METHOD OF TOLERANCE- BASED TRAJECTORY PLANNI NG AND CONTROL BACKGROUND OF THE
| NVENTI ON Field of the Invention [00011 The present invention relates to
navi gation of a path by a noving object, and, nore particularly, to notion
control systens for conputer-controllable machine tools. Description of the
Rel ated Art [00021 Automation has resulted in the devel opnment of notion
controllers capable of signaling actuator devices to effect notion in

| i nkages along a desired trajectory while perform ng useful work. Mtion
controllers permt increased speed and precision in performng a given task
over manual operation. Robots and automated manufacturing equipnment are
exanples of a few of the products that utilize notion control technol ogy.
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[0002] Automation has resulted in the development of motion controllers capable of

signaling actuator devices to effect motion in linkages along a desired trajectory while
performing useful work. Motion controllers permit increased speed and precision in
performing a given task over manual operation. Robots and automated manufacturing
equipment are examples of a few of the products that utilize motion control technology.
Programming these devices is often accomplished by specifying the desired trajectory as
a collection of line/arc segments, along with the desired velocity of a tool along each
segment. The velocity of the tool is often kept constant along each segment or group of
segments of complex trajectories because velocity optimization along each point in the
trajectory would be very time consuming.

[0003] Most humans who program tool trajectory have a fundamental understanding of
the trade-off between velocity and accuracy. It is well known that at higher velocities it
becomes more difficult for the control system to stay on the desired trajectory. Thus,
trajectory programmers must make a trade-off between the velocity and the precision of
motion along the desired trajectory. These decisions are often based on the
programmer's experience and result in an iterative programming process wherein the
trajectory is executed and then modified to reduce the velocity in sections where an
undesirable deviation from the desired trajectory is observed. Thus, programmers
control the deviation from the desired trajectory, and therefore the quality of the motion,
by manipulating the tool velocity along the trajectory.

[0004]) Motion control systems for manufacturing equipment, often referred to as
Computer Numerical Controllers (CNCs), attempt to maximize the velocity of motion

control while minimizing the deviation from the desired trajectory. CNCs may be used
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notion along the desired trajectory. These decisions are often based on the
programmer's experience and result in an iterative progranmm ng process
wherein the trajectory is executed and then nodified to reduce the velocity
in sections where an undesirable deviation fromthe desired trajectory is
observed. Thus, programmers control the deviation fromthe desired
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[0005] A motion controller operating a milling machine is one example of CNC.

Lathes, grinders and coordinate measuring machines (CMMs) are other examples of
manufacturing equipment which utilize a CNC for motion control. A three-axis CNC
milling machine has a head where a tool is mounted, and a table movable relative to the
tool in the X, Y plane. Motors control motion of the table in the X and Y directions and
motion of tool in the Z direction, establishing an orthogonal X, Y, Z Cartesian coordinate
system. Positional sensors (encoders or scales, typically) provide feedback indicating the
position of the tool with respect to the coordinate system of the milling machine. The
CNC reads in a part program specifying a tool path trajectory that the tool is to follow at
a specified velocity or feedrate. The controller continuously compares the current tool
position with the specified tool path. Using this feedback, the controller generates
signals to control motors in such a way that the tool's actual trajectory matches the
desired tool path or trajectory as closely as possible while the tool moves along the tool
path at the desired velocity. The controller may be used in conjunction with a computer
aided machining (CAM) system.

[0006] The deviation of the actual tool trajectory from the desired trajectory or tool
path is referred to as "machining error." The machining error may be computed as the
distance between the instantaneous tool position and the desired trajectory as specified
by the tool path. CNC tolerance is defined as the amount of the permitted machining
error while machining. Motion controllers are expected to maintain good or tight CNC

tolerance. The machining error depends on many factors including the performance of
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SUMMARY OF THE INVENTION
[0009] The present invention applies smoothing to any trajectory of a motive body.

For example, the present invention may be applied to smooth the trajectory of any
motive body, such as a vehicle or projectile, regardless of whether the vehicle or
projectile travels by land, sea or air. In a specific implementation, the present invention
may also be applied to adjust the feedrate of a CNC machine tool based on the CNC
tolerance specified by the programmer and the programmed tool path, defining the
maximum allowable feedrate at each point along the programmed trajectory. This
information, along with position feedback, is used to modify the feedrate along the actual
trajectory of motion to limit the position deviation from the ideal programmed path so
that the requested CNC tolerance can be achieved.

[0010]) Tolerance Based Control (TBC) Technology introduces the notion of CNC
tolerance to the programming and machining environment. It effectively allows the
CNC programmer to program a part by using the maximum, or near maximum,
permissible feedrates for a given cutting condition, i.e. cutter, speed, depth of cut,
material conditions and so forth, and specify a desired CNC Tolerance.

[0011] The data smoothing technology in TBC control may include examining a target
trajectory, for example a programmed NC tool trajectory identifying NC line segments
which can be smoothed, and converting these NC line data into arcs while maintaining a

given tolerance. Data smoothing may include converting point-to-point linear moves
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tol erance. The machining error depends on many factors including the
performance of -2 the notion controller and the feedrate selected for
traversing the trajectory during nachining. In general, higher feedrates
wWill result in larger machining errors. [0007] Known part progranms do not
explicitly address CNC tol erance issues. The nmachine tool operator, part
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distance to accelerate or decelerate from one speed to another. When the length of a
motion segment is relatively short and not enough for a large speed change, the
lookahead algorithm may calculate and limit the speed of that motion segment according
to some motion profile, such as an S-curve speed profile. Because lookahead is usually
performed in real time and includes recursive modification of previously processed
motion commands, the high efficiency of the algorithm may result in reduction of the
CPU load and an improvement in machine performance. The recursive modification of
motions may involve only logic and addition. Moreover, the algorithm may have the
advantage of requiring fewer iterations of modifying previous commands. The algorithm
may have a further advantage of improved run times which increases the system speed or
throughput.

[0014] One option in a non-TBC Lookahead algorithm is to calculate a speed limit
upon each instance of the motion distance being found insufficient to achieve a desired
speed change. Such calculation of the speed limit may involve a large amount of
computation. Repeatedly performing the calculation may be undesirable because of the
processing time and resources required. The additive lookahead algorithm of the present
invention may use a stop distance concept as a metric of speed limitation, which may be
very computationally efficient.

[0015] Unlike the classical Proportional, Integral and Derivative (PID) approach, the
TBC approach may use predictive control techniques, which replaces non-TBC point-to-
point fixed cycle control with trajectory and velocity based motion control. TBC may

include looking at where the cutter tool is in relation to the programmed trajectory and
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tol erance specified by the programrer and the progranmed tool path, defining
the nmaxi mum all owabl e feedrate at each point along the progranmed
trajectory. This information, along with position feedback, is used to
nodify the feedrate along the actual trajectory of notion to limt the
position deviation from the ideal programmed path so that the requested

CNC tol eréﬂj@ﬁn@%@c&&in@l&hi"ﬁ?’@@onﬂrﬁﬁﬂlﬂ)gﬁ%@éﬁé AAERinBas s Yo SABA T&Hb&cm%g
f C g and

Technol ogy i ntroduces the notion o tol erance to0 the progranm

machi ni ngwidh thierprngrantmed trajedtéryanid kab wlealigk ofis ntakine GN@pghibtiesstomer t o progr am
a part by, using the nmaxi rrun}ar Pr. n?g}; maxi mum rm ssible feedrates for a
gi ven cut!®® LAV 5By 2 qonfrol figha! bat l%fﬁél&al?lvaég 1gstagigpeous macaining

condi tiongnanfpso forth, and specify a desired CNC Tol erance. [0011] The
data snmoot hing technology in TBC control may include exam ning a target

traj ect orf@016jor lretharfphear" prechnolegyreipdged by khet pregeac inveytion esdl imiotionds NC | i ne

segnents which can be snpot hed, ang converting these NC |line data into arcs
whil e mi?ﬂ“&PﬁF%@l%agaéI%FPWélF"éﬂsa‘ﬁe le a&’@ﬁ%ﬂ?%ﬁ t(-i:‘t"?HS/P(?l)‘l&‘?fhde converting

i nt-to-patnk i -8 | t Ly, Lal
beth ' o BRSPS (RN e ol b0 PoFROUEG Ry L kAP 0
ext ent of thamaatajucngy faynedebydegesiosleflinean ségmeensibal fppeskimatel eaudvee. Thi s

t echnol ogy has the benefit of achieving snpbother trajectory, snpother
vel oci ty, fraieeterye rBy nesof aeeditejecteriagand assosigtadorecinyin iepltuve thstead phce fini sh.

[0012] Anseggx\éﬁ{]{ﬁﬁgﬁ tr%jec{orﬂl%s,pﬁ?é %Qltltréqug]élhgfﬁafe%hé p(%ﬁfel'sgorp (';foa\fclz ggj%cio%g oved

trajectori
into a straight-line approximation of the arc, allowing for the direct precision machining

of arc segments, the elimination of the chord error, the reduction of part program size
and the elimination of the processing required to convert complex trajectories into their
polynomial approximations.
[0017] The TBC motion kernel of the present invention may take the motion
commands from the lookahead queue and control the servo system to track the contour
trajectory. The TBC motion control is different from non-TBC motion control in that it
is a closed-loop contour tracking control.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The above mentioned and other features and objects of this invention, and the

manner of attaining them, will become more apparent and the invention itself will be
better understood by reference to the following description of an embodiment of the
invention taken in conjunction with the accompanying drawings, wherein:

[0019] Figure 1 is.a flow chart of one embodiment of a tolerance based control method
of the present invention.

[0020] Figure 2 is a block diagram of one embodiment of a tolerance based control
system of the present invention.

[0021] Figures 3a-c are diagrams illustrating the mapping of different tolerance values
to different regions of machining space.

[0022] Figure 4a is a plot of program data points, illustrating a method of data

compression according to one embodiment of the present invention.
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method of adjusting line moves for smoothing according to an embodiment of the
present invention.

[0031] Figure 8 is a plot illustrating one step of one embodiment of a double arc
smoothing algorithm of the present invention.

[0032] Figure 9 is a plot illustrating another step of one embodiment of a double arc
smoothing algorithm of the present invention.

[0033] Figure 10 is a plot illustrating yet another step of one embodiment of a double
arc smoothing algorithm of the present invention.

[0034] Figure 11 is a plot of the tool velocity versus time, also referred to as the S-
Curve.

[0035] Figure 12a is another plot of the tool velocity versus time, also referred to as an
S-Curve.

[0036] Figure 12b is a diagram indicating how distances are related to the plot of
Figure 32a.

[0037] Figure 13 is a diagram illustrating the concept of stop distance.

[0038] Figure 14 is yet another plot of the tool velocity versus time for both additive
and non-additive lookahead algorithms.

[0039] Figure 15 is a flow chart of one embodiment of an additive lookahead algorithm
of the present invention.

[0040] Figure 16 is a block diagram of one embodiment of a non-TBC motion control

arrangement.
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[0047] Figure 22b is a second plot illustrating arc motion geometry analysis.

[0048] Figure 23 is a flow chart illustrating operation of one embodiment of a TBC S-
Curve Controller.

[0049] Figure 24 is a block diagram illustrating one embodiment of a TBC control
arrangement of the present invention

[0050] Figure 25 is a block diagram illustrating one embodiment of an arrangement of
the present invention for variable-gain feedback control of normal error.

[0051] Corresponding reference characters indicate corresponding parts throughout the
several views. Although the drawings represent embodiments of the present invention,
the drawings are not necessarily to scale and certain features may be exaggerated in order
to better illustrate and explain the present invention. The exemplification set out herein
illustrates an embodiment of the invention, in one form, and such exemplifications are
not to be construed as limiting the scope of the invention in any manner.

