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Abstract

Cycle time reduction is @nof the crucial tasks in manufacturing that needs to be achieved to
maximizeproductivityand profitsLaser drilling processs depending on the size and complexity

of the parts, require few hundredseav thousands of holes to be drilled. Therefoyeletime is
directlyrelated to in what order and manner the halesvisitedIn this thesis, a method of cycle
time reduction for &axis percussioriaser drilling processs presentediia generation of time

optimal trajectory and optimization of halesiting sequence.

In percussion laser drilling, a series of laser pulses are fired to each hole while the workpiece is
stationary. Once a hole is completely opened up, then drilling ohekéehole continues by
repositioningthe workpiecewith respect tahe beam. This steandgo nature ofthe drilling

process enablesneto describethe sequence optimization problem as a vkalbwn Traveling
Salesman Problem (TSP) in combinatorial optimizatibhe objective of TSP is to find a
minimum cost sequence pbints when the poirtb-point cost information for every possitgair
isknown. In the case dheminimumcycle time problem, the poutb-point cost is the travel time

and the objective of TSP is to find a sequence with the minimum overall travel time

In planningof time-optimal trajectoy for pointto-point motion under specifiedpath,industry

uses CNC controlled &00 (rapid traverse) + TRAORI{@&xis transformation and tool orientation

retaining tactic) commands. To bepractically beneficial time-optimal trajectory generation

strategies discussed in this themsfocusedon closely estimating hese CNC cont r
behaviors A total of four strategies are studied, and the most accurate strategy is chosen by
comparing the results with thepmerimentally measured CNC trajectories. The most accurate one
specifies the tool paths in Workpiece Coordinates followeddngtive velocity profiling of the

tool path parameter to achieve minimum time trajectory utlermac hi ne 0 s vel o

acceleratia, and jerk limits.

With every holeto-hole travel time calculated from the above strategy, sequence optimization
beconductedIn this thesis, two methods from the industry parttierproposed methqdnd the
optimal solver methodare discussedDue to licensing limitations the proposed method is
developed irhouse instead ofising existing noitcommercial TSP algorithmd’he proposed
method uses local search heuristics approach inspired by fame#®inmghan heuristicsThe



resultsare comparetb the optimal solutions generatédm thenoncommercial statef-the-art

TSP solver called Concordier benchmarking purposes.

To understand the impact of the research fieal environmentone sample part and its original
drilling process informatiohave been made available by the industry partner. Although the full
experimental result@re not yet acquireat the moment of writing this thesis, the simulation results
show that the proposed sequencing optimization in conjunction with the proposed-hole
trajectory generation strategy for correct estimation of travel time improves the overall cycle time
by 26.0 %.
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Chapter 1

| ntroducti on

Cycle time reduction is one of the crucial tasks in manufacturing that needs to be achieved to
maximize productivity and profits. Laser drilling processes, depgrah the size and complexity

of the parts, require few hundreds to few thousands of holes to be drilled. Thergiteame is
directlyrelated to in what order and manner the hatesvisited In this thesis, a method of cycle

time reduction for &axis percussion laser drilling processpresentedia generation of time

optimal trajectory and optimization of hole visiting sequence.

Laser drilling isa unique methodor producing high deptfo-diameter ratio holes. Unlike the
conventional drilling m#hods, it is a nowwontact process, from which holes dam drilledin
materials thatre considerettaditionallyashardto-machineIn addition it is capable of drilling

holes with shallow angles to the surface, which makes it a highly productive method for producing
arrays of holes with complex orientations on freeform shaped components such-@sofiing

holes forgas turbine combustion chaer panelslts industrial applications also include printed
circuit boards (PCB), medical devices, fuel injection nozzles, micro holes for scientific

instrumentation, and so on.

One common laser drilling method is percussion drilling. In percussion drilling, a series of laser
pulses are fired to each hole while the workpiece is stationary. Each laser pulse removes a certain
volume of material via ablation. Once a hole is compfetglened up, then drilling dhe next

hole continues by repositionirtge workpiecewith respect tdhe beamFor& number of holes,
there are—'number d hole visiting sequences available, of which total travel times vary

drastically.Therefore, otaining optimal hole visiting sequence and himidole trajectory subject

to machine capabilities enables the reduction of the overall beam positioning time, which
contributes toan increasein manufacturing productivityln Chapter 2, iteratures that dicuss
trajectory generation®r industrial machineand sequence optimizations aegiewed
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Figure 1.1 Hole locations and orientations for a sample part
A sample part opercussion laser drillingpplicationof agas turbine combustion chamber panels
from a Canadian aetengine producer, Pratt & Whitney Canada, is shoviigarel.1. Such hole
paterns are drilled witha 5-axis laser drilling machine as shown kgure 1.2 to comply with
complex hole locations and their orientatiofise machine hathree translational axegXt0 ¢

and two rotational axe® Q0 .

Figure 1.2 5axis laser maching1]

An overview of the thesis worls illustratedin Figure 1.3. The original unoptimized drilling

processs givenin the form of NC code in which the positions and orientations of the drilling holes

2



are definedwith respect tathe workpiece (Workpige Coordinates)in order to optimize the
process under each s er \wuhasveloaitelihits, akcelaration intits, ¢ ¢ 0 |
and jerk limits it is essential toepresenthese valuewith respect tdahe machine bodyMachine

Coordinates Such transformation is referred to as the kinematic transformaticaredidcussed

in more detdiin Chapter 3.

Once the starting and the end coordinates are knowntdrblae trajectory planning is conducted

to yieldthe minimum travel time. Althagh it is not timeoptimal,in order tomaximize the benefits

of the industrial partner in terms of the optimality and practicality, the study is focused on
delivering a trajectory generation method that closely estimates the current implementation of NC
codes GOO (rapid traverse) with TRAORINC controlleés 5-axis transformation with tool
orientation tactic) motions exerted by the machwWeh correct estimation, it is possible to obtain
realistic holeto-hole travel durations, and from this informatiadheoptimal sequence problem

can produce more precise and realistic restuilis.detailis discusseth Chapter 4.

In the context of a muHpoint drilling applicationtheoptimalsequence problem can be described

by a weltknown Traveling SalesmaProblem (TSP) in combinatorial optimization. Given a set

of cities and the distances between each pair of cities, the objective of a standard TSP is to find the
minimum distance tour to visit all the cities only once. In this thesis, the problem ofdiadi

optimal sequence is formulated in the TSP format so that when a set of holes and the travel
durations between each pair of hadee calculatedthe resultant sequenemuld yield minimum

travel time to visit all the holes only once. In Chaftethe formulation to TSP anithe proposed

solution algorithms presented

Then the rest ofhe thesis is organized as follows: both simulation and experimental results
showing the effectiveness of proposed method are presented in Ghépitewed by condlisions

and future work in Chaptér.
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Chapter 2

Literature Review

2.1 Introduction

Minimum time trajectory planning for laser drilling process can be broken ddwriwo tasks:
trajectory generation and sequence optimization. It is desired to generate a trajectory from one hole
to another hole so that its travel tinseminimized Suchtrajectores should be bounded by the
machi neds ki nemat iumtohof theidtves andmo excessivervibrationoNest a t
is to optimize the hole visiting sequence to minimize the total travel time. With everjoFHudée

travel time known from the trajectory generatithresequence optimization task can be formulated

to a TSP to solve for an optimalmearoptimalsequence which results in the minimum total travel

time.

2.2 Trajectory Generation

There has beea lot ofresearch in generating minimum time trajectory for both manipulator type
robots and machine tools. Tkeare two main approaches in trajectory generatatynamic
approach and kinematicapproach. In the dynamic approach, the systeaften modeledvith
coupled dynamic equatisnsuch as shown in the following equatithratcombinethe dynamics,
joint forces/torques, or load characteristics for a given trajectory.

W4 a4 AFpaa g a (2.2)

HereWs s is the vector of actuator torquesM s is the vector of joint positiond, a N
A is the inertia matrix of the manipulatog, A N 5 contains centrifugal and Coriolis

force termsy; A N A represents the vector of gravity terms.

This approach can be found commonly in most of the robotics and manipulator type researches as
the dyramic load at the end effector and the external forces such as gravity affect system
performance noticeably in robotic arm structy&gs[3], [4], [5]. In generating trajectories, some

of the early studies do not consider the continuity of acaber profile,resultingin a bangbang

or bangsingularbang type characteristics, which are hard to implement because such trajectories
5



may cause mechanical wear, saturation, and vibration. The neesmfmth trajectores is
understoodand Constantinescu and Crdfi] presented a smoothme-optimaltrajectory method
by limiting the torque rate of each joint. Bianco and PigZ4apbtained minimum time cubic spline
trajectory subjected to torque constraints using hybrid genetic/intaelyatithm based global

optimization approach.

