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Optimum Contouring of Industrial Robot Arms
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Abstract—This paper presents a general solution to the con-  In both categories, high-speed and precise operation is desir-
touring problem of industrial robot arms, under the constraints  gble. In positioning, precision refers to how close the end-ef-
of assigned Cartesian velocity and joint torque/acceleration. The tactor follows the straight-line drawn from the start-point to the

proposed solution is an off-line trajectory generation algorithm d-point: wh . touri . fers to h |
and, therefore, it possesses significant industrial implications, as no ena-point, whereas in contouring, precision refers to how close

hardware changes are needed for its implementation. According the end-effector follows the realizable trajectory.

to the proposed method, maximum utility of joint torque/accelera- In general, robot arm operations are carried out in two phases.
tion is gudarantﬁeg bountll! tott)?e assigned velocity cor(ljsftralnt-hIn tI?)e The first phase involves off-line trajectory generation, in that,
propose method, a realiza etrajectory IS generate rom the ob- : n e e _
jective trajectory and it is compensated for delay dynamics using taught data (time-based seggences of joint pOS|t|qn) are gener
a forward compensator. The proposed method has been experi- ted. In the second phase, joint servo motors are simultaneously
mented with Performer MK-3s (PMK-3s) industrial robot arm in  actuated by the servo controller according to the taught data se-
that optimum contouring has been realized. guences.

Index Terms—Assigned velocity constraint, delay dynamics  Specifications, constraints, and performance evaluation of
compensation, industrial robot arm, off-line trajectory generation, industrial robot arms are defined more in Cartesian space
torque/acceleration constraint. than in joint space. Nevertheless, the motion of the robot

arm originates at joint servomotors. Furthermore, dynamics

|. INTRODUCTION are modeled together with torque/acceleration constraints in

— . . . . oint space. Therefore, robot arm operations possess equal

HE MAIN objective of this paper is to realize the Opt'mu"tonsiderations in both Cartesian and joint spaces. Coordinate

_performance_ of industrial robot arms n contourmg ORransformation between these two spaces is possible with
erations. Contouring problem under the assigned velocity ard and inverse Jacobian transformations. Using this

torque/acceleration constraints is the subject of this resear. hnique, Witney [1] proposed resolved motion in that joint

The proposed solution is an off-line trajectory generation algf'}iotions are combined and resolved into separately controllable

rithm so that it could be incorporated with the servo controlletg, | «ector motion in Cartesian space. Paul [2] and Taylor
of industrial robot arms without major changes in existing hartg] explained general trajectory generation methodologies in

ware architecture. both Cartesian and joint spaces where knot-point selection,

The origins of robot manipulators date back to the 1940|‘?‘1’terpolation between knot-points, and issues such as error of

when Walters invented "machina,” the first robotic man'pmat.ofnterpolation and computational burden in real-time coordinate

:'hheln ,t Digglolnvse_nted tthhe fl_rs;tjmctigsltnaLr(:bot, “lﬁlnlmate"lyf ransformation have been discussed. lattal. [4] explained
tedaed_ ts('j |r,1ce ten, ;ndu_s(;la tr(') 0 arbmf ave prO'W'jectory generation with kinematic constraints though it
ated and In today's automated Industries, robot arms are d not been implemented experimentally. In order to avoid

employed in various tasks on the factory floor. There are %mputational burden in real-time coordinate transformations,

application categories where industrial robot arms are usuaLIMh et al. [5] proposed approximate joint trajectories in that

em dplof)f/edt: 1) ??ﬁ’ |t|onk|)ngt1 and .2) conto;;mg. n ptolettlon'lntgt, thgubic and quadratic polynomial functions have been used with
end-e .ect orr(: € robot arm 'IS :Eove. rom a start-point o g, square fit so that the approximation error is reduced. In
end-point, whereas In general, there IS no major Concern Wity agrort, trajectory approximations are unconstrained, and
the course of motion it takes in between the two stated points sufficient number of knot-points are required in order to

typical positioning application ipick-and-placein contouring, maintain the entire operation within the constraints. Trajectory

:he_ ert\d—effebcto_r IS supposed to m?ve ?I ongsa g|vet,-n (_:a:tes eration algorithms proposed by Skiral.[6], [7], look ob-
trajgc ory, OI' e)gng agien cI:((j).urse ottmo |on.d ome;. ypical co 3ctively similar to ours but significantly complex, and require
ouring applications are welding, cutting, and painting. a comprehensive set of link/joint parameters though some of
them are not specified for general industrial robot arms.
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tioning control with the constraints of assigned velocity and Bnd effector
joint torque/acceleration. 7 e -

