Trajectory Planning



Path vs. Trajectory

+ Path (BE)
— Sequences of points (configurations)
— Path planning

+ Trajectory (H&)
— Time history of position, velocity, and accelerations
— Trajectory planning

% Motion Planning = Path Planning + Trajectory Planning



Joint Space vs. Cartesian Space

 Joint-space trajectory planning
— Joint variable 2| interpolation
— Point-to-Point (PTP) motion
« Cartesian space 0| A2 S7tE = O|= O{ELt
- YHO: MOVE P1
« Spot Welding

[




Joint Space vs. Cartesian Space

 Cartesian-space trajectory planning
— Cartesian variable 2| interpolation
— Linear motion / Circular motion &
- U O|SHEI 3% &Y Arc Welding S
- HHO| of: MOVEL P1, MOVEC P2




Trajectory Planning A| 112{gf

1) Initial & final conditions
- Initial position, velocity, acceleration
- Final position, velocity, acceleration

2) Smooth conditions
6() < 0(1) < 0,

(cf) jerky motion
3) Via points ,

4) Elapsed time /

{a)



Third-Order Polynomial Trajectory Planning

« Trajector 80
J 4 O(t) =co+cCit + Cat® + Cat® o Posiion_—"__
6.'?.(t) = C1 + 2Cot + 3cst? 0 //
o(t) = 2c, +6¢,t 2 .
« Initial / final conditions N leion
Q.(ti):& e(tf)zef Z> C0 7C1 1C2 ’C3
Ot)=0 O(t:)=0
Co = 0;
¢ =0 . e, -8)
=3(0; — 6,)/6? | =——
c; =3 (6; — 6,)/6 6 )

c3 =—2 (0 —0,)/6;



Third-Order Polynomial Trajectory Planning

(Example) 6; = 30(deq), 6y = 75(deg), t; = 5(sec)

— Find 6(t), 6(t), 6(t)



« C programming
AlII-JH O| 7I-O| Ool
SUE= 0001*Drtr Tot= ArH ZE2IES C/0E 0|85

FA]
’S.HSOPEL

3K =M A=l H

L

=2 Z[ZH9| 40| 1000€ o, 3%+ = A= 2

#include<stdio.hi

_ #tinclude<math _hZ>
a0_'pi #idefine FILE_HAHME “‘cubic.xl1ls™
struct motion
a =0 ¢
) double a;
= —D. double w;
— _ _ 3 ¥s
a3 = Z(pf pi)/tf void coeff{double ps,double pf,double tf,double a[])}
a[8]-ps;
a[1]=8.8;

_ 3 2 a[2]=3.8=x(pF-ps)F(tF*tF);
p(t)—a3t +a2t +a1t+ao a[3]=-2.0*{pF-ps)/{tF*tF=tFf);
»

V(t):3a3t2+2a2t +a, motion cubic{double t,double a[])
{

motion m;
a(t)=6a;t +2a, m.p-a[@]*txtxt+ra[2]*L*t+a[1]*t+a[ 0] ;
m.u=3J*a[3]=*t=*xt+2xa[2]=xt+a[1];
m.a=G*xa[3]=t+2=xa[2];
return m;
2



3A w4 A2l &
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e "CI¥WDocuments and S...

294 299892432

void main()} 995 999 925250

{ 296 999.952128
FILExfp=fopen{FILE_HAHME, " w"};; 97 999 _973854
int ps=0,pf=108008,i=0; 298 999 _988A1G
double tf=1.8,ts=0.0801,t=80.0; 799 99 _ 997082
double a[4]; Prezs any key to continue
motion m[1888]; P
coeff(ps,pf,tf,a); 1| k
while(t<tFf)
{

m[i]=cubic{t,a});

printf " HdutaifwnT ,i,n[i].p);

Fprintf(fp, " %d WHEZF WELF WERF Wn,i,m[i].p,m[i].v,m[1].3);
i=i+1;

E=to=i;
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Fifth-Order Polynomial Trajectory Planning

« Trajectory
A(t) = Co + Cit + Cat® + Cat® + Cat” + Cst”

O(t) = 1 + 2C2t + 3cat”
& (t) = 2¢2 + 6Cst +12cqt? + 20cst®

e |nitial / final conditions

Q(ti)=9. O(tr) =0 Z> C,,C,C,,C5 Cy, Cq
O(t.)=0 O(ti)=0
ot)=6 0(t;)=0,

80

P()Sili()l/’_
40 /
20
Velocity
Acceleration
20 | : | \
0 1 2 3 4 5




Linear Segments with Parabolic Blends

- Trajectory | §
i 0j:??\'"""“"""""----yflf’i“j’\
0 [ 13 tfl,; f = o Accelerat \_
e |nitial / final conditions
9(0) = ei 6 {r)= gf
. .( ) t,,a(or w)
0(0)=0  O(tr)=0
e (Constraints
Hmax = (OI’ émax = a)
t, = a=—
@ t,