DESCRIPTION OF THE PRESENT INVENTION
[0052] Referring now to the drawings and particularly to Figure 1, there is shown one

embodiment of a tolerance based control method 100 of the present invention, including
the performance of the major functions of a tolerance based controller of the present
invention as it machines the part defined by the part program. While the controller of
this disclosed embodiment relates to a particular case of the present invention, dealing
with CNC machine controls, the invention may be generally applied to bodies having
various motion control situations as one of skill in the art would recognize, such as

robotic control, vehicular control, projectile control, and the like.
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and the elimnation of the processing required to convert conpl ex
trajectories into their polynom al approximations. [0017] The TBC noti on
kernel of the present invention rmay take the notion conmands fromthe

| ookahead queue and control the servo systemto track the contour
trajectory. The TBC notion control is different from non-TBC notion control
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A R e I R
enbodi MenfandbmtdiorRoMPERNatibA ¥RP106 Fo modify servo commands to redirect the machine
tool to compensate for, i.e., correct, both predictive or repeatable errors and random or
non-repeatable errors in the actual machine tool path as compared to the commanded tool
path. In a final step 108, the modified servo command is transmitted to the servo
amplifier for use in actuating the machine tool.
[0054] The method of Figure 1 is now described in more detail with reference to the
flow diagram of Figure 2. In general, steps 102 and 104 correspond to the Queue
Manager Task of Figure 2, and steps 106 and 108 correspond to the Run System Task of
Figure 2. The part program may provide the locations of discrete points on the surface of
the part, and the Numerical Control may interpolate between these discrete points to
thereby define a desired trajectory or tool path formed of contiguous lines and arcs. As
used herein, the term "arc" may indicate a segment of a circle. That is, the arc may have
a constant radius.
[0055] The Queue Manager Task preprocesses the part program motion data with four
consecutive operations that transform it into high quality motion data before the Run
System Task executes it. The four operations are tolerance understanding within
Tolerance Queue 202, data compression within Compression Queue 204, data smoothing
within Smoothing Queue 206, and additive lookahead within Lookahead Queue 208.
The Queue Manager may perform the corresponding data processing on each queue and
move the data flow through the consecutive queues in a pipeline manner.
[0056] The Queue Manager may preprocess NC motion commands such as positioning
(G00), line (GO1), arc (G02, GO3), and an NC tolerance command E used for the
tolerance based control. Use of the TBC technology is consistent with existing or legacy
CNC part programs. This technology allows the operator to specify NC tolerance

commands along with the existing NC commands for execution. By inserting a new NC
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[0023] Figure 4b is a plot of programdata points, illustrating a nmethod of
data conpression according to another enbodi nent of the present invention.
[0024] Figure 5a is a graphical representation of Level 0 data snoothing.
[0025] Figure 5b is a graphical representation of Level | data snoothing.
[0026] Figure 5c is a graphi cal representation of Level 2 data snoothing.
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snoot hi ng al gorithm of the resent I nvention. [00321 Figure 9 is a plot
illustrating andtH rXé‘tléﬁ’ zloiel EBdadight of a double are snoot hi ng

RS I O LT S T
t he presegdordinmeddf ke du{g@ﬁaél:]onl%rg@ﬂeylﬂzw and(x2l, 92, 22, ml&&ztﬂedyzvzll@gl ty
versus time, also referred to as the S- Curve.
hold a non-zero NC tolerance value of tol. This specific tolerance command may be
identified by an integer value id.
[0059] It is possible for multiple E codes to define overlapping tolerance regions. One
point may belong to a number of active NC tolerance regions.
[0060] One embodiment of tolerance regions having different values and overlapping
one another is illustrated in Figures 3a-c, Figure 3a illustrating a first case, and Figure 3b
illustrating a second case. For purposes of computational efficiency, a line move may be
divided into at most two lines. Only one more point, point p’, is generated between
points p0 and pl.
[0061] In the case of an arc (Figure 3c), three equidistant points t2, t3, t4, are added "
between an arc starting point t1 and an end point t5. The lowest of the tolerances of the
five points defines the tolerance of the arc, as indicated by the equation: tol =min {tI,
t2, 3, t4, t5}.
[0062] After the tolerance understanding operation, the elements to be taken from
Tolerance Queue 202 and sent to Compression Queue 204 are: positioning commands,
line commands with required tolerance attached, arc commands with required tolerance
attached, and the program end command.
[0063] In a data compression operation within Compression Queue 204, the program
data is compressed. In many part programs, there are short line moves that result in a
poor surface finish on the part. It is possible to combine some of these short lines into
longer lines, which may improve the part quality. The data compression operation may
determine whether short lines can be combined into longer lines, and the data
compression operation may perform such data compression if it is possible to do so. Ina

data compression operation illustrated in Figure 4a, points P4 and P> are eliminated and a
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[ 00351 Figure 12a is another plot of the tool velocity versus tine, also
referred to as an S-Curve. [0036] Figure 12b is a diagramindicating how
di stances are related to the plot of Figure 32a. [0037] Figure 13 is a
diagramillustrating the concept of stop distance. [00381 Figure 14 is yet
anot her plot of the tool velocity versus tine for both additive and

non- addi t| . kfgglg [ 1083 ' I f . rt, of one
enbodi nmen e\éﬁ]fullée)lfr% a %r%%g%@ﬁgg%gﬁbﬁ (I)l:‘lg a%%g u?nt%Fﬁillelésp(?}ecg éﬁﬁlﬁtg\%%ﬁ on.
100401 Fitgolrpeat Grel indieatet bg ldasticddinesn 01, 404 Telspadte HoGhdLies 402)a104 TRy bt | on
control arrangenment. -6 [OO.&;‘LA Figure 17 is a bl ock diagram of one

enbodi nerfimabler Ry IROrdasOf sregaidude than user«dghnedaumerisrl eansrop faderangesibgivEent i on.
[0042] Figure 18 is another bl ock diagram of the TBC notion control

arrangene “of  Fi gure 39. [00431 Figure 19 is a plot illustrating the
cal cul at i [goe#ff ANheSdoRRRSId iBlaPOtAPBRIt mdVe! EGlibRMIng Hort liEMBVES i8td a [ 0044]
Figure 20 is a plot illustrating the calculation of the stopper plane nornal

di r ect i orlofgar caeanayoinclude determining a starting point and an end point among the target
point sequence for a new line move and removing all the intermediate points. The new,
longer line move can replace the old short line moves only if some conditions are met,
including the tolerance condition, i.e., the distance from each of the removed points to
the new line is within a given tolerance.

[0065] To do data compression, all line commands may be sequentially examined in
Compression Queue 204. Four tests or criteria are used to determine whether a next
point should be added to the compression queue, or whether compression should be
performed on only the points that are presently in the compression queue. In the
illustration of Figure 4b, assume that points p0, pl, p2 and p3 have already been found to
meet the compression criteria, and that it is being determined whether point p4 should be
added to the compression queue, or whether compression should be performed on only
points p0, pl, p2 and p3. The four compression criteria may be as follows:

Test 1: |p4-p0]{<0.05 inch.

Test 2: For p3, the angle 0 is between -90 degrees and 90 degrees.

Test 3: p0.tol = p1l.tol = p2.tol = p3.tol = p4.tol. That is, an equal tolerance has been
assigned to each point from the tolerance table.

Test 4: The perpendicular distances from p1, p2 and p3 to the line pOp4 are less than the
specified tolerance.

[0066] If the above four tests are satisfied, then p4 is added to the compression queue.
If the above four tests are not satisfied, then p3 is added to the smoothing queue and pl
and p2 are discarded in compression. Essentially, three segments (pOp1, plp2 and p2p3)
are combined into one segment (pOp3).

I DATA SMOOTHING

[0067] Data smoothing operations convert NC line data into arcs while maintaining a

given tolerance. The data smoothing may advantageously result in smoother velocity

-10-
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[0045] Figure 21 is a plot illustrating Iine notion geonetry anal ysis.

[00461 Figure 22a is a first plot illustrating arc notion geonetry anal ysi s.
[0047] Figure 22b is a second plot illustrating arc notion geonetry
anal ysis. [00481 Figure 23 is a flowhart illustrating operation of one

enbodi nent of a TBC S- Curve Controller. [0049] Figure 24 is a block diagram

Il lustrat] ' of I [ engnt t h resent

i nventi on@%ﬁgﬁgmﬁ?g’a‘% ggggnlug,ﬁ 8?{;%@%&6%&?&&%%%% ag‘gﬁp{gﬁ an“&%“é‘“@ﬁ%@&i ment of
an arr angsfTRe TBT teckdtfogdy. esent i nvention for variabl e-gain feedback control
of normal error. [0051] Corres?ondi ng reference characters indicate

corr espori@068] pHigueestSarcillysisate levigk0, Il dr lgvel\2, avel 3 ndHeval ¥ smivetidngwi ngs
represent__enbadi ment f the present invention . the draw ngs are.not
necessar i epeenvelaudi(h inctiified nf SEaGRed pepisines Gy geliioBav bitier 1o,
better ilyhRhhidsGeflact B! AidartdRap heSHonhtt&i o' AR ofl2f B 5labdst Cat i on set
out herein illustrates an enbodi nent of the invention, in one form and
such exenlpyélfl, aawhivhsires replapolingspaioe areaostectasictozach pihiet,iand atdsarsnatpe of t he

i nvention in any nmanner,. DESCRI PTI THE, PRESENT ] NVENTI ON [ 00521
Ref er r i ngl2R&FRUALI RE a@wm@gs%ws%g%m which ares fPPij‘ﬁ? ngs, afCidf% i s shown
et

one ehbownﬁ@a%dgf e&h%ﬂ#‘?!ﬁﬂ%ﬁc%@ %g Ll E«ﬁéacl’f%&ﬁb?? Rvdls (;a@ﬁ%o%ﬁﬁﬁ%”t
i nvention, including the performance of the major functions of a tolerance
based corieveltha&rmaf bd previged dgrihe piesent ivientiorgsini which atusneadeiéneparts atef i ned

by the part program ile the controller of
Y P conngcte to each other, arcs are tangential to eac?n other, and arc curvatures change

gradually. In level 0-3 smoothing, the output of smoothing, the final trajectory, always
passes through the data points. In Figure 5d, cl and rl are the center and radius of the
arc defined by the points p0, pl and p2; and c2 and 12 are the center and radius of the arc
defined by the points p2, p3 and p4. The curvature of an arc is defined as the inverse of
the radius (1/r). Thus, in the level 3 example of Figure 5d, the relatively large radius
change from r1 to r2 results in a correspondingly large curvature change between the two
arcs.

[0069] Level 4 is different from the other smoothing levels in the sense that the data
points are adjusted (within the specified tolerance) to achieve gradual curvature changes.
This adjustment of the data points is acceptable in applications such as the multi-axis
contouring (or metal cutting using CNC machines) because the adjustments are very
small (typically less than 0.0005 inch) and are within a specified tolerance.

[0070] The points may be adjusted to achieve gradual curvature changes such that the
trajectory approaches being elliptical. Gradual change of curvature along the trajectory
may facilitate motion control.

[0071] Motion of a tool along an arc requires a force, referred to as “centripetal force”,
directed toward the center of the arc. In the case of CNC machines, this force may be
provided by the motors. Sudden and relatively large changes in the centripetal forces (as
the motion moves from one arc to the next) may result in larger overshoots, which may
be detrimental to the resulting surface finish.

[0072] Figure 5e illustrates minor adjustments to the positions of points p0 to p4 as

compared to their earlier positions as shown in Figure 5d. The minor adjustments may
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this disclosed enbodinent relates to a particular case of the present

I nvention, dealing wth CNC nmachi ne controls, the invention may be
generally applied to bodies having various notion control situations as one
of skill in the art would recognize, such as robotic control, vehicular
control, projectile control, and the like. -7 [0053] In a first step 102,

the control ler receive art datg fr t he rt, program  The art. program
may i ncl Jﬁ%lltdl&ttge RJAts; ﬁ%ﬁ@ qtﬁgecg?wéﬁgagﬁgqagﬂﬁabﬁ&g %hﬂt“@%h’é{“ CHPRV§F‘](: al

char act erj4ci&§ iy 6@ lopAnal B\é?:’éﬁsephl%ﬁgénteﬁip@& thechvAGE: cHaflggeneral . a
trajectory” preéeprocessing sPep 104 1 ncludes calculating a de5|$ed tool path
and f eedrcangsudusht Héwevendmiw laeget ancddjistmenitthdtal hlbawédwithiehe s@pploftiece t he

part. within a relatively short period_of time and w thin _di nmensional
t ol er anc éNEHHEP AV HEPenhEPqide folpfances |E‘ﬁ%§hﬂﬁé’&}mb€’§yt‘1pbwu%”é’efé%@§@n

speci fyi ri{és@%ft@ﬂh‘é%'lﬁﬂﬁér{& on of the machine tool is used in a predictive
and random error conbensa 'on step 106 to nodify servo conmands to redirect
t he machif[0873]t ol ore@ntbodiiaa af chef fesent in@entidin istat of BptifiziEthe Cuivature"
repeatabl e errors and random or, non-repeatable errors in the actual machine
t ool pat IthaBgesonp-eptimal sohsioadnempleyed sushithatihe Hajestaryintludes orlyep 108, the

modi fi ed 0 Lg.transmtt. t he vo .amplifier for uyse in
actuati ngﬁ{%hte/ar ha.gcg%ﬁgﬁquggfg 6?8%?&#{1%1;{%&%&}% g?.r 4 f:té)&?gs b %Wrﬂ'ﬁgrcri bed
in nore detamhy Watdthe el Rintpeafréduch thé tempetaBeiadmHenttidal @mpletity ¢fener al ,
steps 102 and 104 correspond to the Queue Manager Task of Figure 2, and

st eps lo6alawnptingghe peinkadipsiaments. tThas, Ruen Hyitis@esstelsito aghieve an elliptical

trajectory by adjusting the points within tolerances, the points are instead adjusted such

that the trajectory is defined by a series of circular arcs in one embodiment of the present
invention.

[0074] In one embodiment, the motion control is implemented in a 200 usec loop, i.e.,
the motion control is updated every 200 usec. Thus, there is a need for computations to
be performed efficiently such that the computations may be performed every 200 usec.
Due to limitations in the speed of a processor which may perform several other
operations in addition to motion control, using a trajectory defined by a series of circular
arcs (gradual changes in curvature) rather than an elliptical trajectory (continuous change
of curvature) may be helpful.

[0075] Data smoothing may include three phases or operations, namely preparing for
smoothing, adjusting for smoothing, and smoothing using a double arc algorithm. Ina
first operation of a smoothing method of the presént invention, line data is identified for
smoothing. It is not always feasible to convert NC line data into arcs while maintaining
a given tolerance, as with, for example, connected lines with sharp angles. Itis
sometimes not desirable to smooth NC line data, for example, long line moves. Certain
conditions may need to be satisfied before raw line data can be smoothed. The first
operation examines the original line data identifying the line segments, which meet the
conditions for smoothing.

