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Professor Santhakumar Mohan
Department of Mechanical Engineering
Indian Institute of Technology, Palakkad
Lecture No 33
Trajectory generation using MATLAB part 2

Welcome back to Mechanics and Control of Robotic Manipulator. 1 hope you would have
enjoyed in the last lecture where these simulations all come. So, it is actually giving little more
intuition. So, | hope you are able to even extract the MATLAB code from the handout and you

would have tried at your own.

So, now, in this particular lecture, we are continuing that part where we left. So, we left that we
have seen, what is cubic polynomial? How to generate the cubic polynomial in MATLAB even
with via point. So, this particular lecture we are going to see how to generate a higher order
polynomial with the MATLAB function and similarly cycloidal lines straight line interpolation
with parabolic blend.
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The presentation for thes lecture have been prepared from a wide range of sources
including books, websites| pages, research articles, etc. These shdes and thes
presentation are mtended for purely educational purposes only




B Quintic (Fifth-order) polynomial

Cycloidal motior

B Straight-line mterpolation with parabolic blends

So, in that case we will try to see these are the three points. So, where the fifth order polynomial

we call quintic. So, which is a Latin word, so, Latin word quintic means fifth. So, similarly the

cubic means third. So, this is a way we also like try to see.
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The quintic (fifth-crder) polynomia! function
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The general situation, where & =

So, in that sense we will see what equation we have derived in the regular lecture. So, these are
the equations which we have derived in the regular lecture. So, this can be portrayed with the
initial and final condition you can say here the acceleration also controllable. So, the initial
acceleration and final acceleration if you equate. So, there would be 6 unknowns and 6 equation

we can generate those 6 equations and 6 unknown we can write it in a matrix and vector form.



So, where a naught to a 5 are unknown. So, x naught 2 x double dot of t f are known, and this is
coefficient matrix where inside all the terms are known to us. So, in that sense, we can take this
as a and this is the x and this is b. So, we can take x is A inverse of b so, the same principle we
will try to do it in MATLAB.
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% Start

clear all;cic; close all;

% Trajectory inputs, both time and others
t.f = 5; | final tize for the trajectory
t =0:0.01:¢.1; % time span

% Trjectory beundary conditions (known)
x.0=0; x1=b;

x. 0. dot =0; x_f_dot =0;

x.0_ddot =0; x_1_ddot =0;

So, for that we are taking the same code. So, we are modifying a certain parameter. So, you can
see like this is what we have taken for the cubic polynomial we have taken as a t f 5 second and
it is varying as a span where t starting from 0 to t f and the initial condition and final you can say
initial position and final position initial velocity and final velocity are known in cubic
polynomial. But in this case, so, even the acceleration also known. So, here | have written as d d
dot or you can say d dot. So, which means a double dot so these also like given.
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% Coefficient matrix, A
A=f1,0,0,0,0, 0
6,1,0,0,0, 0%
0,0,2,0,0,0;
) MYSSL 5 885 9 oy MR D v A 8 = YO O & . T

0,0, 20t ¢ 3t 172 4ot 1°3 6ot _74;
0,0, 2, 6st_f, 12o¢ £72, 20%t_1°3;];

So, based on this we can rewrite the coefficient matrix earlier case it was 4 cross 4. So, now, this

is 6 cross 6. So, we have written this.

(Refer Slide Time: 2:44)

*% known inputs
= [x 0; x.0.dot ; x_0_ddot;x_f ;x_f_dot;x_f_ddot];
Wk Trajectory coeeficients
tc = inviA)*b;
#% Trajectory generation starts here
for § = 1:length(t)
(1) = [1,8(0),008)°2,8(8)73,6(8) "4, £ (1) 5] otc;
v{1) = [0,1,24(3), 30t (1) "2, 4%t (1) 3,60 (1) "4] stc;
a(1) = [0,0,2,60t(4) 1202 (1) 2,200t (1) 3] otc;
endy ends here

So, now based on this so, we can find the coefficients, so, where the b matrix sorry b vector can
be given. Then the trajectory coefficient can be calculated. So, then there is all standard protocol.