More recently, timeoptimal trajectory planning is formulated into a form of convex optimization
problem motivated by its advantages on its theoretical and practical strengths: optimal solution in
convex optmization represents the global optimal solution and the convex optimization problems
can be solved efficiently by mature methods such as infeoioit methods or other. In their stydy
Zhang and Zha¢8] useda convexoptimization technique to generatenooth minimum time
trajectory while utilizing the maximum machine capabilities. Zhang .ef9alused the cubic
Hermite polynomial to generatesmoothtool path for a pointo-point motion and constructed
two-level nested optimization problem that sdees for minimum time trajectory for different
given pointto-point tool paths. Faiheconfinedpath tracking problem, Zhang et |IO] obtained
minimum time trajectory under confined jemate of chang®f the torque, and the voltage by

formulating arelaxed convex optimization problem.

On the other hand common industrial practice in the machine tool and manufacturing industry
is to use the kinematic approach which represents machine drive capabilities with kinematic limits

such as velocity, acaalation, and jerkhown inequation(2.2).

OIZI=|=0 A OI:I=|=0

A F4, (2.2)

This practice enables an easy transfer of machine specification providiedtbgimakes onto
trajectory generation. In the kinematic approach, it is highly desired to have continuous
acceleration and bounded jerk profiles to avoid undesirafefrequencycontent in the reference
trajectory that can induce excessive vibration, degrade axis tracking performance te@dioig
contouring accuracy, and saturate the actuators. Therefore, different jerk bounded and jerk
continuoudeedrateplanning strateigs have been suggested in a lot of research.



Analytical functions can be used in generating such smooth motion profile. Makino anfll@hde
generated a universal cam curve acceleration profile from combining sinusoidal curves and straight
lines to ensure jerk continuoteedrate Tomita et al[12] used trigonometric functions to get jerk
continuous trajectory. In their work, Erkorkmaz anttirhas [13] developed a quintic spline
trajectory generation method with a jerk bounded smimatiratehaving trapezoidal acceleration
profile. A dynamicfilter such as Finite Impulse Response (FIR) filters can also be utilized to
generatea smooth trgectory. By simply convolving a number of FIR filters, higher order
polynomial smooth trajectories can be obtaiffet], [15].

Anotherkinematicapproach is to transform tHeedrateplanning problemnto an optimization
problem, which can be solveding mathematical optimization methold$], [17], [18], [19].
Quintic spline is used to approximate the position profile for the given starting and ending point
and up to eight control points are optimized to yield minimum time jerk bounded strapethtory

in real time[20]. Senceret a. [21] approximated the feed profile with cubicdpline, and its
control points are optimized to obtaan time-optimal smooth trajectory. In their research,
Kyriakopoulos andbaridis[22] adopted an optimal control problem to minimize the maximum of
jerk values of the joints to generatesmoothtrajectory. It is worth to mention that j@3], both

the total execution time and the integral of squared jerk terms are minimized to yiewdlopti

trajectory.

2.3 Sequence Optimization

As mentioned previously, the total travel time feaXds percussion laser drilling process comes
from the laser nozzle end maneuvering over all the holes in a given visiting sequence. Therefore,
greatattention is rquired on optimizing the sequence to minimize the travel time. In fact, the stop
andgo nature ofthe percussiondrilling process resembles a w&hown combinatorial
optimization topic calledravelingSalesman Problem (TSP). Given a set of cities anddbis

of traveling among all the cities, a TSP is to find the minimum cost tour that visits all the cities
exactly oncg24]. The problem was mathematically formulateth@1800sand starting in 1950s

it became increasingly popular among mathemats;i@omputer scientists, and scientists from
other fields(Figure2.1) [25]. TSP falls into a category of NRard problem as there is no way of

checkingf there exists a better solution to a candidate solution in polynomial time. In solving such



NP-hard problems, two approaches are talaxact algorithms and heuristic or metaheuristic

algorithms.

Figure 2.1 TSP example of an optimal tour of 42 cities in the USA solved in 19526]
In computer sciences and other optimizatifields, exact algorithms are algorithms that are

guaranteed to generate optimal solutions. For TSP, the most direct method evtsyiddgout all

the possible permutations of the given cities and check which one is the optimal solution. For
number of cities, there aFe—AfeasibIe solutions to check, which makes this brute force search

almost impossible even for a small numbércities. In 1954, Dantzig et .dl27] developed a
breakthrough cutting plane method of solving TSP \uithar programming. Firstrelaxedlinear
programming that can be solved by the simplex method is formulated from the original linear
programmingThen, the solution to the relaxed one is checked if it satisfies the original constraint.
If not, the linear inequalities that violate, called a cutting plane, are added to the relaxed problem
to make it tighter athit is solved aga. This process is itated so that eventually, the solution to

the original linear programming is obtained. Although it was successful in solving 4tiey 49
problem [28], it is still not very efficient to solve for larger instances. Applegate .ef28]
presented in 1998 a powerful computer code called Concorde that uses a hybrid method called
branchandcut to dramatically increase the efficiency. While the problem is recursively split from
branching and establishes bounds, the cutting planes are bhdded branclandcut, to relax the
problem. In 2006, a very large 85,96y problem is solved using the solvi&0]. To date,

Concorde TSP solver is considered as a-sththe-art exact solver.

Despite the guaranteed optimalitlye exact solverstill takearelativelylongtimeto solve Hence,

researchers and practitioners tend to use heuristic or metaheuristic algorithms to find optimal or

8



nearoptimal solutions as fast as possible. These algorithms include Nearest Neighbor (NN), Lin
KernighanHelsgaun (LKH), Genetic Algorithm (GA), Ant Colony Optimization (ACO), and so
on. Nearest Neighbour algorithm is one of the first algorithms to build a TSP tour. Starting from a
random city, it constructs a tour by k@ggpadding the nearest city to thergent city until all the

cities have been visited. It is easy to implement and genexatdsation quickly, but it is most

likely to producesuboptimalsolutiors due to its greedy nature. Alwis et §1] used NN to
generate a sequence for automated RIdlling application. However, their solutions are not
optimal, and in fact, it is very much noticeable to human eyes. Oftentimes, NN is used in
conjunction with local search optimization methods such as powerfeKéinighan Helsgaun
(LKH).

LKH is a nore computationally efficient and effective version of-Kiarnighan (LK) heuristics
developed by computer scientists Keld Helsgaun. The original LK heuristics uses a local search
technique calleddopt moves (or exchanges). When a feasible tour is gaenpt move modifies

a tour by replacing k number of edges with different k number of edges in such a way that the
result is a cheaper to{82]. With effectiveimplementation othe k-opt move and other revised
criteria, LKH is one of the top heuristics that holds the record for findingekereportetbur for

the 1,904,71xity largescale World TSP33]. Aciu and Ciocarlie successfully implemented LKH

to generate minimum tool pathkrigths for PCB drilling applicatiof84]. While theseproblem
specificheuristic algorithms produce excellent solutions, a trend hastbegiize metaheuristic
algorithms to address more general problem types and for a greater chance of reaching globa

optimum.

Genetic Algorithm (GA) is based on the evolutionary algorithm, which closely reflects Charles
Darwinds natural selection of fitte[88.Witndi vid
special parameters such as fittest score asdignd undergoing selection and mating processes,

GA can produce promising TSP results sucthadbestknownto-datesolution for 100,00&ity

Mona Lisa TSP instand86]. Zhang and Zha[87] have solved minimum time drilling problems

for a 3DOF robdic manipulator using GA.

Another popular metaheuristic algorithm is Ant Colony Optimization (ACO). It mimics the route

selection strategy of an ant colony. Movement of a siragle seems rather erratic and



uncoordinated, however communicating via phemenivails, the entire group of ants can find an
efficient route to food38]. For TSP, pheromone values are assigned to each edge to indicate the
probability of being selected. Ross et[8B] presented a method of optimizing the drilling path

for the CNC machine by using Parallel ACO, a higérformance implementation of ACO.

2.4 Conclusion

In this chapter, literature covering the topics of trajectory planning and sequence optimization has
been reviewed. The mawbjectiveof the research presented instlthesis is the integration of
these two topics to generaé@me-optimaltrajectory that considers the constraints of the drilling
process, and the kinematic configuration and drive limits of #heblaser drilling machine with

hole visiting sequenagptimized to minimize the travel time of the drilling process. However, the
applicability of the findings from thisesearch is not limited to the laser drilling process but can

be expanded to any muftbint manufacturing process.
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Chapter 3

Ki nemddadebax»xifs Laser Drilling Mac

3.1 Introduction

In general, planning of machining processes for CNC mashame done in Workpiece
Coordinates (WCS) since machining occurs on the workpiece. Tool paths are defined relative to
the workpiece and depending on fitecess type, the speed the tool end, knowthefeedrate,

is defined relative to the workpiece as well. However, actual motions are executed by individual
servo drives, of which motions are defined in Machine Coordinates (MCS). Hence, to fully
understad the processes, it is desired to transform the job information in WCS to MCS. Such
transformation is called kinematic transformation. Depending on the machine configuration of
how the individual servo drives are attached to the machine base, the tratisiosrdiffer from
machine to machine. In this chapténe kinematic transformation ofthe Saxs laser drilling
machine from the industry partner is presented

3.25-axisLaserDrilling Machine Diagram

Based orthe product manual afie 5axis laser drilhg machinethe following kinematic diagram

is constructed.