In this paper, we have combined the two stated researches an ™ gssacer AU
realized a general solution to the contouring problem of indus- sosne 10 4
trial robot arms under the respective constraints. Experimenting ! " oo
with Performer MK-3s (PMK-3s) industrial robot arm, the ef- pase
fectiveness of the proposed method has been demonstrated. sexvo o

controller robot

Joint 0

[I. OVERVIEW OF INDUSTRIAL ROBOT ARMS (a) (b)

A. System Architecture of Industrial Robot Arms Fig. 1. PMK-3s industrial robot arm. (a) System schematic. (b) World

A system schematic of a general industrial articulated rob@ordinate system in two-dimensions.

arm is shown in Fig. 1(a), together with its world coordinate
systemin Fig. 1(b). In Fig. 1(a), the base, and first three links apgoposed by Leet al.[12] which could be applied to most in-
shown. The hand of the robot arm possesses few concentratggtrial robot arms in the form of an explicit solution. For the
joints for end-effector orientation control. For positioning angPbot arm illustrated in Fig. 1, inverse kinematics is given by
contouring in three-dimensional (3-D) space, only the first three
joints are necessary. Fig. 1(b) shows a two-dimensional (2-D) 6, — tan—! <£> -1 <L§ - L3+ ?f)

. > ] 1 = tan cos 3)
world coordinate system together with a wire-frame of robot 2L1+\/c2 + 42
arm link configuration. Industrial robot arms are devised with ) s )
independent joint controllers based on the decoupled joint dy- ¢, — 7+ _ cos™? <L1 tli—c—y ) (4)
namics, and driven by PID servo systems. Servo systems possess 2011
joint servomotors, which are actuated with current or volta
controllers that implement torque control of joint servomotors,
according to the resident PID control algorithm. Required input
to the servo controller is termed as taught datét); j = 1, 2is
the joint index. Typically, taught data is the time-based profiles
of joint position or velocity. Reference input generator geneG. Joint Dynamics of Industrial Robot Arms
ates taught data and is issued to the servo controller as avaryingmIustrial robot arms are employed in predetermined opera-

reference input in real-time servoing. tions and, therefore, the nonlinear torque disturbances such as
) ] centripetal and Coriolis torques as well as gravity loading can

B. Robot Arm Kinematics be precomputed or estimated. These nonlinearities are usually
Robot arm kinematics is twofold: forward kinematics and irweakened by way of appropriate mechanical design and/or by
verse kinematics (or arm solution). Forward kinematic equapecifying operational limits, usually for velocity and accelera-
tions determine Cartesian positign, %) and orientation of the tion. Inindustrial robot arms, inertia change due to the change in
end-effector, given the arm configurati¢h , 6-) in joint coor- arm configuration is not considered significant. Instead, a linear
dinates. Kinematics reduces to a unique solution as given byrelationship between joint torque and joint acceleration is as-
sumed. Based on this assumption, modeling of joint dynamics

c=x — Lg.

x=Lo+ Lysin6 + Lysin(f; + 6y) (1) andkinematic control can be conveniently realized. It further re-
duces joint torque constraint to its corresponding constraint in
y =Licosby + Lz cos(fy + 02) (2)  joint acceleration.

Almost all industrial robot arms are kinematically controlled.
for the robot arm shown in Fig. 1(a). Lengths of the first tWgaccavalet al. [13] proposed such a kinematic control scheme
links are denoted by., and L», whereasl, is the horizontal i joint space for a preplanned trajectory in Cartesian coordi-
displacement of the first joint from the origin of the selecteflates. Kinematic control of industrial robot arms is based on the
world coordinate frame, as shown in Fig. 1(b). decoupled, linear servo model, which is widely used in today’s