So, you can see like this is the; you can say position this is the velocity and acceleration.
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%% Plotting the trajectory
plat(t,x,'b~" t v,’r~=' t.a, 'g-." 'linevidth’ 1)

1 = legend(’'$x(t)8’, '$\dot{x}(t)$’, 'S\ddot{x}(t)8");

set(l, 'interpreter’, '}atex'. 'location’, 'morthwest','FontSize’, 15)
grid on

xlabel ('$t$, [s] ', ' Interpreter',’latex’, 'FontSize', 16)
ylabel('$\eta(t)$, [unita]’, 'Interpreter’, 'latex’,'FontSize’,

Wi End

And we can use the same MATLAB function how we have written the plotting function. So, the

same thing we can use it. So, now, in order to understand this. So, we are going to the MATLAB

window.
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21 [ , 6*tv, 0,0, -2,0];
22 %% known inputs
23 b=[x0t x0dot ¢+ xv,;xv;xf; x£dot ;0 :0);
24 £% Trajectory coeeficients
25 tc = inviA) ‘*b;
26 %% Trajectory generation starts here
27 for 1 = 1:length(t)
28 if t(i)<t v
(1) = [1,t(1),0(1)*2,L(1) 3]t

30 v(i) = [0,1,2%t (1) ,3*t (1) 2] *tcd
3l a(i) = [(0,0,2,6°t{1)l*tc(l:4);
s
3 X
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28 (1) = [1,t(1),e{i)"2,t(1)*3]*tc(l:4) ¢

30 v(i) = [0,1,2*t(1),3*t (1) "2]*teil:4)
;§ a(i) = [0,0,2,6°t(i)]*tc(r:4);
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&% Start
clear all;cle; close all;
rajectory inputs, both time and others
5 final time for the traje
:0,01:t £; % time gpar
I'tiectory boundaky conditions (known)
x 0 =0; x f=5; x 0 dot =0; x_f dot =0;
x 0 ddot =0; x f ddot =0;
%% Coefficient matrix, A
A=[1,0,0,0 0 0;
0,1,0,0,0,0;
23052 510, :
ptE, T8, t £l t e, t il
0, 2%t £, 3*t £42, 4+t £°3, S

W oo s e -
-
n =3
= "

— g
N -
o
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12 0,0,2,0 0 0;

13 1, t.£, C 152, t 183, t 65, t 5%
14 0,0, 2% £, 3%t £°2, 4%t £*3, 5+t £r4)
15 0,0, 2, 6%t f, 12+t £°2, 20%t _£*3;);,

%S %% known inputs
¢ b=1x0: x 0 dot ; x 0 ddot;x [ ;x £ ¢

And | am trying to show that so, | think the fifth order polynomial. So, this is the fifth order

polynomial. So, where you can see like these all; what we have written in the you can say
handout. And this is A matrix we have written in the same you can same handout so, we have not
changed and b vector we have assumed to be known these all initial and final conditions

including position velocity and acceleration all known. So, we have calculated the coefficients.
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L s O
19 tc = inv(A) *b; il
20 %% Trajectory generation starts here

21 for 1 = 1l:lengthit)

22 %(1) = (L, v(L), e{L)*2,t(i)~3,t(i)*4,L (1) 5] *tc;

23 V(i) = [0,1,2%C(1),3*C (1) "2, 4*{1)"3,5 (i) "4]|*tc,
24 ali) = [0,0,Z,6°C(1),12*¢(1)"2,20%C{1)*3]*tc;

25 end! ends here 1

26 k% Plotting the trajectory

27 plot(t,x,'b-',t;v,'r—-",t,a,"'g-.", '1inewidth'

24 1 = legend('$x(t)$", '$\dot{x}{t}s', '$\ddot{ ) ;
24 set (1, 'interprater', 'latex', 'location', 'nor J
30 qrid on

?5 xlabel{'$t§, [8]', 'Interpreter', 'latex’, '}

32 ylabel{'§\eta(t)$, [units]', 'Interpreter




4 f=25;
5 = 0:0.01:t £
3 y (4 )
T x0=0; x £=5; x 0 dot =0; x £ dot =0;
;| x 0 ddot =0; x f ddot =0;
b %% Coefficient matrix, Al

10 A=1,0,0,90,0 0;

11 0,1,0,0,0,0;