11



X - linear stage

C - rotary stage

y
Y - linear stage \
Y 0

/
N

Z - linear stage

[ ]
|dz- z
d)(
l
.
X
00
Figure 3.1 Kinematic diagram of 5-axis laser drilling machine
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The followingtable liststh&e o or di nat e syst eimbBesyst€m S6s) consi

Table 3.1 List of the coordinate systems considered to construct the kinematic model

Coordinates Description

C.S.0( |=|=o ECEPE) This frame is fixed to the machine base bottom. Its axesparallel to th
translating joints of the machine

C.S.Z |=£oy L) This frame is attached to the moving Z stage of the machine. The tilt(B) ¢
also attached to the Z stages and« . axes are parallel to the,. and« | axes.

C.S.B( |=|| IR This isthe tilt (B) stage coordinate systemy is the axis of rotation for tilt stag
F| is translated fromk, by ™, along«. axis.™, is a constant offset by t
machine structure|.=|| is rotated byP| along«, axis.P| is a variable depende
on the tilt motion.

C.S.C( |=|=° This isthe workpiecébase frame that sits on the rotary (C) stages the axis ¢
rotation for the rtary gage. | _is translated fronf| by ™_along »| axis.®_is
a constant offset by the machine structq:rpis rotated byP _along »| axis.P

is a variable dependent on the rotary motion.

FEe

C.S.Y(reweiom) This is thetranslatingY -stagecoordinate systemk. is translated from:y. by -1
alonge« . axis and by along Jt axis.LLis a variable of Y moving motion a
M, s a constant offset by the machine structure.

C.S.X( |=£og L) This is thetranslatingX-stagecoordinate systerﬂa is translated fronf:JL by £
alongey axis.Z is a variable of X moving motion.

C.S.K( |==| ° This frame is attached to the laser focal point where the laser is focused
drilling occurs. . is translated fromk. by Mgalong ». axis.Mgis a constal

offset by the machine structure.

247 %)

3.3 Coordinate Transformation

With TRAORI mode (explained in more detail@mapterd), the position of each hole is expressed

with respect to WCS, which is defined as C.S.C from the above illustration, and the orientation of
each hole is directly expressed @and0 angles. When the NC code is read in, the CNC
transforms WCS values to MCS values automatically. The measurements from the machine are in
MCS values, therefore it is necessary to study the kinematic transformation of the coordinates to
transform trajectorand hole pattern information between them.

In this thesiscoordinatéransformation is expressed using homogeneous transformation matrices.

Homogeneoudransformation matrix is @ T matrix containing the rotation matrix and the

13
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translation vector. Foexample, consider an arbitrary point in two coordinate systems shown in

thebelowfigure.

Z
ZA \\ /V
p° 1

0 g

X

X
Figure 3.2 Visualization of coordinate transformation between two coordinate systems

The point can be expressedtinp vectorsm= ands==, and the coordinate transformation between

these vectors can be represented by using a homogeneous transformatiorymatiix,the

following equation.

(3.1)

Y
o

I
|
I
Qu
o) 0 o -

m TOTm P
where{ is ac o rotation matrix of frame 1 with respetd frame 0 and| is ac p
translation vector from the origin of frame 0 to frame 1. With the same transformation matrix, the

reverse can be represented as well by taking an inverse of the matrix.

n n
- 7 - 1 1 ana 1 1 o1& gy
n n
m T TP (’ypO m T TP c’ypO

One of the benefits of using the homogeneous transformation matrices is that a sequence of

coordinate transformation can be represented by the produtie wfdividual homogeneous

transformation matrix.
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Since 6 0 values are directly given in TRAORI modé)&® are required to understand the
motion in MCS. To find the corresponding coordinate transformation between MCS and WCS,
the transformation fronheworkpiece base fram€.S.C) to the tool enfilame in this case at the

laser focal point (C.S.Fis defined firstoy the following equation.

L L I B S 33

where each homogeneous transformation matrix is shelevwith thefollowing representation,
Yoi Qe @EéHRY 1 Qe @é+.

p T M p T T T
mTp mTT T p T @
1 T TP @ Ll mTmTpQ &
T T T p T T T p
P T M ® p M T
m p T T mp T T
Ll T T p T Ll mTmnp Q
m 1 m P LS 1 S £ o)
0O m Y Q 0 Y m m
mT p 1T Q Y O m T
L Y m 6 m L n mop Q
T TT p Tt Tm T P
‘O can be calculated by multiplying the above matrices.
p T T T P T T T p T M T
mTpP TN TTPE T @ TP T ®
Ll L mTmp OTTPQ @ mTmnp Q
T TP T IIT p LS 1 S | o)
P M M T Pp M T X p T ®
TP T O T P M T TpPp T ®
Ll L mmnmpep Q mmp 1 mmp Q
L1 1 S £ G o N 1 G | S 1 G o LS 1 O | o)
p T T W P MM T p T T ()
mTpPp T Q TP T T mp T @
Ll L mmTp Q mmp Q mmnp Q Q
m TP MTMNTT P T T T p
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pmnmtmn 6 m Y Q O m Y Q
mpep mn T p T Q m p 1T Q
L L TP WY nm 6 T 2 | S )
mmTTmTpe mmn T P m m 1T P
0 m™ Y Q o} Y T
m p 1T Q Y O mom
T L Y m 0 O T T op Q
T 7T T p nm 1 TP
006 0°7Y Y YQ Q
Y 0 T Q
YO Y'Y O 0Q ®©
i T T p
006 0°Y Y YQ Q o
Y 0 T Q w
T L. Y6 YY & 8Q 6 Q Q
T i m p

With this transformation matrix, it is possible to express the coordinate transformation of each hole

pattern from the WC%=m ) to the laser focal coordinate system as follows

In laser drilling, the drilling occurs at the laser focal points. In other words, the hole location with
respect to the laser focal coordinate systamjs zero. Using this knowledgene alove euation

can be rearranged and expanded further.

ﬂ -—
n 0600 o0°%Y Y YQ Q T
&N & Y © Tt Q Tt
N YO Y'Y O 0Q ®w Q 0Q T
6p0 m WM om P P (35)
r‘] 66 ® Q YO Q YO O Q Q
S0 & yyva Q 66 Q YY & 0 gzg
. n Y Q 0 O Q 1Q Q
opQ 4 p o

which is then simplified to
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n 6 6 Y Y6 w Q T
n 6Y 6 Y'Y W Q Tt (3.6)
) Y Tt 0 W Q Q Q

Finally, a small adjustment is made to the equation since in TRAORI mode, the direction of Z

motion is reversed, that lifting up the Z stage decreases the value of Z measured in CNC.

n 66 Y Y6 ® Q n
0 5 & Y'Y ® Q T 3.7)
f Y m 6 H Q Q Q

(3.9)

€ &€
:_<::
o
|
=
Q

Note that the matrix is in the form of a rotation matrix. In fact, it is the inverge gfwhich is
the rotation matrix of; . Using the above equation, each hole location with respect to the WCS

is calculated from the MCS vectab ®® . The constantsQ 'Q 'Q 'Q 'Q are obtained from the

machine configuration.

To verify the above solution, the hole patterns trmesed directly from the NC code and the hole
patterns constructed from the measured MCS data using the same NC code are céigpaged.
3.3 shows thadrill hole locationsin MCS from servo @& positions executed by the machine
CNC and the desired hole locations in WCS programmed in the NC code. It is clear that the hole

locations do not match prior to kinematic transformation.

Once the above kimeatic transformation is applied to the measued @ data, the expected

hole pattern is produced as showrrigure3.4 proving that the transformation is correctly done.
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Z axis

(b)

Figure 3.3 (a) hole locationsin MCS measured fromthe machine servo drives(b) desired hole locations in

WCS programmed in NC code

® Holes from NC code
O Holes from servo reading

Z axis

Figure 3.4 Reconstructed hole locations from the servo reading overlaid on top of the desired hole locations

3.4 Conclusion

In this chapter, a specific kinematic model éb&s laser drillingnachinds presentetb transform
the given drilling process information defined Workpiece Coordinatesnto Machine
Coordinates In this thesis, bmogeneous transformation matrices are used to express the
coordinate transformatioand arevalidated ly overlaying theexperimentally measured hole
locations on top of the defined hole locations from the NC .cbde necessaryo acquire this
transformation between WCS and MCStiajectory planningsince the actual motion is realized
by the individual axis servo driseinder thegiven kinematic limitsThe following chapter delivers
the details of trajectory planning methods.
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Chapter 4
HoltemofMreaj ed®lt @amiyi ng

4.1 Introduction

The essens»®f minimum time drilling processn the perspective of trajectqrgreexecuton and
estimation. It is required to travel from one hole to another as fast as possible and its motion time
needs to be correctly estimated so that a more realistic result can be obtained when used in the
sequence optimization step. Percussion laseirdyils a type of machining process where the
motion type is classified as poita-point (PTP) or positioning. Unlike contouring, where the
cutter tool path is an essential process objective, the main objective of PTP is to position the tool
end at the dé®d location and orientation, which makes the path irrelevant. To accomplish fast
PTP motion, most CN€use the motion type command called rapid traverse (GOG-dnd8)

which maximizes the velocity under the defined machinediaddgng with other kinente limits

such as acceleration and jerk limits. The common resultant motion profiles, often referred by its
shape, are trapezoidal velocjixofile if jerk value is not bounded, anecarve velocity profilef

jerk value is boundedvith preferences giveto the scurve velocity profile for its smoothness.