Inverse kinematics solves for the arm configuration in joifbpotic applications. A comprehensive analysis of this model
coordinates, given the position and orientation of the end-@fan pe found in [14]. The two-link version of this dynamic
fector in Cartesian coordinates. Unlike kinematics, inverse kingpodel is shown in Fig. 2, together with assigned velocity
matics are ill-conditioned and cannot be formulated as a closggy joint torque/acceleration constraints. Joint dynamics is
explicit solution, except for simple manipulators. Inverse trangpyerned by the two servo parametdts; and K,,;. These
formation method [10] is a general solution for inverse kingsarameters are well known in industry as gains of position loop
matics and due to the same reason it is extremely time CQfyd velocity loop, respectively. The determination procedures

suming, hence, troublesome in real-time applications. It furthgf these parameters can be found in [14]. According to this
requires decision equations to eliminate redundancy. Basedigfgel, linear joint dynamicé, (s) is given by

D—-H representation [10], Paet al.[11] proposed an explicit
closed form arm solution for simple robot arms. The simplest
among different arm solution schemes is the geometric approach

! UJ (8) 32 + Kz;js + KPJKDJ
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operation could be realized if joints could be actuated at the edge

rM;{Zj;::l‘i‘i GBS0 SIS worde an Heshaniew of acceleration limit, more longer.
al U, » L 6
K K 1/
. § ! ) " S 8y Ill. TRAJECTORYGENERATION FOROPTIMUM CONTOURING
in \S, velocit 00] =4 out {8,
Vetaeity |1 2} sone2 eeitic oot g PERFORMANCE OFINDUSTRIAL ROBOT ARMS
¥ ju (5)] constraint 2 ford Sl You ® . . .
- 15| u,, | Y ™ o % ¥ A. Generation of Realizable Trajectory
] P: o
1 e ! 1) Realizable Trajectory for a CornerThe objective trajec-
!“"""2 o ——————. s tory is only a set of Cartesian points; start-point, all corners,
Cartosian Joint space | oreanand end-point in most cases. It is, therefore, necessary to plan

space
the end-effector motion profile considering the objective trajec-

Fig. 2. Joint dynamic model for a two-link industrial robot arm. tory, all specifications and set constraints. A trajectory gener-
ated such a way could be used to realize the desired motion of
in that ©,(s) andU,(s) are Laplace transforms @;(¢) and the end-effector; thus, it is termedrealizable trajectory.
u;(t), respectively. From (5), linear joint dynamics in time do- Objective trajectory could be decomposed into straight-line
main can be written as segments and corners, in Cartesian space. It is proposed that
. . corners and straight-lines be generated separately and merged
0;(t) = Ky; {Km (u;(t) — 6;(8) — 91’(0} (6) together to obtain the realizable trajectory. Generation of tra-

. . jectory corners requires special consideration as contouring at
in thaté;(¢) and@, () are acceleration and velocity of joint vari-corners always gives rise to poor performance. A sharp corner
abled;(t). However, subjected to torque/acceleration saturatiean never be realized as it is in [8] and is therefore rounded up,
shown in Fig. 2, (6) could be rearranged, as given by as shown in Fig. 3. In Fig. 34 is a sharp corner. According

.. . to the realizable trajectory, end-effector takes the path along the

0;(t) = Sat[va {Kpj (u;(t) — 0;(8) — 0; (t)}} (7) " circular arc fromR to S. The error at the corner is therefore

Referring toARGH, /RGH = (a2 — 1) /2. The relationship

where between radius of arcand errore is then given by
églax If (Z > é/l'lla.X)
J =Y RG
sat(z) — P if (_9}113,)( <2< 9}11a.x) GH rte COS{(OCQ Oél)/ } ( )
_é}nax if (z< _9’}11ax) In order to express in terms ofe, (10) could be rearranged as
given by

in that#™2 is the torque/acceleration limit.
J d ecos {(c2 — 1) /2}
r =

D. Constraints and Criterion of Trajectory Generation ~ 1—cos {(az —a1)/2}

The optimum performance of industrial robot arms should béhe radius of arc and tangential velocitycould be determined
realized within the limits of set constraints. In most practicdtom specifications. The relationship between Centripetal accel-
cases, these constraints are: 1) maximum joint torque/acceksationa, radius of are-, and tangential velocity; is described
ation #:*** and 2) assigned velocity,. The constraint of joint by the theory of circular motion and is given by
torque/acceleration states that i

t

la] = . (12)

11)

Actually, é}“a" refers to the power amplifier current rating. It isth;:esreeirig et;N g f(?vt/ee??irﬁ; Slfinlr}glrj?Hlealt;ppelﬁﬁgo\?;og? e of
also the saturation limit of the servo drive. m sp o Ve ; m? Y,
Jihile the other specifies a maximum limit:* for the corner