A. Prepare for Smoothing

-12-



Figure 2. The part program may provide the | ocations of discrete points on
the surface of the part, and the Nunerical Control may interpol ate between
these discrete points to thereby define a desired trajectory or tool path
formed of contiguous lines and arcs. As used herein, the term"arc" may

i ndi cate a segrrent of acircle. That is, the arc may have a constant

radi us. gﬂﬁéj tion
data wit h@gﬁ conSecu o%tggrnagﬂzlﬁg té}g&j)%%ﬁor Mo E%nr&i'taﬁ& ﬁgéﬁmaﬁrgl ity
not i on daixﬁhbexfnomhutgfmxeﬁunThSMﬁé SIPTERSS mx@pdah%a sioothblCart Aeterifid ahd ons are
t ol erance understanding within Tol erance Queue 202, dat a conpression wthin

Cg gpr essi g t@gﬁmuztg@fakkgieae Spesonay heytageed 8 smoeiings org nosewetiing’. and
iti t 208 Th Va
Dot or m ¢ (B2, FERielhd 5\ Bk BBRTFE 01 HPHE 16REL by A Brecu B e SRR e dat

f1 ow t hr ogighinéd@l BQRE SiutektVdistEh@URBwédh Pmiipe@itiol BnéBépaint pDPORA thihg Queue
Manager ma&)lpreprocess NC notion conmands such as positioning (&0), line

(GO 1), (p&onand mxsyancgdwlsahe portest distaneecbetueamethel midpadnicofflme stegment

t ol erance r he T chnol g y IS consistent wt
exi sting Bfazfaé@ tﬁ?/ éﬁf@lB%}Sg Bidd I%%ﬁﬁ eetp&'ﬁ diCo PP ofRaY ﬁén at or
to speci f for Naob®isy f:rrﬁﬁeefou@wm?& hain¥bf itbiiaXhfiifiddd NC commands for
execution. By inserting a new NC -8 tol erance command within an existing G&M
code part pﬁogrlaﬁothp@lcaxﬁgdpa@rea]mr can specify different CNC tol erance
constraint STest 2: Max{d1,d2} <0.0005 inch. That is, both d1 and d2 are less than some

predetermined distance, such as 0.0005 inch.

Test 3: The angle 0 > 145 degrees, or some other predetermined angle.
If the above three conditions are not met, then point pl may not be marked for
smoothing.

B. Adjust for Smoothing

[0078] In asecond operation, line data is adjusted for smoothing. The second
operation may reduce the curvature changes on a three-dimensional curve represented by
a sequence of three-dimensional points. The local curvature at a given point on such a
curve is mainly determined by neighboring points. A minor change of the position of the
given point or of its neighboring points may significantly change the local curvature.
Thus, it is possible to modify the positions of points within the given tolerance such that
the curvature changes on the three-dimensional curve represented by the modified points
will be reduced. The smaller the curvature changes on the curve, the smoother the curve
may be.

[0079] Figure 7 illustrates an embodiment of the present invention for adjusting line
moves for smoothing. The line moves may be adjusted relative to each other to control
the path curvature and to prepare for arc fitting. Two construction arcs 612, 614, which
are not coplanar, are located that pass through points PoP;P3; and PoP,P3, respectively. A
line of intersection of the planes of arcs 612, 614 is designated 616. The center of a
circle defined by arc 612 is designated c2; and the center of a circle defined by arc 614 is
designated cl. A projection of point p1 on the plane of arc 614 is designated point q1.
That is, a line that extends through both of points pl and ql is perpendicular to the plane

-13-



[ 0057] The NC tol erance conmmands specify a region and a tol erance value to
be applied to that region along with a command i-dentification nunber. An NC
tolerance command is defined as an E code: E tol XxlI Yyl Zzl Xx2 Yy2 Zz2
lid [0058] An E code requests that a three-dinensional rectangul ar region
defined by the coordi nates of the diagonal corners (xI yl, zl) and (x2,

y2, z2), zl <z2 ho} d on er NC.t ol erange.val ue of, tol.

Thi s apedl PRI PAPHRL: R hRr Tl B S bl o523 ﬁ?ﬁle&éer RAle i o
[0059] |42i ThRASSd hh&thhéxténds ithhgh Eotﬁ@%émtsopzdefd C[EIS% ﬁfehéﬁ@ﬁlaf‘ﬂ) thel erance
regions. One point may belong to a number of active NC tol erance regions.

[ 0060] Optanewiaxii tiZnt Thefclosobtgroaton areql dlospaietilrig deigriatedesi; andithees and

over | appi one_anot h S LIlustrated, in. Figures 3a-c, Figure 3a
i |l ust raf’r‘ﬁﬁs Qoﬂtpgtar%ggzeo@ﬂﬁpélﬁﬂ?ség‘@ﬁd % | ustrating a second case. For
pur poses [afsoio r@é&?&uyoa%mﬁsfa RIAGY both that%mmﬁ& Ha&‘fht 8gfn¥)h&'@e%éeﬂt 0 at

most two |1 Onl'y“one nore point, point I s gener at etween points
pO and pmarlmﬂﬁi]smbotlmﬂge 4 aomt ofayde naarteedﬁ-)lrgnnnethmg)l,f ittsatisfeeseqch of the ant

points t t4, are added between an re S poi tl. and an end
poi nt t5M ?‘?\?SFSMQP ipng giyen BI?‘E’Fa‘chg%P%&P l?alﬁ’é %B S’i"d‘éfil a%% <t he

t ol eranc | b t

t4, tb5}. %[(@gg;ll]mlA?{lgan 9>ng15c ﬁ%g znnglg(rac)s(fﬁg %lshg‘wgf)ﬁe?f ulreo‘zl’nﬂalﬁyleqle};nents to
be t akenbtadjusted if pl has been marked for smoothing and either or both of p0 and p2 has

been marked for smoothing. Point pl may be adjusted, if at all, along an adjustment
vector vl extending from pl to s1. Similarly, point p2 may be adjusted if p2 has been
marked for smoothing and either or both of pl and p3 has been marked for smoothing.
Point p2 may be adjusted, if at all, along an adjustment vector v2 extending from p2 to
s2.

[0081] After the adjustments associated with arcs 612 and 614, the process continues
with subsequent adjustments associated with arcs formed by the next set of four points,
i.e., points pl, p2, p3 and p4. That is, adjustments may be made based upon an arc
defined by points pl, p2 and p4 and an arc defined by points pl, p3 and p4. The
adjustment process may continue indefinitely with calculations based upon subsequent
sets of four points along the trajectory.

[0082] The magnitude of the adjustment of a point's position along an adjustment
vector may be dependent upon whether one of the two adjacent points is unmarked for
smoothing. More particularly, if a marked point lies immediately after or before an
unmarked point, i.e., the marked point lies between an unmarked point and another
marked point, then the position of the marked point may be adjusted by half the length of
the adjustment vector. That is, the marked point may be moved half way along the
adjustment vector. In equation form, the position of the point may be calculated as p =
p+0.5*v. That is, the point is moved with a coefficient or factor of 0.5. Otherwise, ifa
marked point lies between two other marked points, then the position of the point is
adjusted twice with a coefficient or factor of approximately 0.19 in each of the two
adjustments. In the first adjustment, the direction and magnitude of the adjustment

vector is determined with the adjusted point being the second of the four points used in
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Tol erance Queue 202 and sent to Conpression Queue 204 are: positioning
commands, |ine conmands with required tol erance attached, are conmands with
required tol erance attached, and the program end command. [0063] In a data
conpression operation wthin Conpression Queue 204, the program data is
conpressed. In many part progranms, there are short line noves that result in
a poor therdabmdationsiiliustratedtimEigues 7.. Il theisscqndssljustmeritathe dirbétiom adme of t hese

short lines into .longer |ines, which nmay inprove the part. quality, The data
conpr essAERIE of hEATRERenhE s HECTREL SRDuRS AdusteA beink beinp e ird  nod
into Iongpﬁleltioﬁleﬁoingnd the data conpression operation nmay perform such data
conpression if 1t 1s possible to do so. In a data conpression operation

i 11 ustra{eds3in Td ettee illintratp thevmbddimantofEl g &F, & adbusadhastiaentaochatios afe new | i ne
is formed %ré@gagoi nt Po to point, P3. Tol erance boundaries or constraints on

the toode elow. ntheccheghitoeridy that they totab adjustmentig dess tancanadiustmerindar i es
402, 404 3@4, : .of mAgn] ; - def i ned
nuner i calhgg%ﬁpého 0 %ﬁé‘%@éss §@J€%£%§{é{llgﬁg%él]g%§0&pﬁ{e%gﬁ)ﬁmng : gea

poi nt-toQae¢ i nove. Conbi ning short line noves into a |onger one nmay
i nclude determning a starting point and _an end poi nt anongzeifshe t ar get
poi nt sef@aditions pY isnaiawrkedfer ppoethingd pt énwerked fon smaoging; ®etli at e poi nts.

The new, _lon Lin ve can replace the old short line noves only if sone
conditi o%mg?cge{%#fmgﬁhﬂ%f uding the tolerance condition, i.e., the distance

from eaclReshit: IR atii R PIVie AoP@jadehit Afdther marked point, pl is not adjusted even though
it is marked for smoothing .
Case 2:
Condition: p0 is not marked for smoothing; p1 and p2 are marked for smoothing; p3 is
not marked for smoothing.
Result: pl = p1+0.5%v1; p2=p2+0.5*v2.
Case 3:
Condition: p0 is not marked for smoothing; p1, p2 and p3 are marked for smoothing; p4
is not marked for smoothing.
Result: pl = p1+0.5%v1; p2=p2+0.1877*v2+0.1877v2"; p3 = p3+0.5*v3, wherein vl and
v2 are calculated from points pOp1p2p3, and v2' and v3 are calculated from points
plp2p3p4.
Case 4:
Condition: p0 is not marked for smoothing; p1, p2, p3 and p4 are marked for smoothing.
Result: pl = pl1+0.5*v1; p2=p2+0.1877*v2+0.1877v2'"; p3 = p3+0.1877*v3+0.1877v3/,
wherein v1 and v2 are calculated from points pOplp2p3, v2' and v3 are calculated from
points p1p2p3p4, and v3' is calculated from points p2p3p4pS5.

C. Double Arc Smoothing

[0084] In a third operation, smoothing is performed using a double arc algorithm. The
third operation may include converting the lines into arcs, which are mutually tangent to
each other, while maintaining a given tolerance. This third operation may include

sequentially checking consecutive line target points processed in the second operation in

Smoothing Queue 206 and performing the conversion of lines to arcs.
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the newline is wthin a given tol erance.
| ine commands nmay be sequentially exam ned in
tests or criteria are used to determ ne whet her a next

[ 0065] To do data conpression,
Conpressi on Queue 204. Four
poi nt shoul d be

al |

added to the conpressi on queue, or whether conpression should be perforned

on only the points that are presently in the conpression queue.

illustrat
been four[g

In the

OF5y”" Tl Ul 2 gl B R o el ot By BBt = "2

det er m neg] b edrb&polifts 6f the4ine ROxthéhtd® bediilithddo THIB, GerdleRasd on queue, or
whet her conpression shoul d beﬁggrforrred on only points pO, pl, p2 and p3.

The four requipsmeents wil be el satis

been assr;iﬁa
a

per pendi cu

are conbi

i thehrRACHrQ OBl doritih b1 deRlrf M:ﬁn%a{l% hEetor: ﬁ%taclﬂarg%? goim

r distances frompl, p2 and p3lito th
t he speoiffa lae segimentande.snjod@d] Sefortd)theabgnrigthmhanay genstae dowbls aics &f | ed,
p4 is added to t
sati sfi edePiargthe
di scar deq

y be as follows: Test 1: | p4-pd <0.05 inch.

es and 90 degrees. Test 3:

Test 2. F 3,~th | i 5, bet -90 d
peO.St ol = @b{;‘ﬁt oTﬁe:&B%?‘?%r? afgo:S@."Pg’i’g\yﬁpeegﬁ?."P&W? ; fons SIMUlEANEQUSEY i3y er ance has

I ne pOp4 are

ressi on q e | f the above four tests are not

The first function may perform the following steps:

If pi, pi+1 O pivy is tagged “smoothing”, calculate a desired tangent vector t;
(Figure 8) at point pi+; based on the positions of points p;, pi+1, and pi+2. The three
points p;, pi+1 and pi+; define the Arcpipi+ipi+2 and ti+ is the tangent vector to the
arc at point pj«J.

If none of p;, pi+1, pis2 is tagged “smoothing”, do nothing

Increase i by 1

Repeat the above steps

[0087] The above function will create a sequence of desired tangent vectors at the

target points of the line segments to be smoothed, denoted as t), ta, t3, ts, ts, tg, ... , ta.

The tangent vectors may be referred to as “desired tangent vectors” because the direction

changes of these vectors are gradual, which further smoothes the curvature changes in

the smoothed trajectory.

[0088] The second function may perform the following steps:

If pi, pi+1 and pi+2 are marked for smoothing and the corresponding desired

tangent vectors t;, t;+; and t+; have been calculated for p;, pi+1 and pi, then create

a pair of three-dimensional arcs a;; and aj; such that:

e a; starts at point p; and is tangent to the tangent vector t;

e a; is tangent to ap at a point p;+, between p; and pi+

e ajp starts at point pj+1, ends at point pjs2, and is tangent to the tangent vector
tis2.