The industry partner, in their current NC code programming strategy, als&08eduring the
percussion drilling process to realize fast Hokaole motion. In conjunction with GOO, they use
theCNC can t r o b-dxis tradisdormation with tool orientation tactic called TRAORJpical
planning ofthe drilling process is done iWorkpiece Coorthates (task spatial coordinates) and
CAM software generates corresponding@le inWCS. It is TRAORI thatperformsthe correct
conversion of the €@ode to the equivalent Machi@ordinates (joint spatial coordinates) values
to perform the desired tasks.

To be practically beneficial to the industry partner and their job planning strateggtom
trajectory s not developed in this research. Inst&adl C ¢ o n tGB0o+H TRAORIAGrajectory

is closely studiedand bur trajectory planning strategies are discussed in this chapter to
approxi mate the controll erds str aonetigng.Thé or t

overview of the four strategies are illustrated in the figure below.
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Strategy #1 : Trajectory planning directly in joint space based on jerk-limited s-curve velocity profile

\ z

5( ‘ /_\ B |
‘ T ‘ T M w T ’UT
‘s-curve’ shape profile
Strategy #2,3,4 : Trajectory planning in task space
Step 1 : Path planning in Workpiece Coordinates (i.e. task space)
x(u)
,J—- y(u)
i r(u) = z(u)
b(u)
r=r(u) c(u)
o
Workpiece

u : tool path parameter [0,1]
Step 2 : Time-dependent profiling of the path parameter u = u(t)

s-curve velocity profiling optimized profiling

R l

Strategy #2

Approximately hold
kinematic constraints
(non-iterative solution)

v=q'u
a=q'i
j=q'u

Strategy #3
Exactly hold

kinematic constraints
(iterative solution)

v=q'u
a=q'i+q"u?
j=qi+3q"ui+q

rnr

u3

Strategy #4
solve u(t)
based on relaxed
convex optimization
(Linear Programming)

by
minT = f 1dt
t 0

subject to :

|‘D = 51'11| < Vimax

|a = q,ﬁ' + q”azl < Apax

lj = q'ii +3q"wii + q""%°| < jmax

Figure 4.1 Overview of four trajectory planning strategies
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4.2 Time-optimal Velocity Profile

A time-optimaltrajectory would fully utilize the maximum velocity during traverssultingin a

rectangular profile. However, this resultanfinite spikesin acceleration, which is not feasible to

implement(Figure4.2).

Rectangular Velocity
A

<

Velocity

Y

Ty

limit

Acceleration

»

\

A

Trapezoidal Velocity

. A
acceleration

Jerk

limit
jerk

),

S-curve Velocity
)

t

Tj \Tj+Ta\ .T;V+Ta+Tj

\ d TV

Figure 4.2 Evolution of time-optimal velocity profile

As a remedy, acceleration is limited to a finite value thatiltsin a trapezoidal velocityrpfile.

This is not favorable either since the discontinuities in acceleratiaeeextreme jerk, which

induceshigh-frequencycontent in the reference signal that casult inexcessive vibratioof the

machine tool structure. It can also cause actuator saturation by demaajdictgprieseyond their

functional limits. As a result of saturation, a deviation from the desired trajectory could happen

meaning that part manufacturing tolerances couldddated. Thus, allowing the jerk to be finite,

the piecewise 2nd order polynomial velocity profile, widedyerredto as s-curve profile, is

obtainedFigure4.3).
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Figure 4.3 S-curve velocity profile

The profile is composed of seven segments. Segments 1, 3, 5, and 7 have accelerations with linear
profiles whose slopes are predetermined by the jerk linBMuring segment 2 and 6, the velocity
changes with the constant acceleratiinThen, the velocity is kept constant at its maximun,

during segment 4The durationfor each segmens determined by the kinematic limifsy Y

('Y 7Y) is the time it takes for the machine to reach its maximum acceleration;Y is the

time required to reach the maximum velocity if the desired velocity is not reached during segment

1 and 3 (5 and 6)Y is the extra time that is required if the dedidisplacement is not met during

segment 1, 2, 3, 5, 6, and 7 combined.

Two methods can be used to obtain the profile. By convolving the Finite Impulse Response (FIR)
filter twice with a rectangular velocity profile, thecarve velocity profile is obtagd [Z, [6].
Another way is to derive a set of analytical equations that represent the polynomial curve for each
section of the profile. In this research, the analytic method described by Erkorkmaz and Altintas
[12] and Alzaydi [40] is used to construdhe scurve velocity profile for the given machine

kinematic limits.

The scurve profile can be broken down to three phases: accelerating phase, coasting with constant
velocity phase, and decelerating phase. Depending on the kinematic limits and tltetohasste
length, the coasting phase may not exist, leaving only the accelerating and decelerating phases to
achieve the desired travel distance. Regardless of this, the accelerating/decelerating phases can
have two different shape profiles based ondhe, andurelationship. Combining these two, the
s-curve motion can be classified into four different cakestrated in the below figure
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Maximum velocity (V) is not reached

and coasting with constant velocity is not required

to reach the desired travel distance

Maximum velocity (V) is reached
and coasting with constant velocity is required
to reach the desired travel distance

Case 1.
Max. acceleration
(A) is not reached

Velocity

Case 2.
Max. acceleration
(A) is reached

CASE 1.If ®

[v|<V |v|<V
t t
a
s |a|<A |a|=A
5
o
Q
8 \/ t \_/ t
Q
Q
<C
j
L +) +) +] +)
-
E [ ] 1 ]
1 ] ot
-] -

Figure 4.4 lllustration of 4 cases of scurve motion profiles

is greater than the total distance,  0:

Case 3.
Max. acceleration
(A) is not reached

[v|=V

Case 4.
Max. acceleration
(A) is reached

|v|=v

lal<A

[al=A

\/t
10

+J

U, U,

—, and the acceleration and deceleration distance to reach the maximum velocity

In this case, the velocity never reaches its limit and the entire motion is employed for

acceleration and deleration phases only. Therefore, the velocity profile does not have a

constant region puttingy 1. The maximum acceleration/deceleration is not reached

either, creating a triangular profile. This séls

CASE 2.If w

— andd 0:

Y T

Same as casg, the maximum velocity is never reached putfig 1. While it is

accelerating, it reaches the acceleration limit, creating the constant acceleration region. For

this reasonatrapezoidakhape profile is achieved in acceleration.
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CASE 3.If @ —anda 0:

In this case, the desired distance is greater than or equal to the distance it needs to fully
accelerate, the extra distance is covered by coasting at the constant velocity,etting
. The maximum acceleration is not readlor just reached to increase the velocity to its

maximum creating the triangular acceleration profiles. HENte, Y  T1tin this case.
CASE 4.If ® —anda 0:

Same as cas®, it requires the coasting region to achieve the desired travahcissetting
“Y 1t The acceleration is allowed to redbbmaximum in this casendcapped by it for

anon-zeroperiod for the velocity to reach its maximum. Heridg, Y 1L

In this thesis, caskand cas@ scurve motions areeferredto as short trajectorieand cas@ and

cased scurve motions as long trajectories.

4.3 Strategy #1: Trajectory Planning with S-curve Velocity Profiling in Joint
Space

As a preliminary and fundamental study for smooth {teleole motion,trajectoryplanning &

first taken in the machine joint space. Since the actual motion control occurs on the individual
joint, direct planning of smooth trajectories in the joint spadeeneficial Also, for multtaxis
application, singularities that could arise from invedisematics can be avoided. However, it is
difficult to obtain the desired tool end path due to the-lhwearities introduced from the
transformation between the Cartesian space and the joint space. Nonetheless, for pure PTP motion,
this method would gemate the fastest motion compared to the other methods presented later in
this chapter. In CNC, this is equivalent to using GO0 without TRAORI.