Contouring operations are specified with the assigned error. In addition, the maximum Cartesian acceleration of the
locity v, , the most effective end-effector velocity for the partic=" L i
nd-effector,|]a™**| is usually specified by the manufacturer

ular application. Assigned velocity is usually determined con-
e : 14]
sidering many technical factors and therefore treated as a

eé' . . . -
L . . . ase l—; > v In this category, having; = »™ in
specification. Assigned velocity constraint states that L=t . ' to

P 9 y (12),r could be decreased whilg| < |a™**|. Thus, there exists

[v] < v, (9) alower bound for- as given by
min 2
in thatv stands for the end-effector velocity. r > {|Ut B (13)
amax

The objective of trajectory generation is to realize accurate
contouring performance bound to the constraints (8) and (9)'14f1en, using (13) on (11), corresponding lower bound fould
acceleration saturates in real-time servoing, end-effector deyk yatermined as given by
ates from the trajectory it is supposed to trace, and results in .
poor contouring. To assure accurate contouring, it is therefore - {vPm12 (1 — cos {(az — a1)/2}) (14)
necessary that joints be actuated bound to (8). Further, optimum €= |amax| cos {(aa — 1) /2} ;
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Case ll— < ¢™#*: In this category, according to (11), there
exists an upper bound feras given by
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of

Corresponding upper bound foy could be determined by sub-Fig. 5. Velocity profiles of a realizable straight-line segment. (a) Velocity
stituting (15) on (12) WitHa| — |amaX|, as given by profiles of forward and reverse paths and location of switching poirtts=at

andt = t... (b) End-effector velocity profile.
Vy S /|amax|7,' (16) - o . . . - -
maintain it longer. To maintain the assigned Cartesian velocity,

Referring to Fig. 3, end-effectorP(z(t), y(t)) makes assigned velocity criterion (AVG$ employed.
B =w(t—t1)/r; t1 <t <ty as it moves along the circular However, end-effector has to be decelerated from assigned

curvature fromR to S. Sincewv; andr are known, the corner velocity to tangential velocity as it reaches a corner, or it should

could be generated, as given by be decelerated to final standstill at the end-point. This decelera-
tion is known agnaximum deceleration criterion (MD@nd it
z(t) =x(t1) + rsin S cos oy is implemented by applying MAC criterion in the reverse direc-
y(t) =y(tL) + rsin Bsina;. (17) tion. Using MDC criterion, it is possible to locate the point on

the straight-line where AVC criterion has to be altered to MDC
Using inverse kinematics given in (3) and (4), corner trajectogyiterion. Thereby, it is possible to maximize the length of as-
P(x(t), y(t)) from R to S could be transformed into corre-signed velocity travel.
sponding joint trajectoried; (t), 62(t)). Fig. 4(a) illustrates a realizable straight-line segmgng..

2) Realizable Trajectory for a Straight-LineA set of knot- The pathP, P; is known agorward pathand it is generated with
points is located along the straight-line segment. Interknot digtAC criterion. P, P is known ageverse pattand it is gener-
tance is constant in most practical cases and, it is generalgd with MDC criterion. Pointg®, and P, are the switching
determined using assigned velocity and command time in- points where trajectory generation criterion is altered /At
tervalt.. Command time interval is a manufacturer specificdAC criterion changes to AVC criterion. And a&t,, AVC cri-
tion, whereas, assigned velocity depends on the particular sgrion changes to MDC criterion. Fig. 4(b) illustrates the same
plication. information in joint space.

The set of Cartesian knot-points is transformed into joint Fig. 5(a) shows how end-effector velocity is maintained
space using inverse kinematics given in (3) and (4). Trajectamjong the forward and reverse paths, assuming standstill at
generation for straight-line segments is carried out in joiloth ends. End-effector velocity increases in both forward and
space, taking one knot-lap (two consecutive knot-points) atreverse paths as MAC criterion is applied. Assigned velocity
time, and repeating it along the entire straight-line segment. is reached at = ¢; on the forward path and @t = ¢, on