12 05090 52 578:70,-0

13  IED % U oy L A -

)% 0.,:0 ,:2* , 3¢ £42, ¢

I3 Bl 2y 0% -1, 12

|

2
2 clear al ] 037X
3 ' = L.
4- t f=5; A
5 = 0:0,01:¢
I t
! x0=0;x¢

% 0 ddot =0; e
%% Coafficie

10 A=1,70,
1 0353 ;

12 0,0 ;2

13 1,tf,

t l:l ' K"’ ’ "

|

So, then we have generated the trajectory and we are actually trying to plot. So, now, we will
take the same case. So, where it is start from 0 and it ends with the 5 with the 5 second. So, we
can try to see. So, how it is going it is much more smooth. You can see the acceleration earlier
case it was you can see a nonzero initial and final acceleration. But in this case, | have given 0 0
initial and final acceleration. So, you can see like it is a very smooth curve. So, even you want to

make it much more interesting fact.
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4 t =5

5-= t =0:0.01:t_f;

£ ! Lot incary (xnow

7 x 0 =0; x £=5; x 0 dot =-1; x £ dot =l
x 0 ddot =0; x f ddot =0;

%% Coefficient matrix, A

1¢ A=1,0,0, 0,0, 0;
11 0;,1,0,0,0,0;
12 0,0 ,2 ;0,:0,
13 S R O oy A I
M) 0, 0, 2% ;7L 122,
I3 RO | S JEO ) A
|
2
b SR Hded dE LT
2 clear all;cl
! . 4
4 =5 :;
5 t = 0:0.01:t
g
7 x0=0;x¢

.‘_';_;i-j‘.r =();

%% Coefficie
14 A=1,10,
1 051 ;
12 050 5 <1
13 o LI,
T% Jig 0, 20
I3 0, . ot

For example, | said that this is so minus 1 is the initial velocity and final velocity is 1 which we
have tried in the cubic polynomial. The same thing | am trying to show here. So, you can see like
it is start still the acceleration profile is smooth it is more close to a sinusoidal curve. It is not
strictly sinusoidal; it is like a smooth it is very close to sinusoidal. So, that is what the sinusoidal

anyhow we are going to see in cycloidal.

So, this is what the curve since it is nonzero initial velocity that is why it is going the way so,
that to like it is starting from what you call minus 1 meter per second. So that is why it is going



down and go. However, you can see like the maximum velocity it is coming the same midpoint

which is 2.5 second. So, that particular point you can see the acceleration also like 0.
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X 0=0zx £=5; x 0 dot =1} x £ dot =1;
ddot =0; x f ddot =0;

%% Coefficient matrix, A
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........

x0=0;xF§f
% 0 ddot =0;

%% Coefficie!l

A=1,70,
'jl ' l '
AR RN o~
o LT,
0., ¥ - ‘
U ’ { ’ ’

So, even you want to see little more you can see inside I just put it initial and final velocity is the

1. So, you may expect that it would be come as a constant it is not it is again like a go as a

smooth So, we can try to see that. So, you can see like it is starting from 1 and from 1to 1 it is

added. So, because we assume that initial velocity is 0, so that way it is making it addition.
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L IS &
2 clear all;cley close all;

3 lrajectory inpots, both i ind others
4 t =5 final time for tha traject

5~ ¢ =0:0.00:t £

2 Iriectory boundary conditlons (known)

7 x 0 =0; x £=5; x 0 dot *; x f dot =1;

g~ % 0 ddot =0; x f ddot =0;

5 %% Coefficient matrix, A

10 A=[1,0,;90,0,0,0

11 0553 3500 000 02

12 R | Bt S | IR |

13 1, t 8, t£2,t 3 ti*, tis;
tg 0,0, 2%t £, 3*t %2, 4+t 1*3, 54

I3 0,0,2, 6t f, 12*t £°2, 20*t_

P L (O
= Jadea B LS

2 clear all;cli

k| ~ ,

v ! e 11

q £ E=508 W 7

5= ¢ =0:0.01:t ’

& I ry i

- x0=0:x9§ ¢

q % 0 ddot =0;

5 %% Coefficie
10 A=[1,0,
11 0l
12 050 42
13 e % O o L
y9 0,0, 2t f
I3 B 02
|

So, now in that case, we can see this aspect how it is going so, this is added from the initial so
that way we can see. So now | am putting this as 0. So, you can feel it is ending with 1.