Check the shortest distance (d) between pi+; and the closest arc. If the distance is

within a given tolerance, the double arcs are valid.
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[ 0067] Data snoot hing operations convert NC |line data into arcs while

mai ntaining a given tolerance. The data snoot hi ng nay advant ageously result
i n snoot her velocity -10- BDDBO 4643637v1 and accel eration, better control
of feedrates, inproved surface finish, and full utilization of the TBC
technol ogy. [0068] Figures 5a-e illustrate level O, level 1, level 2, |evel
3, and level 4 snoothing,  respectively: level O, including no snoothing and
produci ng a *culf tRpfqubdearcs betaeen pi and praATedRvalids thencseate e pair abthreeand arcs may
not be connect C, hery i c . . 2, 1n which arcs

repl ace Iines,&%Fégoggén%%%H%@f?&mgg&%é%%agﬁﬁb%Pﬁéﬁﬁ'arcs are not

tangential to eagh s@ér&%pbi&tﬁ%ﬁié:ﬁﬁgéittdﬁl‘é%ng%nti/ébtd’i’fﬂ ch arcs repl ace
lines, arcs are connected to each other, and arcs are tangential to each

ot her; and | evel a4 i tangentdo hj ata pdinte betveen pirand pvg provi ded by the present
invention), in which arcs replace lines, arcs are connected to each other,
arcs are tangeht idistarts abpemt By eids at Beiat piric 2Rd isvianaentto the tangent vgeteetial |y. | n

| evel 0-3 snoothin t he output of smopthin the final trajectory, always
passes t hrodgh F%egggjgtagoﬁ%%ﬁ]?sstp gFﬂerﬁeéﬁPEfeﬁ‘?s l?:eltwﬁ‘??cf"‘f’lanélpézthe center and
radi us of tRe jRf&G:&ehy ped by the points p0, p 1 and p2; and c2 and r2 are
the center and radius of the are defined by the points p2, p3 and p4. The
curvat ure ofe aRepuatthesabdeé stapd as the inverse of the radius (1/r). Thus, in
the | evel exanBI e of Figure 5d, the relatively |arge radius change from

rl tor2 Iﬂ§§%l t $he APgratien plelop serand Ginetion iy the cmbipdimerd deseaibgd abievieen the two
illustrated in Figures 9 and 10. In Figure 9, p0, pl and p2 are marked for smoothing. A

pair of three-dimensional arcs al and a2 are created such that arc al starts at point p0 and
is tangent to tangent vector t0; arc al is tangent to arc a2 at a point p' between p0 and p2;
and arc a2 starts at point p', ends at point p2, and is tangent to the tangent vector t2. Ifa
distance d between p1l and the closer arc al of the two arcs is within a given or
predetermined tolerance, then the double arcs al and a2 are valid.

[0090] If, on the other hand, the double arcs al and a2 are invalid, i.e., the distance d is
not within the given tolerance, then another pair of three-dimensional arcs a3 and a4
(Figure 10) are created such that arc a3 starts at point p0 and is tangent to tangent vector
t0; arc a3 is tangent to arc a4 at a point p" between p0 and p1; and arc a4 starts at point
p", ends at point p1, and is tangent to the tangent vector t1. The above steps may then be
replicated in order to create yet another pair of three-dimensional arcs (not shown)
between points pl and p2. Any or all of arcs al, a2, a3 and a4 may be circular arcs, and
each of the arcs may have a different, respective radius.

[0091] With the double arc smoothing thus completed between points p0, pl and p2,
the above-described second function may be repeated for the next three points along the
trajectory, i.e., points p2, p3 and p4. Further, the second function may be repeated for
each subsequent set of three points along the trajectory.

[0092] The above-described double arc smoothing embodiment is directed to the case
in which p0, pl and p2 are each marked for smoothing. Assume now that, of the four
points p0, pl, p2 and p3, pl, p2 and p3 are marked for smoothing. Tangential vectors t0
and t1 may be derived from the arc defined by p0, pl, p2, and tangential vector t2 may
be derived from the arc defined by pl, p2, p3. The following five steps may be taken:
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arcs. [0069] Level 4 is different fromthe other snoothing levels in the
sense that the data points are adjusted (wthin the specified tolerance) to
achi eve gradual curvature changes. This adjustnent of the data points is
acceptable in applications such as the multi-axis contouring (or netal
cutting using CNC machi nes) because the adjustnents are very small

(typically | ess HaaM.0,8000 LpGhk At i @ th Ll b RoRReE i Sihigoler ance.

[ 0070] The poi nts naybe adj ust ve gra 5nges such
that the trajgageaitil anpingthry begendatet fiopi (pdap2, & @y uslsheRanoE:

curvature along the trajectory may facilitate notion control. [ 71] Mot i on
of a tool al ong The M%@d}m@sb@é}w@rrdeandrtb‘t elps@rdnfttlaﬁ%z@dm@mzn%maﬁl force"
directed tovvargﬂe @ gent [%8are n the c nztlé ? Clma hi nes, this
force may be pPFoVF§EE e 1 gﬂ?d’&é’nmél TFEHPS F&1'5%5 changes in

the centri pet apreligtchBined afstanbé‘%ué‘lp&d ®O00ER théPile A08bRMfesta dnB@2RgXt) By
result in larger overshoots, which may be detrimental to the resulti ng

surface fini shYal{CbO72] Figure 5e illustrates m nor adjustnments to the

Choun i nFigure Hhe SRuIRes a7 Geg B pmanriddyn dovhle A e RIRHE o nt <

raj ect ory S Be B Rl R Rl g T vt ur e

changes cont i twwars$ y1 ahdbalmay be temgehtial gepaint pldj ust ment that is al | owed

wthin the SCOR.eTﬁere nrllaey be a tolerance check for the double arcs. A distance d in Figure 10
is the shortest distance between point p" and a line extending between points p0
and pl. If distance d is less than a predetermined distance, such as 0.0005 inch,
then the double arcs a3 and a4 are valid. Otherwise, if the double arcs a3 and a4
are invalid, then define the trajectory between points p0, pl as a line extending
between points p0 and pl.
5. Repeat steps 3 and 4 to generate double arcs between pl and p2 based upon
tangent vectors tl and t2.

I ADDITIVE LOOKAHEAD

[0093] In an additive lookahead operation within Lookahead Queue 208, it is ensured

that there is enough distance to accelerate or decelerate between all velocity changes in
the program data. This has advantages in that the machine bumping and dwell marks
may be reduced, and the surface finish in machining may be improved. For each
programmed move, a stop distance is computed that defines the distance required to
decelerate the axes to zero velocity according to S-curve acceleration. It is referred to as
S-Curve because the acceleration/deceleration part of the velocity profile (velocity
plotted versus time) illustrated in Figure 11 looks like an “S” instead of a straight line.
The stop distance may be determined by the lower of: a) the maximum move velocity
determined by the angle between the current and next moves; and b) the maximum move
velocity for the path curvature determined by the machine model.

[0094] The additive lookahead function may include searching in Lookahead Queue

208 for velocity and distance information and determining whether there is enough
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I nventi on may depend upon the tol erance. Thus, the. points may not actually
fall on an ellipse after the adjustnents. [0073] In one enbodi nent of the
present invention, instead of optimzing the curvature changes, a
sub-optimal solution is enployed such that the trajectory includes only
circular arcs as opposed to being elliptical. Defining the trajectory as a

series of,.circul a ar y. haye e_advant a f reducing the

conput at 1 ORaRRHE e Rt ing Bashe ki (5 BrREBLPEYy Bom GRRL M imang Bot men s.
Thus, evaRemnbxtit is possible to achieve an elliptical trajectory by
adjusting the points within tol erances, the points are instead adjusted such
t hat the [009§lecThery is s madfematidalnpnsersionibebvesh the stop distanae exd fhe veloeity.

enbodi ne of the present ., inyention. 074] J.n one odifrent, the notion
control i QP{BP%W?@E(EC‘&’PW be %ﬂﬂ%@‘g?’or‘r{)@'ﬁ,Sto}p.déé]‘?ncetaﬂgr{ﬁ%gi(ﬁv%%t rol is
updat ed e}sdi¥sedll e etaflYéfow t here is a need for conputations to be
performed efficiently such that the conputations nay be perfornmed every 200

usec. DUJ8096] | The additivnokaheat algopitted nodfy requircokresdedgevdfitbdmarynymer f or m
several other. .o ations in addition to notion control, using a trajectory
defi ned b‘SFl%m%%‘{)q?@eﬂftQEth’Eﬁ“éPm grFonaetnss. o fakerange/agdadiv VE]BI%)\%F’&? ) rather
t han an I AL b &i | ' ATe T e

hel pful . qu%%%f)ﬁ%ﬂaftog&g*n@o&? ﬁlgeyhgfﬁgﬁlibncli:ﬁgﬁ? ﬁr ee %’ﬁg‘s“gﬁ;mg&%i%%@g%ﬁ,

namel y prfeparcs ofj differentsadiobheurgatused jwitht diffgrehotolgametrbgquigsmentsd  snoot hi ng
using a double arc algorithm In a first operation of a snoothing nethod of
the present indentiStop distanceand stopperentified for

[0097] The additive lookahead algorithm introduces the concepts of stop distance and
stopper. The stop distance of a motion command with nominal feedrate v; (Figure 12a)
and end point speed vo may be defined as the distance traveled from a target point
(Figure 12b) to the point at which a full stop can be achieved according to the S-curve
speed profile, as illustrated by the shaded area in Figure 12a. Stopper, which is a virtual
target point for a motion command, may be selected such that if the system reduces
speed from nominal feedrate v, and comes to a full stop at the stopper according to the S-
curve, it passes the actual target point at the desired end point speed vy. The stop
distance may be defined as the distance between the target point and the stopper.

[0098] Once the nominal feedrate v; of a metion command is determined, there exists a
one-to-one mapping between the stop distance and the end point speed vy, assuming that
the S-curve speed profile is fixed, i.e., the maximum acceleration and jerk are fixed. It
may be assumed herein, unless otherwise stated, that the S-curve profile is fixed.
Therefore, the stop distance has a direct correspondence to the end point speed; and if the
stop distance is given, the end point speed may be accordingly uniquely determined, and
vice versa. The additive lookahead algorithm may use the stop distance as a metric of
end point speed, which allows the algorithm to be computationally efficient, as discussed
below.

[0099] The stopper may be used in an S-curve controller to design a motion profile.
The S-curve controller may aim at the stopper instead of at an actual target point. The S-

curve controller may generate a speed profile in which the controlled tool passes the
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snoothing. It is not always feasible to convert NCline data into arcs while
mai ntaining a given tolerance, as with, for exanple, connected lines with
sharp angles. It is sonmetinmes not desirable to snmooth NC |line data, for
exanple, long line noves. Certain conditions may need to be satisfied
before raw | ine data can be snoothed. The first operation exam nes the
original line data jdentifying the lLine s nts,. which nmeet the conditions
for snootaﬁmgt.argﬁt pp’r"éﬁhﬁ’@ S%F%%H{Wﬁét nggn[tlﬂﬁ)t?eﬁ repehes the dasired r st

oper ati onyow@ddwid gﬂ%gd.rmve target points are sequentially examned in the
snoot hi ng queue. "The |ine segnents, which can be snoot hed, are determ ned
and the targeB. poiSpeeddimationshdsgotiomemmmaudde t agged as "snoot hi ng" or
"no snoot hing”. [0077]. .In Figure 6, three points p0, pl, p2 are joined by
an arc. I[ﬂoﬂﬁﬂ dptibrindeative lookghend algsrifhim,ieach motign spmasnd maythave éowet ween a
m dpoi nt . L. 2; d di.stance.d2 is the
shor t st “Aret itfat R TRkt bt in SRR R A Bl AR SR o ¢
POl p2. Aotk delbeitpimito THeNPedifie® fecBritdingy b definedRRithd dddired Teudbfe ¥AILKed for
snmoothing if the following three conditions or criteria are. satisfied: Test
1: Both Eiyin kinte ppper-lgvel motinssplarming. Phe masdfine allipyable spepddsa machine That i s,
both dl and..d2 are.less ithap,so edetermn di st ance, ,such. as 0. 0005
inch. Te fm'égloﬁhoé’ tgﬁépeeedoagdqq%n e‘ﬁf@gg’?rdg’farggﬁge&%éweﬁpg&wse i ned angl e.

physics. The path velocity limit is a limit for arc motion. The path velocity limit may

depend on the arc radius and tolerance specification. The larger the arc radius and
tolerance are, the larger the maximum path velocity limit is. The joint velocity limit may
be defined as a speed limit at the joint of two consecutive motion commands. The joint
velocity limit may depend on the angle between the two motions and the tolerance
specification. The larger the tolerance and the smaller the angle are, the larger the joint
speed limit value is.

[00101] In the additive lookahead algorithm, the nominal feedrate is the lowest value
among the specified feedrate, the machine allowable speed and the path velocity limit.
For example, if the specified feedrate is higher than the machine allowable speed and the
path velocity limit, the lookahead algorithm would force the feedrate to slow down to the
smaller value of the machine allowable speed and the path velocity limit.

[00102] The slowdown feedrate at the end point of a motion command may depend on
the joint velocity limit as well as the nominal feedrate of that motion command and the
next motion command. Because the nominal feedrate is the smallest one among the
specified feedrate, the machine allowable speed and the path velocity limit, slowdown
may occur during a current motion segment and speedup may occur in a next motion
segment, such that the feedrate for the current motion segment may be less than the
nominal value. The additive lookahead algorithm may use the nominal and slowdown
feedrates to calculate the stop distance.