It is proposed that at least one joint be driven with the maxhe reverse path. Trajectory between switching paiiitg; is
imum acceleration within a knot-lap. This criterion is known atermedmiddle pathand it is generated in Cartesian space with
maximum joint acceleration criterion (MACIt harnesses the AVC criterion. Fig. 5(b) shows end-effector velocity profile
system servo capacity and realizes the maximum utility of joiafter the entire straight-line segment is generated.
acceleration so that the assigned end-effector velocity could bd-ig. 6 illustrates trajectory generation algorithm for straight-
achieved very quickly. As MAC criterion is employed, endline segments diagrammatically. The forward path and reverse
effector velocity increases gradually, and assigned velocitypath are generated with MAC criterion applied in forward and
reached at some point on the line. Assigned velocity is the mesterse directions, respectively. Théfy,and P, are located on
favorable operating velocity which is specified after considerirte line where constraint (9) is violated. The trajectory between
many aspects. Therefore, once it is reached, it is desirableRpand P, is generated with AVC criterion. Finally, the three
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o [ Forward path generation | o Thenkth lapé,(¢, k); t € [ts, tr41] iS generated, as given by

2 |  MAC-1§I=§™ - —
Objecti o Realizable . . .
trajJ:;(l):; g __éo trajectory Qj(t7 k):9](]{;)+91(]€)t+91(k.)t2/27 te [07 hmm(l{})]
straight line @ > Reverse path generation -‘;-’ + straight line (21)

R g e wheret, 11 = t. + R™#(k). This procedure is repeated with

' ‘ successive laps so that forward path is generated #Hrto
MIGIe PAEETION Lol inemaes Py (Fig. 4). Using the same procedure in the reverse direction,

reverse path is generated frafh to P (Fig. 4). While MAC
and MDC criterions are employed, Cartesian position is also
calculated using (1) and (2). The end-effector velocity is also
calculated differentiating (1) and (2) as given by

pathsP; P; (start), P, P,(middle), andP; P.(end) are joined so

Fig. 6. Generation of realizable straight-line segments.

that the entire straight-line is generated. <x> _3 <91> 22)
Similar approaches have been proposed by &hial. [6], Y )
[7]. However, these reported works have been carried out only o \/m 23)

for positioning control tasks and at the same time without con-
cern_ing assigned vqucity con.st_raint. Therefore, trajeptory 9&80Rere Jacobiad is given by
eration had been confined to joint space. In our previous work,
Munasingheet al. [9] promoted [15] by considering assigned ; | Ljcosf; + Lacos(f1 +602)  Lacos(6y + 62)
Cartesian velocity constraint. Somehow, it addressed only po- { —Lysin6; — Losin(6; + 62) —Losin(6; + 02)
sitioning control and in this research, [9] is further extended to o o ]
contouring operations. Then, as shown in Fig. 5(a), swnchl_ng_ polt(x(ty), y(ty))is
Criterion of Maximum Joint Acceleration (MAC)The MAC  located at=¢; wherev=uv; ~ v,. Similarly, P («(t.), y(t,))
criterion is explained as follows. Assuming uniform maximuris located at =t, wherev =wv,. ~ v,. _
acceleration motion the minimum interva*»(k) each joint Criterion of Assigned Cartesian Velocity (AVCThe
would take to move fronkth knot point to(k + 1)th knot point AVC ~ criterion  can  be explained as follows. The
(kth lap) is determined by length of the middle path is calculated b&mame_ =
Vie(t) —x(ty) P2 +{y(t-)—y(ty)}> and mean velocity is
h‘?““(k) Umiadle={(v¢ +;-)/2. Then, according to uniform acceleration
J motion, end-effector takes timguidaie = 2lmiaate/(vy +vr)
vy 32 il i to travel the middle path. The uniform Cartesian acceleration
i) + \/9]. () + 26, (k) 28, (k) if 6,(k) £0  inthe middle path is thefauiaate| = (v, — vf) /fmiaaie @nd it
= 6;(k)AG, (k) 7 ’ is fixed aswvy, vy, andty;qae are known. This acceleration
AG; (k) /6;(k), if (k) =0 is used to move .the en.d—e'ffector within thg middle path
(18) so that the velocity continuity could be achieved at both
forward—middle ;) and middle-reverse i) switching
points. Then, according to the uniform acceleration motion
with a,;qq1e, Mmiddle path could be generated as given by

where

a(t) =x(tp) + @(tp)(t —tr) + |amidae] cos p(t — t5)?/2
(ty<t<T—t) (24)