Given starting and ending points for each axis, the travel distances are calculated and with the
known velocity,acceleration and jerk limits for each axis, the correspondicigne velocity
profiles are generated. Werify if this scurve profile is what the CNC controller uses in its rapid
traverse motion, the estimated rapid single axis motion is overlaid af tbp single axis GO0

commanded reference trajectory measured from the machiigure4.5.
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Figure 4.5 Commanded and estimateds00 trajectories for single axis

The commanded reference position trajectory is medsat every 4ms and numerically
differentiated to generate corresponding velocity, acceleration and jerk profile. The estimated
trajectory is generated at 4ms rate as well and numerically differentiated at the same rate to match
the loss of shape from theumerical differentiation. It is shown that both trajectory profiles
synchronize greatly indicating that the estimated trajectory planning strategyatelyreflects

the controllerds strategy.

Since the trajectory is planned individually, the traveletifor each axis could be different
depending on its travel distance and kinematic capacity. By taking the travel time from the slowest
axis as an overall motion time, the kinematic limits of faster axes are reduced to yield more relaxed
profiles. The restlis a synchronoumotion that all of the axes start and finish their traverses at

the same timéFigure4.6).
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Figure 4.6 Non-synchronized velocity profile vs. synchronized velocity profile
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1.6

In this method, since the trajectory is modeled as PTP motion, the feedrate is planned first then the

corresponding tool path information is acquired later by the direct kinematic transformation of the

resultant position profile of each axis. Hence, althéw i t

i's time opti mal w

kinematic limits, it is not directly applied due to its patingnot known until the end, which

causes difficulties in planning ahead for collisions among the tool, the parts, and the fixture.

Therefore, in praee, GO0 alone is not used, lautorientationretaining function called TRAORI

is used together to keep the tool path straigh@S.

4.4 Trajectory Planning in Task Space

To fully address the

contr ol

| er 6s

Gaskspace TRAOR

planning methods are presented. According t@iN€ controllermanual, PTP motion associated

with TRAORI in task space is generated by linear interpolation, meaning that path between the

starting and end points is straight. This is also verifiganapping the measured data onto the

virtual workspace vian-house3D visualization software using the Visualization Toolkit (VTK)
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Figure 4.7 5-axis laser drilling motion simulator developedin-house

Hence the following task space planning strategies have the tool path predefined as a straight line
in Workpiece Coordinates and different approaches of assigning the timing law omte it
presentedTo distinguish the working coordinates, the lowercagers ¢hoforoht) are used for

WCS and the uppercase lettes$tphidv ) for MCS. The development of task space trajectory
generation strategies (Section 4.4.1.1) is the result of close collaboration with PhD student Chia

Pei Wang from the sanmresearch group.

4.4.1S-curve Velocity Profiling

It is assumed that the controller applies the saimenge generating technique for the velocity
planning in task space. The difference to the previous joint spage/s planning is that the
curvemotion profile isnow appliedin thetask spaceesultingin joint space motiothat is not an
s-curve In task space planning, the tool path is defined in WCS and the timing law is designed to

complete the traverse. Given the starting and ending pai® == in WCS as follows:
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- GO h— h—

L. 4.1
- Whohy h— h—
then the tool path frona= t0o == is defined as
wo
vo wo (4.2
ao

and the orientation vector 6 , based on the machine configuration, is defined as follows:

(VIo) [ Q6 WEHLO
00 L 6 i Qedi Qo (4.3)
L O wé+ 0

whereo is the path parameter [0,1].

In TRAORI mode, theooltip path is a straight line and the change of the orientation vector from
the initial point to the end point is constant with respect to the tool path.iié@ behavior of

thetooltip position can be expressed in terms of the path paramétethe following equations:

o Y& o
vo wo Ywo (4.4)
ao Ya 6

whereYofVafYd are the Euclidean distances for each axis in WCS and calculatdd by h

® wha & respectively.

To express the rotation of the orientation ve:«
represents the thretmensional rotation foa rotating vector with the axis of rotation and the

corresponding rotation ang{Eigure4.8).
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Figure 4.8 Rodrigues' rotation formula visualization of a rotating vector o by an angleP around vector= as

the axis of rotation

The orientation vectors for the starting and end pointgndo hcan be expressed as follows:

o [ Q¢ Oé+ hi Qi Q¢ hdé+
_ 5 . (4.5)
o | QEwé+ hi QEi Q¢ hwe+
The unit vectors , that is an axis of rotation about which the intermediate vectotates as the

same normal vector to ando is definedas follows

L & o o
« = —h—h— h— & —
¢ P o
[ Qi QEDEL Qi Qi e (4.6)
. Oé+ i QEOE+ | Q8 Dé+ Qe+ To oS

[ QEé+i Qi Q¢ | Qi Qi Rt we+

With the overall rotation angle from to o as— , the angle of rotation for the vectoy—-is

defined as follows

—6 —0 ®éio O 4.7)

Thenthevectori s expressed as the following equat.
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00 o o

, T oo ’ \ I (4'8)
0 OWEIO— = o i Qeo— = =D p wWEiO—

Since the is normal too , the third term disappears. In addition, by defining an arbitrary vector

1 for = o , theequation is simplified into the following:

o o wé ido— J||I "Qeo—

0 0 Q& io— "Yi Q&o—

. v (4.9)
o L D WE I0— YI Qeo—

v 0 O& i6— "Yi Q&v—

Applying trigonometric rules tequation(4.3), above expression can be rearranged for WCS

variables— and—.

, . WEi L QEio— Yl Q¥O—
— WEeEIi L Ty
(,) e U we i0— Yi Qeo— (4.10)
—O0 o0& LT O0WE ——
U we io— Y Qeo—

Using equationg4.4) and(4.10), the tool path and its orientation in WCS can be express as the
following vector:

o . Yo o X
Lwo Y& o Y
|’|(b(,) "’ Iy S’/d é (g
6 Q0 . HETL OEio— Y Q¥O—. (4.12)
I,IJ'-; o I,IJ IP \ T o oo 224 o, 7 IP
P00 e U € To— YT QEo—.
rwo 0 WEe
r D WE I0— "YIi Qeo—iy
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The progression of theol path and its orientation in WCS is illustrated in the below figure.

Since the machine

Figure 4.9 Visualization of tool path and orientation in WCS
kinematic limits are defined in the joint spaces, this WCS vector is transformed

into MCS vector using the transformation mat(i&8), definedin the previous chapter

.'..(I)é 2.
iy 6 1w
A w0 3 »6 Q

c0 0

wd o
Gt ho beEHo  hedo Ao i 0o m
o i abo SERRL T T T
Habe G dHo | 0bo | abs  HEdHe mom @12
1 T T T p Tl
u Tt T Tl n pV
.’..d)(') e .’..(I) (') 2
0 O v ") O 1
a6 . Q o
PO "B 6
r®o w6 O

Then the expression for the joint space velocity, acceleratnaijerk that the machine experiences

during the traverse can be found by taking the time derivative of the above vector.
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AO A 00O
A0 AO0OO0O0 A OO0 O (4.13

A0 AO0GO0O0 OCA OOGOOO A 00 O

Here, primes denote a geometric derivative with respect to the path parameter u, and the overhead
dots denote a time derivative with respect to timehen the objective of the task space planning

for the scurve velocitytrajectory is to find the maximum parametric velocity, acceleration, and
jerkvalues¢ ,0 ,ando respectively) that are used to construct a correspondingve

profile so that at anytimé@ 0O during this scurve motion, the follwing constraints are satisfied

for all five axes.

(4.14)

Whereo + ,=|=D 1o and 1 .are the vectors that represent the axis level kinematic limits for the

machine.

Since the velocity at any point along the path should meet the above constraatisythbounded

problem for velocity can be rewritten as follows:

SA4S SAOD On4e (4.15)

A O is the geometric derivative which can be-poenputed for the sampled path paraméter
andog 4 is the known machine parameter. Hence, the maximum allowable parametric velocity,
0 , can be explicitly calculated by the following equation.

0] .U .U .0 .0
A——h——h——h——h-—
J] 0393] 039] 039] 089J] O3

0 mi (4.16)

However, for the higher order derivatives of parametric kinematic limits, it is challenging to solve
explicitly becaus®is unknown Thus the time dependent elemenit® , 6 0, andd 60 camot

be computed beforehand.

The following sections present the different methods proposed to resolve this difficulty.
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4.4.1.1Strategy #2: Specified Path in WCS with Non-iterative Approximated S-curve
Velocity Profiling in Task Space

The method in this sectiasimplifies the above equatidd.13) by only considering the highest

order parametric derivative terms and neglectinge#tponentiabnd coupled terms.

4.17)

This assumption is valid &w velocityregions near the beginning and the ending of the trajectory
where it is at its acceleration and deceleration phases. In particular, this assumption holds better in
short trajectaeswherethe velocity profile is not maturandthe constant velocity region has not
developed. Based on the typical workpiece sittesr hole patterns, and experimentally measured

data, these short trajectories make up about 90% of the entire trnajector

Using the same analogy for the equati4i6), the bounded problem for the acceleration and the

jerk are rewritten as follows:

SA+S SAOD

o (4.18)
SA4S SAO P

Note thata 6 can be preeomputed as mentioned earlier, the maximum allowable parametric

acceleration and jerk can be explicitly found by the following equations.