C. Valid stop distance condition

[00103] The lookahead algorithm may ensure that the distance between the tool and
some location ahead of the tool is sufficient to allow the speed of the tool to be changed

to a desired level by the time the tool arrives at the location. This condition may be
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If the above three conditions are not net, then point pl may not be nmarked
for snmoothing. B. Adjust for Snoothing [0078] In-a second operation, line
data is adjusted for sihmothing. The second operation may reduce the
curvature changes on a three-dinensional curve represented by a sequence of
t hree-di nensi onal points. The |ocal curvature at a given point on such a

curve is nainly determned t%y nei ghboring points. A mnor change of the
posi ti on &tergdto 353,/ elid stoprdigancsconditioneWih Besierhty the paditiverdgokehesdi i cant | y

change th?ﬁoﬁﬁ%gﬁg@égtbgrd@finedﬂﬂﬂﬁxemia&%é.llﬁ'hbgrfesqﬁ%@eneg o nodify the positions of

poi nts w n tolérancée suc Tvature changes on the
three- di mgpsi ongl <gunvg represent ed by the nodified points wll be reduced.

i+l

The snuall er’ the curVatufe changes on the curve, the snoother the curve may

be. [0079wHetdd d7 represist fiRlsesy dnaftdpditheRhg®loflaifotise&@flent, Nvent i on for

adjusting line noves for smoothing. The line noves may be adjusted relative
to each ot¢spectivsly; end sWiscripth e apdi represent thedndexdoftrootiorepammanids: Iathe fitti ng.
Two constructionf]?r CS 2, 614, whi chmcf_ag not copl.anar,.are | ocated that

pass t hr oipSTHB OhfEUR, Ig?f’tﬁ’ﬁocoﬁm Al eIt 2Ap_j, SIBPSR PRk sect i on
of the bl 8ippercl, oA GhopGildanciht i Sf BRSALERFCmdT 806G Bkol b suid T C1 €

defi ned by c612 is designated c2; and the center of a circlie defilned by
arc 614 i of tidbdengthand stop ldistahcpobrmdt (i-oh), of if el stdppet_idsin fentwifdle of arc 614

s desi gnat g PALIL ol omd NaLidR: 0 LS R AL SRgR T 0O ot of points
[00104] The valid stop distance condition can also be explained in another way as
illustrated by equation (2):

)] ds,—ds,,, <1,
Because the stop distance ds i and ds_(i+1) correspond to the feedrate at the end point
p_i of motion cmd_i and the feedrate at the end point p_(i+1) of motion cmd_(i+1)
respectively, equation (2) indicates that the segment length I_(i+1) is long enough to
accommodate a speed slowdown from the feedrate at the point p_i to the feedrate at the
point p_(i+1).

C. Additive Lookahead vs. Non-additive Lookahead
[00105] A difference between a TBC additive lookahead algorithm and a non-additive
lookahead algorithm is that the additive lookahead algorithm generates an S-curve

targeting the stopper and uses only part of the S-curve so that the speed is reduced from
v to vy at the target point. The non-additive lookahead generate an S-curve targeting the
actual target point and the speed is reduced from v; to vy at the target point.

[00106] Figure 14 shows a comparison between the additive and non-additive S-curve
speed profile. The speed is reduced from v; to v, at the target point in both profiles.
However, in the additive S-curve, the slowdown occurs between time £,5.; and time g,
while in the non-additive S-curve, the slowdown occurs between time f,,,; and time #,,,,0.
Thus, the non-additive S-curve requires a longer time and a longer distance than the
additive S-curve in order to achieve the same reduction in speed from v; to vy.

[00107] In the additive lookahead process, the continuous trajectory changes may
affect the previously-processed commands. Each time a new command is added to the

lookahead queue and a stop distance is calculated for the new command, all the
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-13 of arc 614. Simlarly, a projection of point p2 on the plane of are 612
is designated point 2. That is, a |line that extends through both of points
p2 and g2 is perpendicular to the plane of arc 612. The cl osest point on
arc 614 to point pl is designated sl; and the «closest point on arc 612 to
point p2 is designated 52 [0080] Generally, a point is adjusted if both

that poin jhfé:é | oi nt
may be magr:?( f%srrinésiﬂ% | ng | H%VF ergﬁ sfie H£ ng%(%%ﬁq?;}pﬁe I%U{%ﬁietel tg?‘a'esllt?\ﬂ-h)i
condi ti onpreglouelty cmlmmlrz&ed stop distano¢shfopteke eorimphdZneed @o bé npdatedboddd] , d2} <

0. 0005 I n nd gle 0 > 145 degrees. In th exanple shown in Fiqure 7,
poi nt ﬁwa & ﬁ@mm@m CIRdids EF@EWCW BEPCF%"P ’éh%tqﬂ%kaﬁﬁl ebt her or

both of pg, £ Sop AR 003°TUREKSY, [ RIRAU N Rn B Ml MRLoIRGaRED Ut o0

i f at aII an adj ust nent vec orv

Simlarl ystem}?hgura:ts)my be adjusted if p2 has been mar ked for snoot hing and
either or both of pl and p3 has been nmarked for snpbothing. Point p2 may be
adj ust ed, i fo afhetk commandicmd;.iddjsesifitbmectydhe GralBtepdistanéanepriditom’pie.t o s2.

[0081] A v, STt AR G PO 8 b Ao 17, 20, O, %23 by the
1, S0 1 O g e OB ARSI 0,
and an arc def i hsderbatepthantle g of b3 aaddlspy Ihe'ﬁheplaeﬁithesitopsmistapce)dsa_$sl)m‘:ly
conti nue i ndef Ifor}lc%mgan\glctnbd. ??’Vllt ) ggdncl)g basggs ypon subsequent
e If command cmd;.; meets the “valid stop distance condition”, i.e., ds_(i-1) is
equal to or less than the sum of 1 i and ds_i, then the stop distance ds_(i-1) for
command
cmd;.; may remain unchanged, and the update operation is complete.
e If(i-1) is equal to 0, the update operation is complete.
e i-- (decrement the value of i) and repeat the above steps.
[00109] When the additive lookahead function is sequentially reviewing backward the
commands previously processed in the Lookahead Queue 208, checking the “valid stop
distance condition,” and updating the stop distance of the commands, the updating
operation may stop after the first command that meets the “valid stop distance condition”
is found. Because this command meets the “valid stop distance condition,” the stop
distance of this command may remain unchanged. Further, because this command meets
the “valid stop distance condition,” all the commands previous to it met, and still meet,
the “valid stop distance condition,” and none of the previous commands may need to
change.
[00110] In the additive lookahead (Figure 15), only the third step, i.e., the step of
calculating the stop distance ds_i, may require a lot of computation, and may be

calculated as shown in equation (3). This calculation may be needed only once for every

motion command, and there may be no need to repeat it.
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sets of four points along the trajectory. [0082] The magnitude of the

adj ustnent of a point's position along an adjustnent vector nay be

dependent upon whet her one of the two adjacent points is unmarked for

snoot hing. More particularly, if a marked point lies imrediately after or

before an unmarked point, i.e., the mar ked point |ies between an unnmarked

poi nt and anot her | marked p0| n the position of the marked point may

be adjusted by hallf the | engt &ggiLhe adj ust ment ve .b That is, the

mar ked pgggt n?__ e noved hal§ | ong t he adjustnéht vector. In equation
0Si

form th the poi nt may be cal cuhated as p = p+0.5*v. That is,
the point is nove B@H—w@ en %Vl—fva)ﬂor of 0.5l Oherwise, if a

mar ked point lies|b fé rked p i'nts, v’o%epvthe position of the
point is adj usted tw ce W|th a C eff|C|ent or factor of approximately 0.19

in each q #ﬁ?hem%en@n% ‘ﬂl?é&ﬂ?iﬁﬁ\%lobﬁ‘ahfegc?glgbﬁﬁﬁn %b&éh{@@& gmgn&aan ction and

magni tude 0 dj ust'ment  vect or termned wth t ust d poi nt
bei ng the:fﬁeaemﬂamﬂletdma a‘ddmveﬂmkahsaMgohthm dubétottllrﬁeaddai\(ﬂlbaka}mm illustrated

in Figure t he se ond dj u direction and magni tude of the
adj ust rrerﬂlgqr ving G 0t et e Eeﬁ eEida thegeshrsizgiony zmqlésm. rd of

52?. I)ﬁg r a E‘%ﬁon}{egg%g%afﬁ%gﬁa{rlgél iéééljf:érﬁa %@éﬁg@glss %?ﬁ&eé lc i(thE 0 ver [ f y t hat
t he tot alre&ﬁbetiﬁdamrﬁlndlﬁlt beseet harshewn atl Figaterbt)twhith mikdns fswehpxasloﬂs 0002 i nch,
'S oM e ioh commands nieed 1o be mogitieds || UStratton.
III. MOTION KERNEL
[00112] The motion kernel module may perform the tolerance based motion control
and may control the motion associated with program lines and arcs. The motion kernel
provides predictive and true arc motion, wherein a line or an arc is the basic trajectory
unit. The control may push the axes along the programmed trajectory, correcting for
deviations as they are encountered.
[00113] The predictive TBC motion control may be based on a different mechanism
that recognizes line/arc data (no pre-computed interpolation points) and directly pushes
the axes along the line/arc trajectory. At every control cycle (which may have a period
of 200 psec, for example), the control may read the position feedback, may compare the
current position with the commanded trajectory (a line or an arc), and may determine a
point on the trajectory that is the point closest to the actual current position. This point
may be defined as the ideal current position. The difference between the actual current
position and the ideal current position may be defined as the instantaneous random
position error or tolerance error. The instantaneous random position error, also referred
to simply as the "position error,” may be thought of as the deviation of the actual current
position from the line/arc trajectory.
[00114) The TBC tolerance error is the vector difference between the actual current
position and the ideal current position which may be dynamically calculated in real time.
In a TBC control system, the ideal current position may be calculated every control

cycle, and the tolerance error may be directly corrected by TBC. Moreover, in a TBC

system, the tolerance errors for different axes may be handled coordinately.
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Case 1: Condition: pO is not nmarked for snoothing; pl is marked for
snoothing; p2 is not marked for snoothing. Result: Because pl is not
adj acent anot her marked point, pl is not adjusted even though it is narked
for smoothing . Case 2: Condition: pO is not marked for snoothing; pl
are marked for snmoothing; p3 is not marked for snmoothing. Result: pl
pl +0. 5*vl ; p2=p2+0.5*v2. Case 3: Condition: pO is not nmarked for snoot hing;
pl, p2 an{f035hr dhedBepredistive motiohcomrjrolpat every aentroheyickes thalyqerformdhdi ng.

Resul t :
vl and

D SFRYI ated from points pOpl p2p3, and v2' and v3 are

Smoothi ng: p 1 gt e e dARSiokt Badiat PEGCH) Rithe Rbat Qi plFE

pl +0. 5*vl ;

vl and v2 are calculated from points p%l p2p3, v2' and v3 are cal cul at
reigl ancepntn

from points* pGalgybyertheipganianeops tange

el peraleratipn fgeespmd

their predictive compensate vectors
¢ (Calculate the instantaneous random position error
e Determine a three-dimensional random corrective velocity
¢ Combine the tangential velocity, the predictive compensate vectors and the
random corrective velocity together and issue the resultant velocity to push the
axes along the trajectory
[00116] The TBC motion kernel of the present invention may take the motion
commands from the Lookahead Queue 208 and control the servo system to track the
contour trajectory. The TBC motion control is different from non-TBC motion control
in that it is a closed-loop contour tracking control. A comparison between non-TBC
motion control and TBC motion control is provided below.

A, Non-TBC Motion Control Structure

[00117] In order to track a three-dimensional contour trajectory, a conventional control
system may decompose the three-dimensional contour into X/Y/Z axes and interpolate
the X/Y/Z motion with respect to time. Each axis may have its own time based reference
trajectory and may use feedback and feedforward control to track its own motion
trajectory independently. Ideally, if each axis tracks its reference trajectory perfectly, the
resulting three-dimensional contour would also be perfectly followed. Due to the
existence of disturbances, shown in Figure 16, and modeling errors, perfect tracking is
normally not achievable and there may be tracking errors between the actual axis
motions and reference trajectories. There may be an attempt to minimize the tracking
error in each axis without any teamwork or coordination among the three axes. The
trajectory of each axis may be tracked without knowing or caring what the state of the
trajectory in other axes is. For example, even if the trajectory in one axis meets a large
resisting force and lags behind its reference trajectory, there may be an attempt to track

the preset trajectories of the other two axes. The result is that even though the trajectory
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and p2

p@lzvﬁ' +0. 5*vl ; p2=p2+0.1877*v2+0. 1877v2'; p3 = p3+0.5*v3, wherein
vPLg

for

p2=pH#oajddarg aceordinkd3d BvQurvp3 = p3+0. 1877*v3+0. 1877v3', wherein

ed



C. Double Are Snoothing [0084] In a third operation, snmoothing is perforned
using a double are algorithm The third operation may include converting
the lines into arcs, which are nutually tangent to each other, while

mai ntai ning a given tolerance. This third operation may include

sequential |y checking consecutive Iine target points processed in the second

operation_ji t hi 0 erform he con erS| n of, lines to
arcs. - 15%88%3%%@ %’gorg}y% gf"&qﬁﬁg gﬁfs%g’aﬁ [Py flt 1§ ﬁ%HFYFéid

traject ormaz@unaéﬁateffmﬂﬂibrepéréncblasntbafgg;hﬁeﬁitnls of the line segnments to be
snoothed. T the tolerance requirenents wil'l be well satisfied. [0086]

The doubl H0318] aTQQmOEIDMQﬁWIthCmnHHWdeGrFa;gurorié nsAyrhel tinne deteshipistio. a
pi peline ner rst orit.hm ma t angent veg:t or at each
t ar get po?ﬁ? 15, fhe 5/ Y(4 s g‘@g%h%ef%"ﬁsemﬂr%? %‘Q@Hﬁt&e SRS SEPEBS t hm rmay

generate Aphleinay 5@aéc@raté@wak@ﬁﬁmteagefowﬁnéepr@@ M3 48 g mfnibed Let Pl
p2, p3, p4, pb, pb6, be consecutive ftinetarget points already

process edfd@;ifererds:@anthere [ﬁmabln ofithie m}nsemmshamrgc queliey 4I6C 7 g ifdigasd
function rformthe follo ste olf pi, pi+l or pi+2 is tagged
" snmoot hi néa%ib%%cemra@gsgor&é%w eﬁg -vector ti+1 (Figure 8) at point

pi +| based on ghe p ng pi +I, and pi+2. The three points
pi, pi+l and plh+2 dg?%‘?lle\ﬁ[}rﬁ%q;\?@%l iﬁr‘u‘ﬁuhﬁz and ti+l is the tangent vector to

the arc Fr01p9f nTBIE mition control does not involve decomposing a three-dimensional

contour into three independent time-based axis trajectories. Rather, TBC motion control
‘may compare the actual contour position with a reference contour and determine a
control signal to minimize the contour error. One embodiment of TBC motion control
structure is shown in Figure 17, where all signals are vectors. In contrast, in the non-
TBC motion control structure shown in Figure 16, signals are scalars.