. gmax it AG;(k) > 0
e :{ o

—gmax it AG;(k) < 0

in that f;(#;) is joint velocity atkth knot point. Angular dis-  »(t) =y(ts) +(ts)(t — ts) + |amiaaie] sin ¢(t — t7)* /2
placement inkth knot-lap isAf; (k) = 6;(k + 1) — 6;(k) and (tp <t<T—t,) (25)
6;(k) is the uniform joint acceleration ihth lap. It is required

that the end-effector be moved as quickly as possible. Yet, ndnghat (i (ty), 4(t;)) specifies Cartesian velocity components
of the joints should lead to acceleration saturation. Therefors,P: (z(t;), y(ts)). Angleg = sin ™ {(y(t,)—y(t;))/lmiadie }
optimum interknot intervak™® (%) for kth lap is set to the max- whereas!’ is the total travelling time. The “middle” path is then

imum of h}“i“(k) as given by transformed into joint space using (3) and (4).
Finally, all corners and straight-line segments are connected
R (k) = max { R (E)} (19) togetherand thatgenerates the entire realizable trajectory in full.
N J )

B B. Compensation of the Realizable Trajectory for Delay
Then, optimum joint acceleratior§(k) for kth lap are deter- Dynamics

mined by Delay of joint dynamics causes poor contouring. Therefore,
. _ it is proposed that the realizable trajectory be compensated for
. 2 {A9j(/f) - 93'(/%‘)’1”1”1(/%‘)} delay dynamics using a compensator, as illustrated in Fig. 7.
0,(k) = Fn () - (20)  Delay compensated trajectafy(s) is the taught data which is

LACIEGES used as the input to the servo controller in real-time servoing.
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Delay Joint P, ob'ec;' o
compensator dynarmics o ge:,e,:{ed 2
Rea.dizable_. Fi(s) Uj(s) G s Fol.lowmg 0.3f « |
trajectory trajectory —_
E 8
> Y
Fig. 7. Delay dynamics compensation with a forward compensator. o.zL 4i£
Ps =
With reduced delay in dynamics, the realizable trajectory could Pe .
Py

practically be realized. With the major concern to the conve- j — DR I P E
nience in industrial implementation, an algorithm for delay dy- Xm @ theta [deg] — (0)
namics compensation has been devised by et [16] based Fig. 8. Experimented trajectory. (a) In Cartesian space. (b) In joint space.
on the pole placement regulator theory. It has also been syn-

thesized to a forward compensatby(s), as shown in Fig. 7. {2 Genoratod velsiy
Second order compensator dynamics is given by IBY

(b} Generated acceleration (Joint 1) (¢} Ganerated accelaration (Joint 2)
T - ————

b

azs® + azs® + a15 + ao £ % . %:
Fi(s) = - (26) 1§ Pl P
(s = ) (s = 1g2)(s = ) : Ry i
in that numerator coefficients are oh, 4 - .
leme[s] ° leme(s] ¢ ° Time {s|
R (@ ®) ©
a1 = (Kuj 4+ 7)) (i1 + py2) + K2, 4 pyipge + Koy . . . . . .
J JINET J vJ IR 7 Fig.9. Realizable trajectory. (a) End-effector velocity. (b) Joint 1 acceleration.
— w1y [ Kpj (c) Joint 2 acceleration.
a2 = 54— {(Kuj + ) (g1 + pj2) + Kfj uated. In the conventional method, trajectory is generated as-
b sumingv = 0.04 [m/s] uniform end-effector velocity along
+ pgpege + Kuﬂj} — % _the_objective t_rajectory. No special C(_)nsid_eration or treatment
pj ) is given for trajectory corners and straight-line segments. In ad-
1 5 dition, no compensation for delay dynamics is incorporated.
as = KK, {(Kwj +97) (i + pj2) + K PMK-3s industrial robot arm was selected to carry out the
experiment of the proposed method. Referring to Fig. 1, the
+ pjiigz + Ko b lengths of PMK-3s arm ar&, = 0.135 [m], L; = 0.250 [m],

. andL, = 0.215 [m]. Referring to Fig. 2, servo parameters of
wherew;1, 1 2 regulator poles, ang; is the observer pole. The PMK-3s arek,; = 25 [1/s] andK,; — 150 [1/],V; = 1,2
details of determination procedure of regulator pgles 12, pi v ' T
and observer polg; of the compensator can be found in [16]. 5 Results and Evaluation
The results are shown in Fig. 10. The following interpreta-

IV. | MPLEMENTATION OF THE PROPOSEDMETHOD OF i be d ding to th its obtained for th
TRAJECTORY GENERATION ions can be drawn according to the results obtained for the con-
ventional method.

