.028| 0.012
20| 30 (13.052 0.129| 0.635|-5.136| 13.0 | 0.037

o1 o oo o1 Ol

Table 7 Simulated errors and deviations for an arc : position comtith quintic joint interpolation
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We observe that the performance starts to decrease as thratieexceeds 45
m/min or the response time exceeds 10 ms. For UHSM, the eddzbisurface finish
is as high as 13 microns. Similar surface finish are reach®aié times are as high
as 20 ms. These poor results come from those first excessiyeaypeaks appearing
at the beginning of the path error signals. If we remove tss éedrimental peak,
then the table becomes the following 8. After excessive peaioval, at high feed-
rates and slower cycle times, deviations reach 8 micronsvartital errors vary
between peaks of -3 and 0.7 microns.

Ordr Tp = gmax [~ gmin ££nax ggun ||5||ma><||5||m|n
msg{m/min|micron micronfmicron/micron| micron|micron|
10| 30 | 3.037|0.042| 0.679(-1.283| 3.028| 0.012
10( 45 | 7.425|0.023| 0.635| -2.00| 5.10 | 0.037
10 60 |13.052 0.129| 0.635| -3.00| 8.00 | 0.043
5| 30 |2.156(0.023| 0.680(-0.867| 2.017| 0.012
10{ 30 | 3.037|0.042| 0.679|-1.283| 3.028| 0.012
20| 30 NA | 0.129| 0.635| -3.00| 8.00 | 0.037

g1 o1 oo o1 Ol

Table 8 Second table or errors and deviations for an arc : positiatrabwith quintic joint inter-
polation

6.5.3 Discussion on fifth-order interpolation

Simulations of the fifth order give satisfactory resultstiagth speed milling provid-
ing the initial excessive peak is not taken into account. e\@v, performance is not
as good as for third order interpollations for very high sfzee

This interpollation stratedy is useful if it is necessargtwsure jerk continuity at
path interval transitions. However, this approach requihe calculation of transi-
tional jerks which may increase implementation complewiiyr time consumming
computations where Jacobians and their derivatives amvied. These computa-
tions should be not be performed on-line by the robot colarbut handled off-line
by the CAM program on the remote computer. The CAM program matybe ca-
pable to calculate actuated joint jerks.

This strategy is recommended as a second choice but it weulbibisable to
apply a third order interpollation costing less computatime.

6.6 Discussion on the results of position control

Linear orders are not recommended despite their simplm#yause you can not
perform high-speed machining. The third order gives the kEsults because the
accuracy is always ensured to remain under 4 and 2 micropsatgely for straight
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line segments and arcs. Order 5 provides slightly less &oleresults and it is more
complex to implement.

The implementation of high order interpolators becomeScdit because you
have to compute interval transition conditions that aregasly to calculate.

All interpolators allow to follow trajectories with feedtes up to 30 m/min cor-
responding tdHSM at rapid cycle times of 5 ms or less. Note that trying to verify
UHSM with feedrates up to 60 m/min, the results indicate the appitin of order
three or five. Any case is feasible with third order inrerptitins.

7 Conclusion

The existence of an exact method for solving Ei&P of the generab-6 hexapod

allows the design of a complete kinematics simulator tostudling processes.
A certified calculation method of the robot end-effectorijos has been imple-
mented in the analysis of milling task. It consists of a ttijey following algorithm

required for task planning applications, simulation andtoal. Several modeling
modules can simulate various essential elements: pama#ieipulator configura-
tion, kinematics modeler and solver, CNC control algorishset-point interpolla-
tors and performance calculations. For performance etratyanew metrics were
proposed to evaluate surface finish more accurately.

This simulation package provides a kinematics result ifdhm of the trajectory
deviation and vertical error as a lower bound on the estonaif the surface finish
of any milling task.

We studied the performance of the classic CNC position cbattheme applied
to the generab-6 parallel robots and compared it with an existing hexapodd&fo
ing of various interpollation strategies at various fe¢egand cycle times allowed
us to determine that milling quality surface finish can beaoted forHSM if third-
order interpolations are implemented. We can also impléruarctions interpola-
tions of the fifth order, but we must implement control cydfed less than or equal
to 10 ms but they remain more mathematically involved to arepLinear inter-
pollations will not allow forHSM and will only be limited to roughing at feedrates
slower then 20 m/min.

With position controlJHSM becomes only feasible if third order interpolations
are established. Results are slightly better for arcs thestfaight line segments.

This work has allowed the design and programming of a coraptatotic sim-
ulation package served as the backbone for the completeshigdd milling sim-
ulation program prepared as a collaboration of the INRIA enbly and Paris VI
Universityto fine-tune general Gough platforms and thesgitan-based CNCs.
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