) ) o) ) o) o)
o) mi ——h—h——F—h—F—-h—
Jq) 03] 03] 03F] 03J] 03
5, 5, 5 5 5 (419)
) . Q . Q . Q . Q . Q
o) mi n

——h—h——h——h——
9] 0S9) 089 0S$9] 0S89 08

Withé ,06 ,anddé  found, the correspondingcirve is generated to populatrametric
position, velocity, acceleration and jerk profilésqd ,06 0,06 0, andd 0). Then the kinematic
profiles in WCS and MCS are found from these parametric profiles using the eq@atidhand
(4.12).
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According to equatio¥.11), where the translational axes are linearly related to thepaaameter

and the rotational axes are not, it is expected that-theve profiles are preserved for e

in WCS but not for théftoin WCS.From the formulation, it is also expectimtthe jerk values

in MCS exceed the limits in some regs where the product of the path geometric derivatives and
the parametric velocityand/orthe accelerationsufficiently increases. Due to the complex fion
linearities, it is challenging to precisely predict under which condition that the limits aedexce

but in geneal, it is during the long trajectories in which the violations are observed more

frequently

4.4.1.2Strategy #3: SpecifiedPath in WCS with Iterative Exact S-curve Velocity Profiling in
Task Space

The method in this section utilizesmpletekinematic equation§.13) derived insection4.4.1

and adds an iterative process to the previous method. Initial kinematic profiles in MCS are
generated by ,6 ,andd  found from the method in sectigh4.1.1 Then the profiles

are checked if they exceed the MCS kinematic limits. If exceeded, ando are adjusted
iteratively by using a bisection search method as illustrated in the below figure. The kinematic
profiles are then updated using the full equations and checked with the limits again. This process

is iterated until the limits are not exceeded and both , ando haveconverged.
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Figure 4.10 Flow chart of the iterative process of strategy #3

35




Two separate bisection searches are done for&ach andd since they are independent
variables to control. However, they are dependent variables in the perspectiveurok s
generation and thereforte two searches are enclosed by one outer loop. To relax the jerk profiles
in MCS, adjustment to is made since it is the most prominent term in the jerk equation. For
the acceleration profiles, an additional evaluation is niadeadjustingd . It checks if the
motion time resulted from the highér value is less than the motion time resulted from the
currento value. This check is necessary &more thorough search e adjustment ird

value could create scenasim which higher accelerations can be achiewdtiout violating the
limits. With newly obtained ando ,thecorresponding parametriecsirve vebcity profile

is obtained and then the kinematic profiles in WCS and MCS are acqSirext tle MCS
kinematic values are directly checked via itleeative process in this method, it is expected that

none of the limits are violated.

4.4.2 Strategy #4: Specified Path in WCS with Relaxed Convex @timization Method via

Linear Programming Formulation

The dorementioned task spacec8rve generation strategy is a simple and robust method to
generate trajectories under servo kinematic constraints. However, compiyinthe s-curve

profile in task space resuliis trajectories in joint spacthat arenottimeopt i mal . Wi t h C
exact trajectory generation method not knoampptimizationmethod is suggested as another
approach to estimate t he ma c-bptinmityasthetsame fjimect or y
The objective function of the problem is to minimize the Holaole trajectory travel timeand

the constraints are the axactuator kinematitimits expressed in task spa@el4) to satisfy the

desired tool path.

mi " pQoO

subj gct to

o (4.20)
AO00OOS ©On4,

60 aeled 05 F4.

AOGOO OA OOGOOO A 00 OS
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The above optimization problem is challenging to be solved directly agirmhésdependent
Therefore, it is converted &nequivalent time independent problem. Using the fact that the tool
path parameted O is strictly increasing and orte-one function to be timeptimal, the objective

function can be rewritten as follows:
mi Y pPQo —., Q06 —0Qo0 (4.21)

Furthermore, the optimization varialidés replaced by path parametecreating the pseudo
kinematic terms: pseuekelocity,6 0 , pseudeacceleration¢ 0 , and pseudgerk, 6 6 .

mi "I #'Qc’)

00
subjgct to
L. (4.22)
SA 0003 ©Og4e.
s 00 Ae&0 0S =|rD+.

SAGOO OCAOGOOOO A 006 65

Lo

The above nonlinear programming prail (NLP) is equivalent to the original optimization
problem in(4.20). NLPs are difficult to solve and there are no effective methods or solvers for
solving them[41]. Also, there is no guarantee that the solutions found from such solvers are
globally optimal.In this thesis, the above NLP is approximadsdilinear programming problem

using the methods explained in the following section.

4.4.2.1L inear Programming Formulation

The optimization problem is linearized to yi@donvexlinear programming problem. The benefit
of this convex relaxation is that the optimal solution to the convex prablim global minimum.
In addition, solving linear programming is less computationally expensive compared to solving

nonlinear programming

A linear program (LP) is a type of convex optimization problem rev/tiee objective and the

constraint functions are all affine andvkahe following general form.
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mi ni midzee
subjege o (4.23)
=e
wheree N 1 is the vector of vaables to be optimizedsty s, v s andf~ s are the
vectors of known coefficients, anglN s and =N q are the matrices of known

coefficients.

To linearize the problem arabnvert the equation into the above LP form, first a new parameter,
0, is defined as the square of psewedtocity, 6 6 . Using the chain rule, the following

derivatives ofb with respect ta are found.

DO 06 0
, @ 06 ,, VO ,, O Q0 ¢coo600 o,
0 O — 00 —— 00 ——— — 00
Qo 6 Qo & Q0 Q0606 00 < (4.24)
., @0 @Wo Qo 00
v O o i —
¢ Qo & Qo0 Qoo Coo
These catthen be used to relate the psetielonsfrom the constraint functions if#.22).
00 0o
6 6 0o
6 6 0O Vo
(4.25)
L P, .
06 -0 O
C
66 20 006 20 0 03
C C

Substitutingback with the above terms, the optimization problem(4R22) can be rewritten

without any time derivative term:
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gAsa')t’)c') il 6 4.
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Although the objective function is a convex function, it is not in a linear form. Therefore, it is

transformed to the equivalent linear programming problem using the convex operations.

For a convex minimization problem whose objective is to minimize avernfunction,”Q
maximizing a concave function,’Qis the equivalent problem. Therefore, the objective function

can be rewritten as follows:

ma x ——00 (4.27)

Then, considethefollowing convex optimization problem
mi ni Mwz e (4.28)

For a monotone increasing functiog © s, the transformation of the objective function via
composition can be mad&Qw [ "Qw , and thefollowing corresponding optimization

problem is equivalent to the above original problem.
mi ni Mwz e (4.29)

Therefore, the objective function i{@#.27) can be writtenas a transformed function via the

following composition,

- QU r 7 Qo (4.30)

39



wherel -andf & Wmare both monotone increasing® s functions fore 18

Rewriting(4.27) using the above rule, it is true to state that the following LP problem is equivale

to the original optimization problem.
max 0 6 Q6 min 0 O0Q6 (4.31)

Next, linearization bthe constraint functions made as there still present nonlinear terms. Using
the same concepf composition rule, the velocity equation is linearized by squérinigsides as

this operation presersgheconvexity.
A 0006 og4, (4.32

For the acceleration and the jerk equationspBne approximation is used to linearie 6 and

0 O terms, as suggested[#R]. Since the jerk values are boundedilfipite number, the third
order derivatives should exist for the path paraméter, Hence, fov 6 6 0 , its profile

is approximated by a 5th orderdpline. A Bspline of orden is a spline function that creates a
smooth curve by joining several pieces of polynomials of defred) p endto end, which
follows the control pmts. The below figure illustratate 3rd order Bspline curve that follows

12 control points.

Control Points N

Figure 4.11 lllustration of 3rd order B -spline curve following 10 control points

The benefit of this Bspline approximation is that the equation Besplinecurve is expressed by

a linear combination of the control points and the basis function as follows:
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DO eULO Op O (4.33

Here,» is the control point vector of sizZe p and0 0 is the basis function defined on a knot
vector=s, which spans the path paramedey 1ip . The size of knot vectar  p is determined

by the number of control points and thegdee of the polynomiats & "Q p. The value of

the B-spline curve at any poirdt is obtained by the summation of the product of the adja@ent

p control points and their basis function affected by the knot values. Therefore, for the 5th order
B-spline curve to strictly pass the initial and the final control pothsinitial and final velocity

conditiors,|] and are set to zero and the knot vector is defined as follows:

=  Timmmhe b B R pipiplpip (4.34)

Using the properties of Bpline, the derivative terms can also be represented by the linear

combination of the control points and the basis function as follows:

L 6 el O f O
(4.35)

0 0 e Ve Vag O |

The values othe basis functios and its derivatives are calculated using the following-Gex

Boor recursion formula:

6p0 P 9RO FOUDEo e
T ot her wi se
. 6 FQ =0 Qp 6 V
RO o =o' ° T =apl fFO°
o - 4.36
0 o} Q ) Q -
FI « 7 !Uh 6] o ~, o U h (0]
TQOQ TQ TQRQp FQp
5 contd Q 0 i}
U cepe — U g (0] v j (0]
TROQ 0 TQQp FQp
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Since these functions depend on the knot vegf@nd the current path parameter vajuéor all

0, they can be precomputed leaving the control ppirgs an optimization variable. Hence, the

expressions fox 6 ,0 6 ,and0 ¢ in the equation becomdse linear fom in terms of .