Linear Segments with Parabolic Blends

(Example) 6; = 30(deg), 8, = 70(deg), tr = 5(sec), w=10(deg/s)

—>tb

(Example) 6; = 30(deq), 6 = 70(deq), a = 5(deg/s?), w=10(deg/s)

—>tf



AERElE SRA =S

+ O|3aore AH2l2l 27|(p, — p. )0l H2F, Z[CHSE7F HEFEICE

vi v )
pi-pf< o po—pd=m b, —p.|> 22 Ol [if
V(t)a v(ta v( t)
vm 17 Vil
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o i)
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Casel: S&77t &S (tc=0) Case2: 5577t A= (tc>0)
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Trapezoidal Planning
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AFEFE| S

—
| I—

el o| EH
— — |%!I=|

A D2 Z(EHA2) : BT £ Q%] Al
- OIS E/9IK] 8 A A

v(t) =v, +at

p(t) = p, +V,t +%at2

No

t<t; 2
Yes >t

t<t t <t<t, +t, t o+t <t<t, f
a(t)=a, a(t)=0 a()=-a, a(t)=0
V(t) = amt V(t) =Vn V(t) =a, (tf _t) V(t) =0
p(t) = p, +%amt2 p(t) = p, —%amtj +v t p(t) = p, —%am(tf —t)? p(t) = pq

TR ~

1727t 7ta 7t 27 hEsE+Lt 3TehEETF ZAFU
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ACHE| B & 2 A 2

A ZFE 0| QX|/£ 527} (0,0)0] 2, A|ZMO| QIX|/AE7F (1500,0)Y TH(HY
ANAH EA) x|t|17r+57r 1000 pulse/sec?0|11 ZX|CHZ =7t
1000puIses/sec 0, ACE2|E A= "ol 2ot 2sA=lS 0.00120HCH
St= ARE ZE1YME CAHAOE 0|83t Z/dste).

#include<stdio._.h>

#include<math_hZ

#idefine FILE HAME "‘traipzoidal .x1s"
double| vm=1088.08,am=18808.08;

double| ta,tc,tf,ts=08.0881,ps=0,pf=154808;
struct motion

{

double aj;
ZAA A 7| A At . double pi

void coefF({);

void maind)

motion traipzoidal{double t};
l {

FILE=fp=fopen{FILE_HAHME ,""w"};;

int i=8;
double t=8.8;

TE S K| AL (et aLpo00l;

while{t<{=tF)
m[i]=traipzuidal{t};|

PrintF{ adWtirwtsrwn™ i, m[i].p,m[1i]-v);

Fprintf{fp.,""%d WELF WESF WERF Wn",i,.m[i].p.m[i]-v.m[i].a)};
i=i+1;
t=ts#=i;
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void coeff()

{

if{(pF-ps)<=vm*um/am)

ta=umf/am;

—’——T”____,,————””’—'tc={pF—pS—um*umfam}fum;
b

tF=tc+tax2;

I

- ---------

AA A ZHta e thel Al

_____________________________________
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AFEFE| S

2= trapezoidal() : T+<t

11 AN
—/ -

_

2 S/ K| Al

t<t o No
Yes tt
t<t . t, <t<t, +t, t+t <t<t, >l
a(t)=a, a(t)=0 a(t)=-a, a(t)=0
v(t) =a,t v(t) =V, v(t) =a, (t; -t) v(t)=0
pt)=p,+=-a,t° pt)=p,->a, 2+t p(t)=p, --a, (t, ~1)’ p(t) = p;
Case 1 Case 2 Case 3 Case 4

EH

glI=|

=1

motion trapezoidal{double t}

motion m;
if{t<=ta)

Case 1
{
m.-.a=am;
m.u=am*t ;
m.p=ps+am*t*t/;2_0;
¥
else if{t<=tc+ta) Case 2
{
m-.a=#;
m.-u=um;
m.p=ps—am*ta=tas2.@+um*t ;
¥
else iF{E<tF) Case 3
{
m.-.a=—-am;
m.v=am={tF-t);
m-p=pf—am*={tF-t)={tF-t)/ 2._8;
¥
else Case 4
{
m.a=8;
m.vu=8;
m.p=pf;
¥

return mj;
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:
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AERElE SRA =S