A. Conditions for Simulation and Experiment 1) Joint 1 acceleration saturation indicated py Al in
Objective trajectory was specified by Cartesian points (0.350  Fig. 10(c) and that of joint 2 indicated by A4 in

m, 0.100 m), (0.410 m, 0.150 m), (0.280 m, 0.300 m), and (0.350  Fig. 10(d) cause end-effector velocity fluctuation indi-

m, 0.350 m). Assigned velocity was settp= 0.15 [m/s] and cated by| B1 in Fig. 10(b). It further causes overshoot

joint acceleration limit was set @+ = 0.72 [rad/g], Vi =1, and hence poor performance at the first corner as indi-

2. Corner error was specified ky** = 0.005 [m]. Cartesian cated by| C1 in Fig. 10(a).

acceleration limit was set t@a™**| = 0.09 [m/s]. 2) Joint 1 acceleration saturation indicated by A2 in
The objective trajectory and realizable trajectory in both Fig. 10(c) and that of joint 2 indicated by A5 in

Cartesian and joint spaces are shown in Fig. 8. Switching points  Fig. 10(d) cause end-effector velocity fluctuation indi-

are labeled withP;; ¢ = 1 - 2---9, and segments of the realiz- cated by| B2 in Fig. 10(b). It further causes overshoot
able trajectory could be classified according to the generating and hence poor performance at the second corner as
criterion as PyPy, P3Py, PPy (MAC), P P, PsFs, PyFy indicated by| C2 in Fig. 10(a).

(MDC), P, P5 (AVC), and %P5, Py P; (corner). Time stamping  3) Atthe end of the operation, acceleration saturation occurs
of the realizable trajectory is as follows: 0.000 [g], 0.712 at both joints as indicated by A3 in Fig. 10(c) and, A6

[s] Pi, 1.182 [s] P, 1.758 [S] Ps, 2.294 [s] Py, 2.848 [s] Ps, in Fig. 10(d). It causes a significant end-effector fluctu-
3.344 [s] Ps, 3.894 [s] P7, 4.490 [s] P, and 5.770 [s]F%. ation as indicated by C3 in Fig. 10(a) which lasts for

End-effector velocity and joint acceleration profiles of the about 3 [s] before the final standstill.

realizable trajectory are shown in Fig. 9. On the contrary, much better performance has been re-
A conventional method has been devised for comparison wilhized by the proposed method as shown in simulation and

the proposed method so that the performance could be ewadperimental results in Figs. 10(e) and 10(i), respectively.



MUNASINGHE et al. OPTIMUM CONTOURING OF INDUSTRIAL ROBOT ARMS

165

Simulation (Conventional)
T

T T T T T
vr=0.4 [0Vs} L All Azl lm L A4 lAj lAB
< F Upper linit < Upper bmit
-— - =4 [ =4
£ = 01 - - g 8
> 5 SR IR § 1% o ;
= § 3
< <
Lower Hmit Lower it
0 I . joint 1 . foiot 2
N —1 | 1 N
0 10 0 10 0 10
(b) (©) (d)
X[m) @n Time {s) (a2) Time {s) (a3) Time {s] (a4)
Simulation {Proposed)
T T T T T N v T T . v
03¢ ) %
‘ 7 8 B
£ 5 o 5 5
= 2 £ 2
> 8 5 0 5 o
o2 $ : ;
< <
0.1 1
03 03 ‘ -1 -3 T T
X[m} o1 Time [s] 2) Time [s] (L)
(e) ® (@ (h)
CAPD UGN \ rupUSTU)
v v T T T v v v
e. gonotated e gonersted
& &
o3t ) 2
z E E
E 5o
> g g : o
.2F 19 @ °
>
g g
[ . Lower it H'S
o1 ] 0 " 4 " ] | L . 2
) 3 % 1% 3 3
X|[m) () Time {s) () Time {s] (<3) Time [s] {ot}
0] 0] (k) 0]
Position Velocity Joint acceleration

Fig. 10. Contouring results of conventional proposed methods.