(Refer Slide Time: 6:22)

2 clear all;cley close all;
3 [ra Y ANpots I | ot}
4 ti=3% fir t I I Y
5 t =0:0.01:t £;
b Lot ary nd | )
7 x 0 =0; x £=2; x 0 dot =0; x f dot =01;
4 x 0 ddot =0; x f ddot =
5 %% Coefficient matrix,
10 A=[1,0,0,0,0,0;
11 0,1,0,0,0,0
12 0550 52 700,
13 \ D % R 4 Lo L
y9 0,0, 2%t £, 3t £*2, 4*t 1
I3 0,0,2, 6%t f, 12*t £*2,
|4
d
2 clear "“'J’» NP
3 I'raj P
4 tf=3 |
5 = 0:0.01:t
f tory | §
- x0=0; xfig. y
8- x 0 _ddot =0; ¥
9 %% Coefficiel "
10 A=1,0,
1 0,1, | w TR
12 0570 5 2% Uy 0;
13 1, t £, v 2,t%3 t1i%, ti'y
Y% 0,0 ,2*%. £, 3"t £22, 4+t 123, St
I3 0,0,2, 6*t f, 12*t £°2, 20*t §
l‘

So, now this I am putting it 0 and this is | am putting it 2 and this is | am putting it 3 you can see
that variation whatever variation you can do it these all we can do it. Now you can see it is much

much different. So, these all we can try to see and get it done.
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So, here | did not make it here. So,

44)

. 1 mel e ] 0400 P T A |
‘3 ~l ol -l h ;;\ oY b ¥
e e v B et R Ll o ML e
o M Afwie e U . o M Y ‘-
- . s '
Tra1actory 1ny 2 o T AN Othe ¥
tf=3 final t ! traje I
t =0:0.01:t £; ne spa
9. tory boundary nditlons (known)

= 0; x £=2; x 0 dot =0; x £ dot =0;
% 0 _ddot =0; x f ddot =0;

%% Coefficient matrix, A

A=11,0,0,00 0
0,1,0,0 0,0
0,0,2,0,0,0;

1, tE, L2, t 6, tEM, t
0,0, 2 £, 3% £2, 44t 3,
0,0,2, 6% f, 12%t £°2, 204t

..... CRLOPRRPE] . (s o v 1xs. ine e I <
chmr'ﬂl:ch:"altzl“““"‘4 %
Trajecrory =7 7
R L (R
7
t =0:0.01:t : ‘/f
Tr tory | gm /
- x0=0 x_fr; fol
x 0 ddot =0;
%% Coefficie
A=(1,0,
01 I I no
AR RPN serr il |y £
1, t £, t£92,t53,tft
0,0, 2% £, 3% £2, 4%t %3,
0,0,2, 6tf, 12%t £°2, 20*t_

now we can see even if it is O final velocity, it is end.
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3 [
4 =3
5 = 0:0,01:t £
£ ( |
7 x0=20; x £=2; x»H_dmﬁ =0; x f dot =0;
% 0 ddot =0; x T ddot =1;
%% Coefficient matrix, A
10 A=[1,0,0, 90,0, 0;
1 0551 ; 20505 02
12 0,0 ,2 ;9,0
13 | ;£ g f
¥ g, 0, ¢ 30t 172,
I3 | [« S 0. 0% Lo
|
2
. aie o5 TUE
———— | . gl B e ¢ 3
2 clear alljelfs tooamsd
: "
.‘ ot
- tf=3 H
5 t =0:0.01:t
l_- -
7 x0=0; fi X gl
% 0 ddot =0;
%% Coefficie
14 a=[1,0,
11 0d
12 050 ;&
13 1, tf, t %2
z% 0,0, 2%t §
I3 [ S SO

So, now | hope how the fifth order polynomial is working. So, and what other parameter you can
vary. So, the one is the timespan which is how work and how you can make the acceleration that
is also like consideration. for example, now, the final acceleration supposed to end with point
one. So, you can see like it is end with point 1. So, in order to give a little more, you can say
explicitly the visible. So, 1 am putting it as like 1 meter per second squared. So, you can see it, it
is ending. So, these all can be done with you can say fifth order polynomial.
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7 x0=0; x £=2; x 0 dot =0; x £ dot =0;

9- % 0 ddot =-1; % £ ddot =1;

%% Coefficient matrix, A

10 A=1,0,¢0, 0,0 0;

11 0,51 20,0, 0, 02

12 0,0,2,40,0 0;