[00120] The TBC motion control structure of Figure 17 may employ contour-based
feedback plus feedforward control. The contour tracking may be closed-loop, and true
arc motion may be possible. That is, the tool may be commanded to follow an arced
trajectory rather than a trajectory formed by a series of linear segments that approximate
an arced trajectory. TBC motion control may not be time deterministic, and may be
capable of on-the-fly feedrate adjustments.

[00121] At every control cycle, such as every 200 usec, the controller may read the
actual contour position feedback, compare the actual position with the reference contour,
and find out the closest point on the reference contour to the actual position. This point
is defined as the ideal current position (ICP). The controller may include three
functional blocks: feedforward, feedback and stick friction/backlash compensation as
illustrated in Figure 18 and described below.

[00122] Atevery control cycle, the controller may calculate the desired motion based
on the ICP (including acceleration and velocity in both normal and tangential directions),
and may include a feedforward controller to convert the desired motion into a velocity
control signal. A runtime feedrate adjuster may also be added to adjust the feedrate

(velocity) for tolerance control purposes.
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| f none of pi, pi+l, pl+2 is tagged "snoothing", do nothing | ncrease i by

1 Repeat the above steps [0087] The above function will create a seqguence
of desired tangent vectors at the target points of the |ine segnents to be
snoot hed, denoted as t!, t2, t3, t4, t5, t6, .... , t,,. The tangent

vectors may be referred to as "desired tangent vectors" because the
direction changes of these vectors are gradual, which further snoothes the
cur vat ur l08k2HgeEhg ¢pntioller may eispealculety the traeking poowan bethenosmeband f unct i on

oot i g bk Rt AR e, e Bl ek R b RIhOREREe 206 1 .

have beenfrémlthethatddoh@ir Fbsiti&i toltha NP flet; 3he tolEncelePRdk Br céhtdd drrof The ,
t hree-di nensional arcs ail and ail such that: ail starts at point pi and is

t angent tesrarhe thedaggantialdicection ds defingl las the amowgeof path length that the PGP tagspi +i
et veen g Rl b hoShalety s Bl sR R TR '
o e e ARty Lol R S AR Syl
pi +2 ar e érmrahndimayltenvart thattecking &imorsahtat divadecity control signal. The stick

friction and backlash compensation may further improve the accuracy of the machine

tool.

[00124] As compared with the non-TBC motion control, an advantage of the TBC

motion control is the closed-loop structure. The closed-loop contour tracking control

may coordinate the three axes and minimize the contour error. For example, if the x-axis

has a large resisting force and lags behind its reference trajectory, the other two axes

could slow down to match the x-axis motion so that the actual contour follows the

reference contour. The TBC motion kemel may also enable true arc motion because the

centripetal acceleration may be considered in the control.

[00125] Because the desired motion at each control cycle is based on the contour, the

ICP, and the current system condition, such as the tolerance error, the system may no

longer be time deterministic. On-the-fly feedrate adjustment may be possible. When the

contour/tolerance error is below the specified value, the system feedrate may be

increased. Conversely, when the contour/tolerance error exceeds the specified value, the

feedrate may be reduced such that the error is also reduced. In other words, the system

may maximize the feedrate while maintaining the contour/tolerance error within a

specified range for optimal system runtime or throughput.

C. TBC Geometry Analysis

L Motion Command Pre-Analysis

[00126] Before executing any motion command, the TBC motion kernel may load the
command and analyze the geometry. The stopper plane normal (SPN) direction and
stopper position may be calculated in the pre-analysis and may be used through the entire
executing period until this motion command is finished. For a line motion, the SPN may
be calculated as indicated by equation (6) and shown in Figure 19, which illustrates the

line motion geometry pre-analysis:
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di mensi onal arcs ail and a;2 between pi and pi+i such that: all starts at
point pi and is tangent to the tangent vector ti all is tangent to ail at
a point p' between pi and pi+i ail starts at point p', ends at point pi+i,
and is tangent to the tangent vector ti+1 Repeat the above steps to
generate double arcs between pi+i and pi+2 Increase i by 2 Repeat the
above steai [03&%& Thre, eperati on of the second function in the enbodi ment
descri bed\*dbov = %) rated in Figures 9 and 10. In Figure 9, p0, pl and
p2 are marked for sno6thimg. A pair of three-dinensional arcs al and a2 are

created s a c_al ar 1,s i 0 l.S..tangent to t ent

vect or towz;irz Iépai@f‘é“ ar%@%otn’ {1}9 S?%H%%%%tcgl u%gel(arﬂs %dlcag%c?ﬁ%g%uag@nm; and
are a2 st gidven B Fip@e'0, Whichald§iratds RO MBtioR ZeoBOFy pe-dndERMvhER AR tangent
vector t2. If a distance d between pl and the closer are al of the two arcs
i s Wit hi nstandd fpe theomitdiregtior vedtercef tho aremaneaiormhlediraction,dad ] stasdscfor te and a2
are valid, 00%9% |f, on the other hand, the double arcs al and a2 are

i nval i d, FPCTBCT OLM@a%i st anced is not within the gi ven tol erance, then

anot her pair of three-di neqnsli_o@al arcs a3 and a4 (Figure 10) are created

such that(Bre aﬂ’MtafABNmm" ' pO and is tangent to tangent vector 1tO;
arc a3 is tangent to arc au -dt-al point p" between pO and pl; and are a4
iRt B A KU ARG R AN oy
pair of tPr&gifi RS Hdabndr ¢s (not shown)

(8) Ps, = P ~ds,-SPN,

2. Real-time Geometry Analysis

[00129] At each control cycle, the TBC motion kernel may read the actual contour

(tool) position feedback Ptl and compare the actual position with the reference contour to

find the ideal current position (ICP), contour/tolerance error (e,) and the distance to the

stopper (distance to_go, d).

[00130] For a line motion, the geometry is shown in Figure 21, which illustrates line

motion geometry analysis, and may be calculated as indicated by equations (9) and (10).

9 d =< Ptl - Psi, SPN >

(10) e, =(Ptl—Psi)—d-SPN

wherein <4,B> is the inner product of vector 4 and vector B. Thus, if 4 = [xa, ya, za],

and B = [xb, yb, zb], then <4,B> = xa*xb + ya*yb + za*zb. Ptlis the tool position, Psi is

the stopper position of the i motion segment, and SPN is the unit direction vector of

stopper plane normal (SPN) direction. Equation (9) may be interpreted as the distance d

being equal to the length of Prl-Psi in the SPN direction.

[00131] For an arc motion, because the actual contour or tool position may not be on

the arc plane, the tool position may be first projected onto the arc plane, as may be

calculated as indicated in equation (11) and as shown in Figures 22a-b, which are

illustrative of arc motion geometry analysis.

(11) P'd=(Pt-Ci—-<Ptl-Ci, APN >-APN

Equation (11) may be interpreted as P'tl being equal to the unit arc plane normal

direction vector APN being multiplied by a difference between vector (Ptl-Ci) and the
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bet ween points pl and p2. Any or all of arcs al, a2, a3 and a4 may be
circular arcs, and each of the arcs nay have a different, respective

radi us. 100911 Wth the double arc snoothing thus conpl eted between points
pO, pl and p2, the above-described second function nmay be repeated for the
next three points along the trajectory, i.e., points p2, p3 and p4.
Further, the second function may be repeated for each subsequent set of

t hree p0|ﬁ¥§“é@@dﬁlfﬂﬁ¢frajectory [00921 The above-descri bed doubl e arc

snoot hi ng di e 0 and p2 are

each mar k[«@% ’gﬁ |rnIg{ll LPg%lteab (ﬁﬁgﬁ%}l&mp}] fe BE’PQ' B ?‘ﬁ Vﬁﬁmppl p2
and p3, pb lpzo@ﬂcbrptae AfcCpl ARy, mlt@rﬂ@rtmt dgaaualT@HQ@diall ditectibf V&dtSrsidp  and
tI may be derived fromthe arc defi ned féy , and tangential vector

t2 may bunddly andeadntousiivlerrace enonkaf(alse cefbyedio, aspﬁq ncprmal Firer)mdy leni ng five

st eps may e t.ak 1. Doubl e frompOto p' and arc
a2 from pd ‘frgl"ﬂ)‘;é{eas\ﬂ,ﬂfi’&ﬂtegt‘%eq‘faﬁ H? 4?3)51{145(5’1“9?{% may be generated from
(p0, p2, tO, t2), asyshown in Figure 9. 2. The shortest distance between pl
and the cha$er do#-ghﬁtwo double arcs may then be checked. If the distances
In the x, and z uactions are less than a predeterm ned di stance, such
as 0. 0002 | then the double arcs al and a2 are valid. 3. If the double
arcs al add a2 g?e‘@”n*vﬁr‘il’d t hen double arcs a3 and a4 are (generated

bet ween pﬁ'4TtsdPQd?Q%[9v1 and based upon tangent vectors t0, tl. The

(15) e, =Pil-ICP

[00133] In order to calculate the distance to go, i.e., the path length from ICP to the
stopper, the arc length between ICP and target point Pi may first be calculated. Any arc
that is more than 180 degrees may be cut into two arcs. The distance to go may be
calculated by use of the following three equations (16), (17) and (18). The meanings of

the variables of equations (16), (17) and (18) may be discerned with reference to Figures
22a-b.

(16) (= %"Pi— ICP|

(17) a=sin™ (%)

(18) d=2aR+dsi
D. TBC S-Curve Controller

[00134] S-Curve acceleration provides a non-linear acceleration method that softens
and smoothes the transition between the at-the-speed phase and the
acceleration/deceleration phase. It is referred to as "S-Curve" because the
acceleration/deceleration part of the velocity profile is S-shaped instead of linear.
[00135] The S Curve velocity profile usually has seven phases: increasing
acceleration; constant acceleration; decreasing acceleration; at speed; increasing
deceleration; constant deceleration; and decreasing deceleration.

[00136] Non-TBC motion control systems may use the S-Curve to generate reference
trajectories, i.e., scheduled position, velocity, acceleration and so on. The S-Curve is

time-based and implemented outside the control loop (real-time portion). At each
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two arcs al and a2 may be tangential at point p". 4. There may be a

tol erance check for the double arcs. A distanced in Figure 10 is the
shortest distance between point p" and a |ine extendi ng between points pO
and pl. If distanced is |less than a predeterm ned distance, such as 0.0005
inch, then the double arcs a3 and a4 are valid. G herwise, if the double
arcs a3 acohtdlcyde, ased/an thd didtiren tal g the TBIGESOuayeedintollembyvesioulprithé s p0, p
1 as a line extendjng ,between points pQ and pl. 5. Repeat _steps 3 and 4 to
generat e %%rs@iéelgp%%%%@rﬁtwnf?%%&szefﬁagwwtra:e& Entlhod&oPs t1 and

e S SR AT O "

accel er at eelocitydagbe calcalatedtfiwee thedhbtamehaus pythahiangesit every tbitrél'cgeleam dat a.
Thi s has advantages in that the machine bunping and dwell marks may be
reduced, &hig macbanigmfraserefnes the velocitnempmceumptaioneandmaioalselsupport semeh

d dj ' 1 fi h '
Feaui red 3 Mg refeb Bn X 0aREdm| BegaBBtnbi oA Bbmar rite, s ve
accel er at jisingle step. referred to as S-Curve because the

accel eration/decel eration part of the velocity profile (velocity plotted
versus ti BO137] | Aslowchatt phor epubasliment f akmethodef aperaivn #5%0 efdTBE a

O R Bu RS, s L PSR S R e

nmoves;  angthy cirRGit SR HIRIERY Baccelerate” or "decelerate." If the status is decelerate,
operation proceeds to step 4512. On the other hand, if the current status is "accelerate",
the stop_distance required is calculated in step 4504. The stop_distance required may
be defined as the minimum distance that the tool would travel according to the S-curve
before the system could bring the tool to a stop. The stop distance may be a function of
current speed and acceleration. In step 4506, if the given distance to go "d" is greater
than the stop_distance required "d0," which means that it is safe to continue to move
forward, then operation proceeds to step 4512 to calculate the desired acceleration and
velocity. Otherwise, if the distance_to_go "d" is less than the stop_distance_required
"d0," which means the system must brake immediately, then brake information is
calculated and the flag is set to decelerate in step 4508. Because the distance_to_go "d"
is not enough for the system to brake according to the original S-Curve (with preset
maximum jerk and acceleration), maximum jerk may be modified in step 4510 so that
the system does not overshoot. Two distances, d1 and d3, which may be used to detect
the S-Curve phase, may also be updated in step 4510. Step 4512 may be considered the
core of the S-Curve controller. According to the current system status and the critical
distances calculated beforehand, the S-Curve phase, desired velocity and acceleration
may be determined in step 4512. Because the S-Curve controller runs in real time, care
may be taken to ensure that the controller does not run out of data. When the total
moving distance of the motion commands at the queue becomes too short, the system
may need to slowdown to prevent data starvation. In step 4516, on-the-fly feedrate
adjustment and user override is applied.