The only nonlinear term left in the equation i8 6 within the jerk expression. To overcome
this, the optimization is divided into two steps. Fitsie problem is stved without the jerk
constraint to yield the optimal solutioi, , then it is solved again with the jerk constraint that is

now linearized using the following property.

< Cs

0 z
hl 4.3
5 —~ P (4.37)

allie
N
c

Applying the abovéroperty to the jerk equation, the following relaxed jerk equation is obtained:

T 0 6

cuL® O

—AO0 O EAOOO A O0LO U 4. (439

Although the relaxation yieldsuboptimal results, the performance is not deteriorated significantly.

The below shows this twstep optimization problem.

Initial optimization problem:

OOABHAOD
(4.39)
A O Uf O Ogde
Pao 6 r061 a6 0s61 +
C h h :{co
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Final optimization problem:

A O Op O One

o, ) , , L (4.40)
EAO 0 5 0] A O Of O] Lo

—AO —A O 0O f O] A O Op O 0° 0

The problem is solved using CVX, a MATLAB baseddeling system for convex optimization.
The solution to the optimization problem is strictly in the path parameter dotmaihd retrieve

the time domaino trajectory, the following integration is evaluated.

totaly t 4—7&43:'90 £ 0o (4.4

(V) 0 0

Sincev ¢ profile is designed to have zero initial and final condition, the beginning and ending

of the above integration at and

approach near infinity. In remedy, the following

approximation is made:

——006 YO ™ —=00 (4.42)

where,
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Yo 6 6 —=
U O
) o (4.43)
YO YO P 0 0 p D
q L O L O
Yo Y6 6 6 _D
U O

Therefore, parameter domain tirffd is retrieved from the above formulation and the time
domain path parametér o is generated by simply reversifiigé . Usingequation(4.11), tool

paths are generated from the path paramitespecific shapes or profiles are expecteajoear

in this strategy. However, it is expected from the optimality criterion that one or more of the

resultant profiles in MCS should have regions where the motions are at their limits.

4.5 Estimation Performance Comparisons ofFour Strategies

The purpose of minimum time trajectory generation in this research is to closely estimate the
CNCb6s GOO + TRAORI traject or yatota»u2000 meferericch e act
trajectories are collecteflom the machine Althoughthe CNC generates trajectories with 2ms
sampling time, due to difficulties in computational powethi@logging setup datawasrecorded

at every 4ms. For each starting and end point pair, trajectories proposed in this chapter are
geneated with the same 2ms sampling time &odhpared against thmeasured holéo-hole

trajectory.

While comparing the strategies, Was found that the optimization approach is much more
computationally expensive than the otlapproachesThe arerage CPUime measured from

MATLAB for 10 randomly selected sampled trajectories is shown in the below table.

Table 4.1 Average CPU time used in MATLAB for each strategy

Strategy #1 #2 #3 #4

Time [s] 0.001« 0.012: 0.143¢ 84.684.

It would take approximately 50 hours to estimate 2000 trajectories using the optimization approach
and considering the actual planning processbere the number of hele-hole permutationss
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more than 1,000,000, it is decided to first conduct a preliminary abridged analysis that compares

the strategies for only the selected number of trajectories.

4.5.1Preliminary Abridged Analysis

The selection includgbke50 fastest, 50 slowest, and 50 medrajettories from the 2000 samples.
For each holg¢o-hole trajectory, the errors are calculated by subtracting the estimated time from
the experimentally measured timfeigure 4.12 illustrates the timing error probability density

function ofthe 150 trajectory samples.
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—— Strategy #1: joint space direct s-curve Strategy #3: task space iterative s-curve
—— Strategy #2: task space non-iterative s-curve Strategy #4: task space via linear programming

Figure 4.12 Timing error probability density function of four strategies for 150 trajectory samples

Strategy #4 result has the closest mean value tq wévichindicakes that it has the most accurate
estimations However, strategy #Bas the smallest standard déws, indicating that it has the
most robust estimationdlonetheless, further analysis is conducted on each comparison case to
fully understand theerformance of eacimdividual strateg. For each strategyhe mean and
standardieviationvalues for different comparison cases are listedable4.2. The actual values

for the kinematic limits orholeto-hole trajectoy travel timesare not presented in this thesse

as tonot disclose any process related information.
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Table 4.2 Average timing error and standard deviationfor each strategy in different comparisoncase

Strategy Slow [ Median [s] Fast [s]

#1 0.1371 0.0425 0.0034 0.08B1 0.0008 0.00L8
#2 0.0728 0.0223 0.0026 0.0081 0.0006 0.00L€E
#3 0.0394 0.0299 0.0023 0.0060 0.0013 0.00L¢
#4 0.0529 0.0284 -0.0568 0.0179 -0.0291 0.0081

4.5.1.1Slow trajectories

All of the strategies have positive errors meaning that they overestimate trajecsukisgin

faster travel time than the experimentally measured trajectories. Among all, st#dtegy

overestimates the most, this is expected since stréfedjyectly plans the trajectories in the joint

space without any coordinate transformation involvadactt, the gaps increase more as it gets

morenonlinear between WCS and MCS frdangeré ando axis actionsTo illustrate this, ne

of the slowest trajectories is selected and plottddgare 4.13.
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Strategy #4: task space via linear programming
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Figure 4.13 Z-axis motion in MCS and WCS for one of the slow trajectories
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For visualization purposeonly one axis is presented instead of all five axes. Str#tegyhibits
thes-curveprofile in MCS, fully utilizing the kinematic limitdHowever, as mentioned previously,
its WCS motion is very much different frotie other strategies and the measuregectory It is
noteworthythat in this trajectory, strategy is faster than strategy?2 as opposed to shown in
table 2(greater timingerror for strategy2 than for strategy4). In fact, this makes sense since
the optimization method in strategy is not bounded to-aurve profiles in task space, hence is
granted with more possibiliti¢e reach the optimal trajectaryhe reason thatrategy#2 isshown

to befaster in table 2 is thatsbmetimegenerates trajectories that exceed kinematic limits causing
the motion timeo befaster than ifit werekept under the limitskigure 4.14 shows the case in

which the jerk limits foiX-axisis violated from strateg#l.

Trajectory Profiles in Trajectory Profiles in Zoomed In
Machine Coordinates | Workpiece Coordinates Trajectory Profiles
X1 R — ————— X1
E /\\ N\ AR
E ) \ | \_/ -“'- \
Xo \ ]! . . . . R Xo

Vmax l’ 0
> /\ 2N /
- — wy — !

% EO /\S\K\—}éf =S 9| Vi
g \/ \ ,

'Vmax : ) . . s L L L + t . k -0.015
5 Amax ‘ - i y y [ ' /\ ' ' ] A A 0.15
= ) e,
b, | =5 | | V¥ F/})\‘

3 20 \3\\\/ 7 — . 7 °
Q V; *
< Amax ‘ It \/ % R v -0.15

.Jm X iy "I A
< o W ﬂ‘\ A / Aam
TR A S S Satainwetot | I i v An— il RELRAER (v
L E NN ! \ \Y ‘ UJI |

Im \/ \/

. o -4

O Time Tend 0 T|me Tend 0 T|me Tend
—— Experimentally Measured — Axis limits [1Zoomed in region
—— Strategy #1: joint space direct s-curve Strategy #3: task space iterative s-curve
—— Strategy #2: task space non-iterative s-curve Strategy #4: task space via linear programming

Figure 4.14 X-axis motion in MCS and WCS for one of the slow trajectories

As mentionedthe trajectoryfrom strategy#2 exceeds the kinematic limit causing the motion to
be faster than strategit. However, compared to strateg$, which isthe other scurve profile

planning in task space, strategyis shown to be faster aspected.
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4.5.1.2Median trajectories

Strategy#1, #2, and#3 perform similarly in most of the trajectories time group of median
trajectories. Strategy4, contradicting to the slow cases, underestimates the motion time

generating much slower trajectories tliaa othersKigure4.15).
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Figure 4.15 Z-axis motion in MCS and WCS for one of the median trajectories

It is shown that all the strategies utilize full limits fibe Z-axis. It is noted that this motion
preserves linearity between MCS and WCS well that the motion from stréteigynot much
different from the motions from strategf and#3. The strateg¥4 motion is the only one tha
longerthan the measured one. Although utilizing the limit, it has more moderate slopes at the
beginning and the end of the trajectories compared to the others causing monghiiene
accelerating and decelerating. This can be explained by two things. Firstly,be explained by

the assumption that is made to linearize the optimization problesplifee and its derivatives are
used to linearize the original optimization problem, in which the initial and final conditions are

strictly set to zero. When numerigategration is done to obtain the time domain trajectories from
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the path parameter domathg approximations made at the initial stage to ava@dunbounded
answer. These twiactors contributéo slower development of trajectories. Compared to thw sl
cases, this effect is more crucial since the majority of motion is used up in acceleration and
deceleration. Hencehe strategyyields slower trajectoriegas the trajectory gets shorter and

shorter.