13 PR 3 P 57 o S 3 i Tl

I% 0., 0, 0 O L0 A Lo PR 0 5 Gt
I3 0,0,2, 6t f 12*¢t

|

d

3 pr
- tf=3 ) i
5 t = 0:0.01:t

£ t 3

7 x0=20; x £

- % 0 ddot =-1

5 %% Coefficiel

10 A=[1,0,

11 0 3

12 05000

13 D %

t% 0.,:0,:2*

I3 0,0,2,

And even you can give initial acceleration is a minus 1 meter per second squared, which is
starting from different profile it ends with a force which is in a negative direction you can see.
So, all those things are coming into picture. However, the profile is not changing only thing the
velocity profile and the acceleration profile is changing. So here in the sense, it is not changing
in the sense starting and ending point is not changing, it is following the smoothness. So, that is
what | mean to say it is not changing.
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%% Plotting the trajectory+

plot(t,x,'b~" t v, ’r~=' t a, 'g-.' 'linevidth’ 1)

1 = legend(’'$x(t)8’, '$\dot{x}(t)$’', 'S\ddot{x}(t)$");

set(l, 'interpreter’, 'latex', ’location’, 'morthwest','FontSize’, 15)
grid on

xlabel ('$t8, [s]', 'Interpreter', 'latex’,'FontSize’, 15)
ylabel('$\eta(t)$, [unita]’, 'Interpreter’, 'latex’, 'Font3ize', 15)

%% End

H

So now we will actually go back to the slide. So, where we will be seeing about what is cycloidal

motion.

(Refer Slide Time: 8:12)

The cychudal motion (sinusoidal acceleration) based function

x(t) e ‘1"—'|'r t) sulj-lr to))|
. X+ — -1 ) o))
r Y t ‘,
) Xs 'y} ._"T P 2r ‘vi py
X(t) ==—5— |5 — —cos[—(1— &)} (3)
& |y Iy U |
[9ed e

x(t) 7? sin{ —({t - fo))|

an L& / j

The general situation, where 3 =0

So, the cycloidal motion is we can rewrite in terms of position velocity and acceleration in this
form. 1 do not want to cancel this two pi everywhere. Because if | cancel then | have to bring it
here 1 by 2 pi, then that would be all the time residues. So that is why | have written in this
general form. So where while we are calculating we assume that t 0 is 0. So, in that case, so, how

the MATLAB function will look like the initial stage everything is same.
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_

*h Trajectory generation starts here
for i = 1:length(t)
x{1) = x0+(xf-x0)/(2¢p1)*(2spi/efst{i)-sin(2*pi/te*t(i)));
#(1) = (xf-x0)/(2+pi)e(2¢pi/te-20pi/tevcon(2epi/tiet(i}));
afi) = (xf-x0)/(2epi}e((20pi/t1) " 2eain(2epi/tfet{i)));
end § ends here

In the sense these all same. So, the only thing here x naught and the x f are the input because the

cycloidal we assume that it is starting from rest and ending with again it rests in the sense it is
going to be stopped. So, no further motion. So, it is starting from rest and going to end that is

what the segment says.
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%% Trajectory generation starts here

for 1 = 1:length(t)
(1) = x0+(xf-x0)/(2¢p1)* (2epy/efst (i) ~sin(2epi/teat(i)));
v(i) = (xf-x0)/(2¢pi)e(2epi/te-20pi/tfecon(2%pi/teet(i)));
afi) = (xf-x0)/(2=pi}e((20pi/t1) 2¢ain(2epi/tiot{1)));

end § ends here




[ [T PR TR yoy e poep— "
!F=!!-!!I!!!!!!!.-!-II!-!!!I!!!-II!-!-II!I!-II-I!!.II!F!!-H!I!’I!F

A clear all;cley close all;

1 ‘ ' | | I I 1Nd |

q t =3 I t

5 = 0:0.01:t £;

13 v gl ! 1 ndi | Wh )

s

x0=0; x £=2; x 0 dot =0; x £ dot =0;

= -

% 0 _ddot =-1; x f ddot =1;

5 %% Coefficient matrix, A
10 A=[1,0,0,0 0 0
11 0,1,0,0 0,0

12 AR R SR I | P
13 B A JR o e e A
) 0,0, 2% £, 3*t £°2, 4+t 1*
I3 0,0,2, 6*t f, 12*t {2
I

So, in that sense, we can generate the position velocity and acceleration in this form. So now,
this is the cycloidal profile. And the same thing we can use as for plotting and all I am not

showing the plotting here. So now we will open the file which we make it so cycloidal, | hope.
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i G niptis
1 &% Start F:
2 clear all;cle; close all;