E. TBC Feed Forward Control

229.



velocity for the path curvature determ ned by the nmachine nodel. [0094) The
addi tive | ookahead function may include searching i-n Lookahead Queue 208
for velocity and di stance information and determ ni ng whether there is
enough -18 distance for the machine to accel erate/ decel erate properly from
one notion comand to the next. [0095] There is a mathematical conversion
bet ween the stop distance and the velocity. The proper velocity may be

cal cul ated from t hejst opFdes FapkardPighdlhendGaisve, as discussed in nore
detail bel ow. [0096] The additive | ookahead al gorithm may require know edge
of the melPRISh Eesdderwardenasl hechaser ormtheddeal ewreent ppsifion GedpeThe cs. A

tol erance/ arc .radiys/ yel oci table . may be built, for | S purpose. The
obl o marR B Re  er Ko BR st B il dcbleration ah OGR! 1 o1 ont
radii or &g tFF\Q,San‘Hi edtiblf RE&Bta 'bﬁ?FFﬁ,&%ﬁ Gy %?1?@ ich i i stance
and st opper [‘8097] Thethlggddiltive IO(t:)lkaheat(cf;I1 al agvrﬁﬁlkjﬁ{ in?‘?’?élhd‘?}agﬁ% £eiegoncepts

of stop dicdeatycmdancelemtiop feedforFanl. dndilgute 24, W ecppéseatsithe distancotoregod Wi t h
defined as

The. di st FHEEnE) o b6 EpBR T Al ana el Il COPGHTEOTREERIA AR po nt a1
Bs 111 st e A e RY JLre 12a. Stopper. whieh is & virtua
t arget pdi0a139jor S<Cumnt camtrotlen#d@&lddnayreegeive tiealistancechndwalvuldtathe idesitdde syst em
reduces velocity v and acceleration a (both v and a are scalars) along the trajectory.

[00140] The acceleration a on line 4606 may be multiplied by the unit tangential

direction vector dt 4608 to produce the tangential acceleration vector at 4610. The feed

forward gain, Kaff, may convert the tangential acceleration at into a control signal FFat,

which is acceptable by the servo system.

[00141] The Modified Laplace block 4612 may estimate the current velocity, compare

the current velocity with last velocity command, and add a predictive compensation into

the S-curve velocity command v to reduce the tangential tracking error. The

compensated velocity command multiplies the unit tangential direction vector dt 4608

and becomes the tangential velocity vector vt 4614. Because the servo system takes the

velocity control commands, no further conversion may be needed for the velocity vector.

A feed forward gain 1 at 4616 results in a signal FFvt and may enable all channels to be

at the same level.

[00142] The centripetal acceleration an 4618 may be calculated by the circular motion
physics, i.e., a, = V% . The centripetal acceleration may be directed toward the arc

center and opposite of the radial/normal direction. The same feed forward gain Kaff as
applied to the tangential acceleration may be applied to convert the normal acceleration
into a suitable control signal FFan.

2 Runtime Feedrate Adjuster (1)
[00143] The runtime or "on-the-fly" feedrate adjuster is a feature of TBC motion
control. The TBC motion kernel may not have any predetermined reference trajectories,
and desired motion may be determined inside the control loop at every control cycle
based on the current system condition. Thus, the runtime feedrate adjuster may be

possible.
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speed fromnom nal feedrate of and cones to a full stop at the stopper
according to the S- curve, it passes the actual target point at the desired
end point speed vo. The stop distance may be defined as the distance
bet ween the target point and the stopper. [0098] Once the nomi nal feedrate
vj of a notion conmand is determ ned, there exists a one-to-one nmapping
bet ween the stop distance and the end point speed vo, assumng that the
S-curve sf00ddd4pr The rentinte feediack, adjuster mdyhenipxe thepositiopitslemhtOerand ther k are
fixed. It nmmy be assuned herein, unless otherw se stated, that the S-curve
profile ispecifiederror foleraaser i the pasitiangsroniisbigeerdham or toodilesede, benspesifisshdence
to the en 0, e | the end point
Bl MR ry R Mool PR AL IO MG B Bt LNPRRE i 1 ve

speed may Be REETH 1 ngry uni quely erm

! 00kaheadtr6él@ﬂ% hdduracyRYOrikhe ottee hadd) i tie %ﬁ@ﬂﬁ%nﬁﬂeﬂhﬁ@taﬁlti%opfoo A6dé tgOI Nt
speed, which allows the al gorlthmto be conput ati onal l y efficient, as

di scussedthelspeeified [q}gggqe tHeguptimp ﬁ@drmydjbeteumeﬁ incneaa the-feedrate tgont r ol I er to
design a notio

n urve nt ro at t he
i nst ead of™MEY H%asé’ﬁﬁgi thfoé’iggg‘ft "ﬁ?a 8 speed ﬁ{t%@\éb ¥ 5F 1458 é fg}E erate a
speed propidifon ErrdfTs BBloW e SO ficd drfist tél@% $3nd e pekd piMedGdl rget
poi nt at Phe sane point in t?ﬁﬁélat whi ch t ﬁe t ool Wgac%eset eq‘g‘%’mfed
sl owdown demreabed Ethe;pemtion emort ia abawesthe spavifiddonror dotermnds It (Oi@SibId, in oiee
additive |lo 31head al gor i thm e? t] not i on ommnd may have f OLﬂ’
embodiment, to not increase the feedrate even 1f e contour error is very small, but to
retain the ability to either increase or reduce the feedrate as appropriate.
[00145] The runtime feedrate adjuster may be a constrained optimization mechanism.
That is, under the constraint of the contour/tolerance error within a specified range, the
runtime feedrate adjuster may maximize the feedrate to achieve optimal system
throughput.
F. TBC Feedback Control

L Normal Error Feedback Control with Variable Gain (7)

[00146] The normal error ey, or contour/tolerance error, may be defined as the shortest
distance from the current tool position to the reference contour, and TBC motion control
may reduce this error. Because this is a three-dimensional error, the coordinated motion
of the three axes together may be needed to correct it. The error may also be five or six-
dimensional when additional axes, in the form of rotational axes, are included in the
trajectories and in the calculations. Thus, where three dimensions or three axes are
referred to in the discussion below, it is to be understood that the discussion is equally
applicable to multi-dimensional systems including more than three dimensions and more
than three axes.

[00147] As indicated above, a difference between the TBC and the non-TBC control is
that the non-TBC control typically decomposes the three-dimensional reference contour
trajectory into three independent axis motions, and controls the three axes without any
knowledge of the contour/tolerance error. The TBC motion control, in contrast, may
directly address the three-dimensional contour/tolerance error. The actual position of the
tool may be sensed along each of three axes. A three-dimensional position error between

the actual position of the tool in each of the three axes and a desired position of the tool
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speed |limtations: specified feedrate, machine all owabl e speed, path
velocity limt and joint velocity limt. The specified feedrate nay be
defined as the desired feedrate value given by the upper-I|evel notion

pl anni ng. The machi ne all owable speed is a machine limtation on the speed,
and depends on the hardware of the machine and |aws of physics. The path
velocity limt is alimt for arc notion. The path velocity limt my
depend onir ¢aehaf therthrte axesmdy thehdeaalcalasple A threatdintnsionhlepdsitiopesirorhe ar c
radius and to]erance are, the |arger the maxi pumpath velocity lim¢t is.
The | oi nt Sigatlslependent wran the galcwated dirperdimensionakpesitipn qrrqrimagt be predyesidnt  of
two conse ' I.OR: | QI ' | .m depend on the
angl e bet &/}el%%ly%%ﬁgﬁ %Hﬁ%{i{cﬁgﬁogﬁgentggpﬁgﬂf P %P(Eer}%o\r@g%é%%glﬁf@éaltﬁ the | ar ger

t he tol er dimehsivndl fditionreitor Signhln A edigttbed ereih [ vhdl iligeted Reeinaiitd  Speed
limt value is. [001011 In the additive |ookahead algorithm the nom nal

f eedrat e VariQusexppplestthiegrdimensionm gositien epeisimaydet dadeadated by useef veaohi ne
allomablen§ %%gﬁggd the path velocity limt. For exanple, if the specified
feedrate "€ " than the machine all owabl e speed and the path velocity

limt, thmdlasrah@aﬂclaamﬁl&mbwah@lslciigﬁ&e, TBE cbRes] midyeerlaBleSh oA t O the

smal | er value of the machine allowabl e speed and the path velocity limt.
[ 001021 Thee sXipidafiast motidn soriraltalangdheathepbymaxesfin eeahiime oie. cthenvamay beay

oo O eV LOBL bbb G5l gyl ferom nel feedrate of that
the smal | fRi149]1e ARRRGEN id RigufPES; Mhi@HilTuSeHEPHE vatidile BB TeQfbatk LOWRILE Speed
and the path velocity limt, slowdown
normal error, the TBC motion control may use a variable-gain feedback control to
address the normal error. The error may be calculated in the real time geometry analysis
4002 (Figure 18). A special feedback controller Cn may provide system stability and
reduce the normal error.
[00150] The variable gain t 4702 may be a function of both tangential velocity and
normal acceleration. Loosely speaking, the faster the system moves, the larger the gain
that is needed to correct the normal error. The larger the gain, the more quickly the
normal error may be corrected.
2. Tangential Error Feedback Control
[00151] At each control cycle, the TBC may generate a tangential velocity command.
The integration of the tangential velocity commands may produce a position on the
reference contour, which may be considered a current target point on the reference
contour. The tangential error may be defined as the path length from the ideal current
position (ICP) to the current target point. A feedback controller Ct 4004 (Figure 18) may
reduce the tangential error.
3. Different Dynamic Responses of the Two Feedback Controls
[00152] The TBC feedback control may include two parts: tangential error feedback
control and normal error feedback control. Instead of treating the two errors the same or
equally, two feedback controllers may be provided for the errors, with each feedback
controller addressing a respective one of the two errors. A first reason for the different
treatment of the two errors is that the normal error may be more important than the

tangential error in terms of tracking accuracy and surface finish quality, and thus more
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may occur during a current notion segnment and speedup nmay occur in a next
notion segnent, such that the feedrate for the current notion segnent may
be |l ess than the nom nal value. The additive | ookahead al gorithm nmay use
the nom nal and sl owdown feedrates to calculate the stop distance. C. Valid

i ot ance PUERAERY 4 B0 g Heror o AR GRF i To e AR R CRRE T o o
to all ow thoeyseead iethat the sEﬁ@'syﬂ@rnbﬂq)leégﬁﬁitthpbv@r,deﬁ%ieif @g% bevediraBle the tine

the tool arrives at the location. This condition may referred to as a
"val i d sttopseithspamse tadnore isrportant things dustd Thus.ttwe daferient feedbackk ahead

al gorithm apnd,may be define t hemati.ca by. equat i 1): (1

3511+ PeREOUGHS edrie e BfhePRpe Braual AR fahesitil fitiss e oehaplptiondoamengt h of
a notion g thiohedr BAREFTItH OREhoiES 1 \ehikine© t he

I ndex of nﬁ}?]ﬁ%’% é%rfdrimnds. In&lt%sete iaag{riaﬁe?g?ﬁlgi éggﬁpﬁ?ieﬂn%l?i @E%E%?fr?and cnd_i
has an ermmbvweommy tetuspd tq caatesppamap eirox than tangemtigd error, and e mtrmpl etrat ance
ds i. If the stgg fgiirfstan e Ql]; cnd i, ‘does not exceed the sum of the length
and st op BREPerFduc aétrerﬂ'%(’{’let?{’g@ﬁla T%he stopper i is in front of the

stopper_(1+1) .Gt hen ATl £ BiFidioh CondidBaflypt ance, condi i on.
[00104] The valid s expl ai ned i n anot her
way as i[00183]r aftecstiok facimi manhd{&)a considerable influence on the motion control.
To correct the stick friction effect, the TBC motion kernel may use a stick friction
compensator. This compensator may be triggered when an axis changes its motion
direction, i.e., across a zero velocity point. The compensation profile may have a notch
shape, with the height and width of the notch being a function of the velocity and the
local curvature of the trajectory.
[00154] Leadscrews may be used in machine tools as a mechanical transmission to
convert rotary motion into linear motion. The inaccuracy of the ball screw and backlash
may need to be compensated. The position values used by the motion kernel may be all
leadscrew and backlash compensated according to the leadscrew mapping tables.
[00155] The compensation block may determine the current moving direction, which
may be needed for looking up the leadscrew mapping table to implement
leadscrew/backlash position compensation. The compensation block may also
compensate for the stick friction.
H. TBC Control Signal Protection
[00156] The TBC motion control signal may be the sum of the feed forward control

signal, the feedback control signal and the stick friction compensation signal. Before
sending the control signal to the servo system through digital-to-analog converters
(DACSs), protection procedure may be performed to avoid overloading the machine. The
protection procedure may include two steps, including a first step of limiting the control
signal changing rate. The servo system may receive the velocity command, and the
control signal change rate may correspond to acceleration/deceleration. Although the S-
Curve controller may take the acceleration/deceleration into account, it is still possible

that the overall control signal may change too fast due to other reasons, such as tracking
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(2) ds, - ds,., <_ 11.1 Because the stop distance ds_i and ds_(i+1)
correspond to the feedrate at the end point p_i of notion cnd i and the
feedrate at the end point p_(i+1) of notion cnd (i+1) respectively,
equation (2) indicates that the segnment length 1_(i+1) is |ong enough to
accommopdat e a speed sl owdown fromthe feedrate at the point p_i to the
feedrate at the point p (i+1). C Additive Lookahead vs. Non-additive
Lookahead etropfegghack, disturbansps stitkefrigtion comparGatien iand e onobikerdent avogbri t hm

and a non-eaddi ti VtE I ogka ead al ?Cgr i é?m i S h{;at .t he, addi tilv.e I ocgﬁghead
al gor i t hm®Yesang tg Sery0 sYSITp oapacyty apd for spiaofh.motion, $he contrel sienal hange nart of
the S-curyge st RAimitE PRSI if the HRRWGRY bEFRRN th curRnY fn regi%ﬁs bétgt poi nt.