(@) AN =< (o) A @
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x
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Higher Order Trajectories

A(t) = Co + Cit + Cot® + Cat® +

Via points 112
JtE&E XA 0

— 4-3-4 trajectory

1)
2)
3)
4)
5)
6)
7)

+ Cnat"™ + Cnt"

o), =a,+at+at*+at’+at* (0<t<r,)
O(t), =b, +bt+bt* +bt’ (0<t<r,,)

O(t), =c,+ct+ct’+ct>+ct* (0<t<r
3 0 1 2 3 4 3f

Initial position

Initial velocity

Initial acceleration

Position of 1st via point

Position continuity at 1st via point
Velocity continuity at 1st via point

Acceleration continuity at 1st via point

8)

9

10)
11)
12)
13)
14)

Position of 2" via point

Position continuity at 2nd via point
Velocity continuity at 2nd via point
Acceleration continuity at 1st via point
Final position

Final velocity

Final acceleration



Higher Order Trajectories
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Higher Order Trajectories

Example 5.5
Conditions

Coefficients

4-3-4 Trajectory

6,=30°, =0 =0 7,;,=0 71,=2
0, =50", 71,;,=0, 7p=4,
0 =90, 74,,=0, Ty=2,
7,=T70, 6,=0, 6, =0
ay-=:30, b, = 50, ¢y = 90,
a =0, b, = 20477 ¢, = —13.81,
a, = 0, b, = 0.714, ¢, = —9.286,
;= 4.881, by = —0.833, c¢; = 9.643,
a, = —1.191, cys = —2.024.
8(1), = 30 + 4.881¢° — 1.191¢*,

(1), =
0(1); =

50 + 20.477t + 0.714¢* — 0.833¢F°,
90 — 13.81¢ — 9.2861% + 9.64313 — 2.024¢*,

100

Position /\
80

e T
o

40_/

20 - wcl [y
0

Acceleration W
-20 ] | | 1 ] i

0 1 2 3 4 5 6 7 8

Seconds

O<sp=<2.
0<r=4,
0<t=2.
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Cartesian-Space Trajectory Planning

S1. Increment the timet =t + At

S2. Calculate the position and orientation of hand
P=Pt), R=R(®

S3. Calculate joint values : inverse kinematics
0, ... 06,

S4. Send the joint values to joint (motor) controller

S5. Go to S1 /{\

¥



Cartesian-Space Trajectory Planning

(Example 5.6) 2 d.o.f robot

TABLE 5.1 THE COORDINATES AND THE JOINT ANGLES FOR EXAMPLE 5.6.

P X y 0, o] 120
1 3 10 18.8 109 1111 —— .
2 3.5 104 | 19 104.0 80 T~ Joint2
174}
3 4 10.8 19.5 100.4 o \
< = 5 60
4 45 112 202 958 3 ~
5 5 11.6 | 213 90.9 A 4
— . /
o 550 g %25 |85 20 Jomnt 1
7 6 12.4 24.1 80.1 | 0 | |
8 6.5 12.8 26 74.2 0 5 10
9 7 13.2 28.2 67.8 Intermediate point number
10 75 13.6 308 60.7
11 8 14 339 528
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Cartesian-Space Trajectory Planning

(Example 5.7) 3 d.o.f robot

TABLE 5.2 THE HAND-FRAME COORDINATES AND JOINT ANGLES
FOR THE ROBOT OF EXAMPLE 5.7

X Y Z o, 9, 0,

9 6 10 56.3 1047 | 272
8.4 5.9 9.8 54.9 1092 | 254
7.8 5.8 9.6 53.4 1136 | 238
7.2 5.7 9.4 51.6 1179 | 224
6.6 5.6 9.2 49.7 1519, | 212
6 55 9 475 1258 | 20.1
5.4 5.4 8.8 45 129.5 19.3
48 53 8.6 422 133 18.7
42 5.2 8.4 38.9 136.3 18.4
3.6 5.1 8.2 35.2 139.4 18.5
3 5 8 31 142.2 18.9

Degrees

160
140
120
100
80
60
40
20

Joint 1
——\
Joint 2 I
i { [ | | | | | | |
1 2 3 4 5 6 T & 9 10

Intermediate point number
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Cartesian-Space Trajectory Planning

- Cartesian space planning A| 12{A}
1. B2 AL inverse kinematics
2. Intermediate points unreachable

3. Sudden joint-angle change around sigularities

/L (a) (®)
x y