4.5.1.3Fast trajectories

It is found that the less and0 axes motions are involved, the fastke trajectoriesbecome
Therefore, strateghl, #2, and#3 perform very muchlike in this group Figure4.16). The mean

timing errors for these strategies are all less than the sampling rate. Meanwhile, gtategy

the same reason mentioned previously, estimates much slower trajectories of which the mean

errors are about 10 times larger than the sampling rate.
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Figure 4.16 Z-axis motion in MCS and WCS for one of thefast trajectories
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4.5.2Preliminary Abridged AnalysisConclusion

Based on the analysi$ the selected trajectories from different groups, it is decided to disregard
strategy#1 and strategy4 for further analysis. Strategsl yields similar estimation to siilegy

#2 and#3 for median and fast trajectories, in which the linearity between MCS and WCS is well
preservediue tolittle to no rotary axisq and6) movement. However, the more it gets nonlinear,
strategy#4 tends to overestimate the trajectories and yields much faster trajectories than the
experimentally measured ones. For stratégyit also overestimates the trajectories when there is
enough period to fully utilize kinematic limits. However, it undereates significantly in median

and fast trajectory cases due to its limitations from the assumaptimhapproximatiosiused in

the method. Strateg#3 estimates the trajectories more consistently than stratggince
trajectories from strateg#2 occasonally violate the kinematic limitswhich producesfaster
motion time. Nonethelesafull analysis is conducted for strategf and#3 for amorethorough

comparison.

4.5.3Full Analysis

Among more than 2000 sampled trajectories, about 85% of the trajediehase as assumed:
they have straight paths withcarve kinematic profiles in WCS and one of the axes hit the
kinematic limits for time optimality. Thether15% of the trajectories behave slightly differently
thatthe trajectories are matured befdnigting the limits Figure 4.17 demonstrates this case in

which the measured trajectorids not develop further to fully utilize the axis limits.

By looking at the MCS acceleration profile, it can be seen that the measured trajectory does not
hit the limit, whereas strategy #2 and #3 motions do. It is also noteworthy that the WCS motion
profiles are not the theoreticaksrve shape. It is not symmnie, and it has an unexpected dip at

the beginning of theeceleratingphase. The reason for this behavior is uncertain yet, since to the
best of authordés knowledge, the settings for
that there are somsettings inaccessible to end users that produce these behaviors. Further
investigation is recommended to fully understand this phenomenon. Excluding these outliers,

Figure4.18illustrates the findings for the 1837 trajectories.
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Figure 4.17 Z-axis motion in MCS and WCS for one of the unexpected trajectories

It is shown that strategy #3 has a mean eraseasito zero and has smaller deviation than strategy

#2. This suggests that strategy #3 performs better than strategy #2 for being able to more correctly
estimate the CNCbds trajectories with higher
somdimes produces trajectories that violate kinematic limits, it is decided to use strategy #3 as the

main trajectory generation method for this research.
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Figure 4.18 Timing error probability density function of strategy #2 and #3 for 1837 trajectory samples

4.6 Conclusion

The need fora trajectory generation method that closely estimates the trajectory generation
strategy othe CNC machine is clear to obtain correct htdehole motion time. Having realistic

motion time makes it possible to get more realistic sequencing optimization results. In this chapter
four trajectory generation strategies are presented. Stréfeglans tragctory strictly in joint

space to directly considdtema c h ikinenatis limits. Strateg#2, #3, and#4 plan trajectories

in task space to address the confined path problems in the workpiece coordinate system. Both
strategy#2 and#3 use the €urve vdocity profile to design the feedrate, and stratégyuses

convex optimization to generate time optimal feedrate. More than 2000 trajectories are collected
from the actual drilling processes and the performances of the four strategies are compared to the
measured trajectories. As a result, strat#gyis decided to be the main trajectory generation

method for tis researclasit was shown to have the best estimationsistency and accuracy.
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Chapter 5
SequeOpit ngni a BHdli ®N

5.1 Introduction

Given the holdo-hole trajectory information, sequencing of the entire hole pattern can be
formulated as a Traveling Salesman Problem (TSP). A TSP is to find the minimum distance tour
to visit all the cities only once when a set of cities and the distdretereen each pair of cities are

known. Referringto the set of points (citiedp 1, and the number of points in the set , a

standard TSP can be expressed as an integer linear programming problem (IP) as follows:

6 pltfB Fe
(5.1)
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Here prefers to the cost matrix for the problem @ndrepresents the cost of traveling from point
Qo0 'O denotes the selection matrix of a certain tour, wkiere Tmeans that the connection
from pointQo (s not selected, and p means that the connection is selected. The first two
equality constraints enforce a condition of departing and arriving each point exactly once. The
inequality constraint requires that the number of connections between the points in the proper
subset| of the sety should not exceed the number of pointshie subsef| p. This constraint

ensures that the solution will have only a single tour than multiple small tours which satisfy the

other equality constraints.

The solution to the above IP is a single tour, represented by the selectiomgmatfixvhichits
cost is the minimum among all other possible tour configurations. In order to address the minimum
time sequencing problem for the drilling application, Holaole travel time estimated from the
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methods described in the previous chapter is chosdrea®ost. Since the trajectory is generated
using only the kinematic limits, the motion durations for both directions are identical for the same

hole pair, meaning thaY  "Y which creates the temporal cost matrix symmetric. In addition,

the travekimes between the same hole (¢, the diagonal elements in the matrix) are set to zero

to be excluded from the sequencing calculation.

5.2Solving TSP

Mathematicians and scientists have worked extensively to develop methods to solve TSP. TSP
falls into a category of Nfhard problem and there are two main approaches in solving such
problems: heuristic methednd exact methad Exact methods guarantee the optirsalution;
however, it often suffers from its high computation time. On the other handstheumethods

can solve the problems in much faster timiéh the optimality compromisedn this section,
methods currently adopted by the industry partner, the proposed heuristic method developed by

the author, and the stapé-the-art exact method usddr benchmarking purpose are described.

5.2.1Industry Approach #1: Zig-zag

One simple method that the industry partner uses is to construct the hole visiting sequence in a
zig-zag manner. The term zi&ag is used because the shape of visiting order resembiggag

pattern, which visits the holes in a row in the same direction and once at the end of the row it visits
holes in the next row in the opposite direction and repeats the pattern. While its dominant pattern
remains as a zigag, a planner, based bis/her experience, adjusts some sections to adapt for
certain part geometry or tavoid contacts between the tool and the fixture. An exemplary
sequencing pattern is shownRigure5.1.

This approach has its advantage in simplicity. For the method relies on the geometrical patterns
only, the planners do not need to condartyin-depth analysis related to the machine dynamic

the travel time calculation, or minimum time optimization problem. Therefore, they can easily
produce feasible solutions. However, the downside of this method is that these solutions are far

from time optimal.
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Figure 5.1 Exemplary zig-zag sequencing pattern fothe samplepart

5.2.2Industry Approach #2: Modified NearestNeighbor

A more advanced and yet still simpler method than the methods to be discussed later in this thesis
has been developed by the indygiartner. Due to the complexakxis kinematic transformation
between the machine coordinates and the workpiece coordinates, the displacement in the
workpiece coordinates does not hadnear relationship with the displacement in the machine
coordinatesThis means that whappeared to be the shorter displacement compared to others in
the workpiece coordinates may not be shorter displacement in the machine coordinates after
undergoing the kinematic transformation. Therefore, the previous method whésh ae the
geometrical patterns in the workpiece coordinates could not avoid choosing a slower path. In order
to solve this issue, the displacements in the individual§omtthe machine coordinates are
considered in this more advanced method.

It usesa heuristic algorithm called O&Nearest Nei
sequencesHigureb.2). In TSP, NN is one of the simplest methods to build a tour by selecting the

next unvisited point that is the closest to the current point. When there is no point to visit anymore,

it simply reiurns to the original starting point to complete a tour. Because of this forced returning

to the starting point regardless of the traveling cost, the algorithm often produces tours with poor
performances. However, in the percussion drilling applicatianreturning to the starting point

is not necessary since all the holes would be drilled completely by then. Therefore, this NN based
method can produce sequences with less total travel time than the previnag mgthodTable

5.1 describes how the algorithm works.
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