The non-additive | ookahead generate an S-curve targeting th actual target
poi nt and cofmmande exiceeds a tuteshob, theommnetit ¢caonmandatnay he limatedso theoithet . [ 001061

Figure 14 shows a conparjson bet n the additive and non-additive S-curve
speed profdf eé?neﬁiés‘%tﬂng’éﬁi‘?téher'g‘&fge%@'from vj to vo at the target point in
bot h profi | - £ 1 ME; S

pet veen 1 192F57) , PR BEURE sicp B U rBECHGH Hip ety be (ORI MUEHIGRENIT . (e
sl owdown @uthitle IDACWREthe sereo symdm arag beicapalilswobrecdiling, onlyhbmited eatteblt | ve

S-curve requires a longer tine and a _| gonger distance than the _additive
S-curve | SigsRHBPUL WP tchmayigum, amebnte IF By cureRfpopiokeaaunand exeegds this vo.

[90107L, kit 0 e Do PGSR RO B B o cheroes
added t o timum control input.

[00158] One embodiment of a method of trajectory motion control of the present

invention is shown in pages 1-16 of the TBC Flowcharts and pages 1-5 of the TBC

Kernel Flowcharts of the attached Appendix I.

[00159] While this invention has been described as having an exemplary design, the

present invention may be further modified within the spirit and scope of this disclosure.

This application is therefore intended to cover any variations, uses, or adaptations of the

invention using its general principles.
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| ookahead queue and a stop distance is calculated for the new conmand, al
the -21 commands in the queue which have already been processed may be
reviewed to see if the previously-calculated stop distances for these
commands need to be updated or not. [00108] Wen a new command cnd; is
recei ved and processed, it has a path length 1 i, and a stop distance ds_i.
The additive | ookahead al gorithm may performthe following steps (Figure
15): Check command cndi.i to see if it neets the "valid stop distance

condi t i Oviiat isiclagnedis:i f ds_(i-1) is equal to or less than the sumof 1_i and
ds_ i. If command cnd; 1 does not neet the "valid stop distance condition",
i.e., ds (i- 1) is greater than the sumof 1 i and ds_i, then replace the

st op di 9t ance mghdd of tntroflmg roeemenof acdy through & kerichef rsation odmibards,goch ds 1. | f

command c¢nd; . 1. neet.s the "valid stop distance conditjon', i.e,.. ds (i-1) is
caua s S en iy RRlE S Pend B ST g BT B RS M@ b e fe
ds_(i-1pfifor command cnd; i may renmai n unchanged, and the update operation

is conplete. ] f |3¥%9%%é%58m9mFthe updat e operation is conplete.

i-1
i-- (decreneﬁ@mpﬁg&ggvu%nm 4°Y'epeat the above steps. [00109] Wen the

addi ti ve | ookedheahefgamadtiyor thesnaiegcintdnd) ihgludigthemem@f:backwar d t he commands
previously plagt(e:r?nslr?eeadstc;prp)ertlgceatié‘noaggoacg%%%it%eeun%t%g§0mn(%g|ned?%ie ng the “valid stop
stopper location being spaced apart from an endpoint of the motion command; and
determine a vector which represents a stopper plane associated with the motion command;
determine a desired velocity and a desired acceleration for the body based on at least the
determined stopper plane; and

executing the motion command.

2. The method of claim 1, wherein at multiple instances during the execution of the motion

command an actual position of the body is provided through feedback.

3. The method of claim 2, wherein each instance of the multiple instances is spaced apart by

about 200 psec.

4. The method of claim 2, at a given one of the multiple instances during execution of the
motion command, the actual position of the body is compared to the contour of the motion

command to determine a tolerance error.

5. The method of claim 4, wherein the tolerance error is the distance from the actual

position to a closest point on the contour.

6. The method of claim 3, further including comparing the tolerance error to a tolerance
value associated with the motion command and increasing the desired velocity if the tolerance
error is below the tolerance value; and decreasing the desired velocity if the tolerance error is

above the tolerance value.

7. The method of claim 2, wherein the motion command is an arc move and the actual

position of the body is projected onto a plane defined by the arc move.
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di stance condition,"” and updating the stop di stance of the commands, the
updating operation may stop after the first command that neets the "valid
stop distance condition” is found. Because this command neets the "valid
stop distance condition,” the stop distance of this command may renain
unchanged. Further, because this conmand neets the "valid stop distance
condition,"” all the commands previous to it net, and still neet, the "valid
stop di stance condition,” and none of the previous conmands nay need to
change. [00110] In the additive | ookahead (Figure 15), only the third step,

i.e., the St@amm&fod f8bredliAL iddertddorSivRby leﬁgc@wp%n%tahees Ry mjwt&? a lot of
conput ati on, and may be cal cul ated as shown in equation ( %

cal cul atfl DRUHEYMIsioRd sadneeityindiding thosersgEry ot i on connand and t here may

be no need HQehfNEAL curfent pogaor?’of th’)e bo@me‘lhé/lQlﬂa dlelenglgﬁal g§v1r6m41er{t all {d V1
VK+1J1 2(yi -yo) | Z(2(yl-yo)l Zyi 1y, 2 [00111] In
generalcmﬁﬁémﬁﬂﬁFilve Iookahead algorlthn1naybe nnre conputatlonally

leL 1; | Ih gg& t RRRrhRRe AR eAint bVEe rYQKANERA 1B BRRiteRTL iRt Sthd fiepAdi tive
that is closest to the current position;

determining a vector difference between the current position and the ideal point;
and

adjusting a velocity of the body for a subsequent instance based on the vector difference,
wherein the velocity is adjusted based at least on a tangential tracking error of the ideal point and

on a distance from the ideal point to an endpoint of the trajectory.

9. The method of claim 8, wherein the body is a CNC machining head and the current

position is determined based on feedback information.

10. The method of claim 8, further including the step of determining a tracking error in the
normal direction which corresponds to the distance from the current position to the ideal point
and wherein the step of adjusting a velocity of the body based on the vector difference includes
the steps of:

increasing the velocity if the tracking error in the normal direction below a specified value;

and

decreasing the velocity if the tracking error in the normal direction is above the specified
value.
11. The method of claim 8, wherein the trajectory includes a plurality of motion commands,

the method including the step of analyzing geometric characteristics of a motion command before

executing the motion command.

12, The method of claim 11, wherein the analyzing step includes the steps of determining a

stopper plane normal direction and determining a stopper position.

13. The method of claim 12, wherein the stopper position is spaced apart from an endpoint of

the trajectory and the velocity of the body is greater than zero at the endpoint of the trajectory.
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al gorithm having only one heavy | oad step which is outside the recursive

|l oop and is only perforned once. The additive | ookahead al gorithm al so
needs | ess distance to reduce a sane anount of speed, as shown in Figure
14, which nmeans fewer previous notion commands need to be nodified. I11.
MOTI ON KERNEL [00112] The notion kernel nodule may performthe tol erance
based notion control and may control the notion associated with program

| ines and arcs. The notion kernel provides predictive and true are notion,
wher ei n 1a. | i fTée orthadofarizmilg, WHme:irbmﬁtcp;ienajsﬁoﬁ Bray endpint of tHveajex@iy 4rdl May push

t he axe t r t rrectlng for deviations as they
are encZJHFéFgﬁiqﬁﬁ% %] nﬂggﬁre f?gﬁx C°Roti on control maybe based on a
di fferent nechanism that recognizes line/arc data (no pre- conput ed

interpolatio in nd d ctl the linel/arc
trajectoSy QPQgﬁmégg%%ﬁFrbunﬁﬂl(me %wsepﬁamFﬁg agvﬂﬁ$&6%“"%¥“%@0 gsec,

f or exarfylag)nflubive of gick fradtiomarythe éaty. t he position feedback, nmay conpare the
current position with the commanded trajectory (a line or an arc), and nmay
determine a point on the trajectory that is the point closest to the actual
current lposi tThemethdhots!quoi8nfurtherineludmg dhefsiepotfiadisstindide vdedtdy teeompemateposi ti on

The dlffgwg mQ t zﬁﬁl&uﬁt@ﬁ&ﬂal current position and the ideal current
p03|t|on nay g 'nst ant aneous random position error or

t ol erance error The |nstantaneous random position error, also referred to

si mply g5 t h“:‘i“he Rl&%bé !)focnau%rSrl% her 1mﬁnnl§?hetst%8%gpr%vi8{nggpluraln‘tay ()qf”‘contra(')tlI on of the

actual curr
sxgnals to a servo system which causes movement of the body, the control signals being related to

the velocity.

18. The method of claim 8, wherein the velocity is adjusted based at least on a normal

tracking error.

19. A method of controlling movement of a body at spaced apart instances along a trajectory
in a multi-dimensional environment, including the steps of:

determining a current position of the body in the multi-dimensional environment at a
current instance;

determining an ideal point on the trajectory, the ideal point being a point on the trajectory
that is closest to the current position;

determining a vector difference between the current position and the ideal point; adjusting a

velocity of the body for a subsequent instance based on the vector difference;

calculating a first tracking error in a normal direction which corresponds to a distance
from the current position to the ideal point; and

calculating a second tracking error in a tangential direction which corresponds to a path

length that the ideal point lags behind.

20. The method of claim 19, wherein the step of adjusting a velocity of the body for a
subsequent instance based on the vector difference is based on both the first tracking error and the
second tracking error.

21. The method of claim 20, wherein the first tracking error and the second tracking error are
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position fromthe line/are trajectory. [00114] The TBC tol erance error is
the vector difference between the actual current position and the ideal

current position which nay be dynamically calculated in real

time.

In a TBC

control system the ideal current position nay be cal cul ated every control
cycle, and the tolerance error may be directly corrected by TBC. Mreover,
in a TBC system the tolerance errors for different axes may be handl ed

coordinately. -23
used by feedback controllers.

22. A method of controlling movement of a body at spaced apart instances along a trajectory

in a multi-dimensional environment, including the steps of:

determining a current position of the body in the multi-dimensional environment at a

current instance;

determining an ideal point on the trajectory, the ideal point being a point on the trajectory

that is closest to the current position;

determining a vector difference between the current position and the ideal point;

adjusting a velocity of the body for a subsequent instance based on the vector difference,

wherein the trajectory is comprised of a series of arcs each of which is tangent to a preceding arc

and to a succeeding arc.

23. A method of controlling movement of a body along a trajectory, including the steps of:

determining whether a status flag is set to accelerate or decelerate; if the status flag is set to

accelerate, then

determining a stop distance required for a current state of the body, the current state

including position and velocity, and

comparing the stop distance required to a second distance between an ideal current

position of the body and the ending position;

if the second distance is less than the stop distance required, then changing the status flag

to decelerate;
if the second distance is greater than the stop distance required, then

determining a desired acceleration and a desired velocity for the body; and

adjusting a velocity of the body based on the desired acceleration and the desired velocity

for the body.

24. The method of claim 23, wherein if the status flag is changed to decelerate further

including the step of modifying a maximum jerk value associated with the current position of the

body.

25. The method of claim 23, wherein the desired acceleration and the desired velocity are

based on the modified jerk.



26. The method of claim 23, wherein the stop distance required is a first distance the body
would travel from the current position if the body were decelerated from the current velocity to

approximately zero velocity at an ending position according to a velocity profile.

27. The method of claim 26, wherein the velocity profile is an S-curve profile.

28. The method of claim 23, wherein the current state of the body further includes

acceleration.

29, A method of controlling movement of a body through a series of motion commands, for a
representative motion command of the series of motion commands the method including the steps
of:
obtain a motion command having a contour and an endpoint;

determine a stopper location associated with the motion command, the stopper location
being spaced apart from the endpoint;

generating a speed profile for the motion command which has a zero velocity at the
stopper location and passes through the endpoint of the motion command at a desired speed, the
desired speed being greater than zero; and

executing the motion command.

30. The method of claim 29, wherein the speed profile includes an S-curve.
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