Proposed (Simulation)

Conventional {Simulation)

[
g
-

enor |m)

bt —\ ]

b |

Propased (Experiment)

4 % : ] t
Time [s) Tme [s]

Fig. 11. Contouring error profiles of conventional and proposed methods.

t % 1
Time {5]

According to Fig. 11 and Table I, the proposed method has
reduced time requirement significantly to about 46% that of the
conventional method as calculated from the simulation results.
At the same time, RMSE has been reduced to about 6.3% in the
same respect.

C. Discussion

Inindustry, robot arms are modeled with the decoupled, linear
servo model and controlled by PID servo controllers. Therefore,

End-effector velocity profiles in Figs. 10(f) and 10() showt is required that trajectory generation algorithms be devised on
that the assigned Cartesian velocity constraint is not violatéis basis so that the consistency between the proposed method
According to the acceleration profiles in Fig. 10(g)—(l), botfgnd industrial setup is maintained and, therefore, the proposed
joints are driven bound to acceleration limits within the entirgethod would bring about strong industrial implications. Most
operation. More importantly, at any given instant, one of th@milar algorithms found in scientific literature have been de-
two joints is driven with the limiting acceleration, except aYised onthe basis of Lagrange—Euler and/or Newton—Euler [10]

corners and middle paths.

dynamics, or their extensions. Such models and their control al-

Fig. 11 illustrates contouring error profiles for conventionagorithms are relatively complex and require long computational
and proposed methods and Table | summarizes the performaiiize and high costs for digital signal processing electronics. It
guantitatively, in thakgys stands for root mean square errofs also required that many link and joint parameters of the robot
(RMSE) andI};,;; is the time requirement for both methods t@rm be known though some of them are not possible to measure

complete the operation.

or estimate reliably. Usually, such algorithms are not simple and
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TABLE |
COMPARISON OFRESULTS
conventional proposed proposed
(simulation) (simulation) (experiment)
CRMS [mm] 2.630 0.164 0.185
Trotal [S] 12.060 5.600 5.450

robust enough for the rough use and together with the high cost 1 = {_ Ly cos 0 + Ly cos(6; + 62) 4,

and requirement of skilled labor cause them to be infeasible for Ly L;sin 6y

most industries to date. siné (L + Ly cosfy)
Even if the objective trajectory is modified with considera- I Losin2o 92}

tions to the constraints and desired performance, the delay of the LL2 S 02

joint dynamics would cause poor performance. In the proposed o |:L1 sin 01 + Lasin(6) + 6-) g

solution, this problem has been eliminated by incorporation of 2= Ly Lysin 6y !

a delay compensator. cos 61 (La + Ly cosfy) -
The proposed method is perfectly consistent with the mod- 1L, sin 6, 92}

eling and control methods of most industrial robot arms. It re-
quires link lengths and two SEervo parameters for each JO!':Fhe above relationship could be obtained by differentiating
which can be accurately determined by simple tests as explained
in [14]. With the proposed method, the speed of the control 6, P
loop can be raised toward its servo controller limit, as there is [ . } =J! { . }
no additional computational burden involved. There is no addi- 02
tional cost associated with the proposed method and it is simple
enough for the practitioner to comprehend, operate, and trouble
shoot. Though illustrated with a two-link robot arm, the pro-
posed trajectory generation method can be extended and appliebhe realizable trajectory is the optimum trajectory under
to a higher number of links as well. assigned velocity and torque/acceleration constraints. The pro-
In the middle path, Cartesian acceleration is very smdipsed trajectory generation method operates on both joint and
and, therefore, velocity profile is more or less uniform. Henc&artesian spaces and generates the realizable trajectory by con-
proposed method assumes without a further verification tHacting piece-wise segments, which are generated separately.
constraint (8) remains satisfied within the middle path. At thEherefore, it is possible to cope with almost any constraint
middle path, joint accelerations could be computed by and/or specification, irrespective of the space where it actually

exists. The proposed trajectory generation algorithm has been
g " . synthesized in such a way that it can be an off-line block in the
Ll _ | P1r Pr2 z L a:
62 P21 P22 ] | g Q21 Q22 |y

in that elements of matrices are given by

(28)
(]

V. CONCLUSION

(27) entire robot arm control system. This is of utmost importance
since in this configuration it is possible to plug this algorithm
into the existing servo controllers straight away. For the same
reason, it is expected that the proposed trajectory generation
algorithm would bring about strong industrial implications.

in(f; +6
P = Slll( 1 2)
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