3 I { oth

B tf = 5;

5 X0 =

3

1 k% Trajectory generation starts here

] for i = 1:lenqgthit)

5 X(L) = xO+(xE-x0)/ (2*pi) *{2*pL/tE*L (i) -sir frt(t

14 vii) = (xE-x0)/(2*p3)* (2%pi/tf-2*pifti*co (i

11 ali) = (xf-x0)/(2*pi) A ((2*pi/tf) *2%sin (24
12 end

}g %% Plotting the trajectory

L? plot (t,x; 'b=',t, v, 'r—",t,a;"'g-.




P TR e——————————ev e il
(o s 1 S i A0 0 T S0 B 1 LA OW T R T T e § g
1 &% Trajectory generation starts here :
8- for 1 = 1:length(t)

§- x{i) = x04(xf-x0)/(2*pi)*{(2*pi/tEtt{i)-gin(2*pi/ti*t(i
10 V(i) = (xf-x0)/(2*pi)*(2*pi/tf-2*pi/ti*cos (2*pifti*t(i
11~ a(i) = (xf-x0)/(2*pi)*((2*pi/tf)*2*sin(2*piftiteil)));
12-= ‘end % ends here ‘
13 %% Plotting the trajectory
14— plot(t,x,'b-',t,v,'r--",t,a,"'g-.", "linewidth',]
15-= 1 = legend('$x(t)§", 'S\dot{x}(t}$', '$\ddot|
1€ gset(l, 'interpreter','latex','location', 'north
17= qrid on
14 xlabel ('$t§, [s1', 'Interpreter', 'latex’, 'Fopss
la- ylabel{'§\eta(r)$, [units]', 'Interpreter’
EO : %% End

LT ———————re——errr )

4 |

5

£

1 %% Trajectory generation starts here

8- for i = 1l:length(t)

4 x(i% = x4+ (x£-x0) / (2*pi) * (2*pi/tEreii)-sin(2*pi/tirt (L
10 vii) = (x£-x0)/(2*pi) * (2*pi/tf-2*pi/tf*cos (2*pi/ti*tL (i
11 ali) = (xf-x0)/(2*pi)*((2*pi/ti) 2*sin(2*pi/Ert(i)}) ;!

12 end } ends hers

13 %% Plotting the trajectory

14 plot(t,x,'b-',t,v,'r--',t,a,"'g9-. ", 'linewidth',
15 1 = legend('3x(t)3', '$\dot{x}(t}s', *S\ddotl

set (1, 'interpreter’,'latex', 'location’,

grid on

|4




ar 1 o
4 f=8
) = U7 XI
HER))
t% Trajector
a
X(1) = X
vii) = |
L1 A1) = (secmeppieparoyrepervere-oadl (2
12 end
L3 %% Plotting the trajectory
’ 'y
o

{ 1ot (t.v. "h- v. ty—=" ¢
5 PLOTIC, X, I SV, ! s Ledy

So, now you can see this is the command which we have given in the you can say handout, and
this is the trajectory generation and this plotting we have used earlier the same thing | have tried.
So now the same case we are trying. So, it takes 5 seconds to reach 0 to 5 in a smoother sense.
So, we can try to see by running this. So, you can see it, so it is very smooth. But here we do not

have any control over initial and final velocity initial and final acceleration.

However, it starts from 0 and the end also at 0. In that case, acceleration velocity all starts from 0
and end at also 0. In that sense you have much, much smoother. And you can always use this
kind of profile for like a complex system like a humanoid or even a complex manipulator and all
we can use this. That is why people try to use for example the legged locomotion for example,

the biped motion.

So, one foot to another footstep, so, you need to make a cycloidal motion that would be very
much beneficial it start from rest and the end also at standby there is no further motion. So, then

the next step will start that way we can do it.
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Ol | sttt ik 9
L I §
1 %% Start :

2 clear all;clc; close all;

3 ! t { oth

4 tf =2;

5 ¥0 = 0; xf = 5;

6 t = 0:0.1:t8f;

1 %% Trajectory generation starts here

3 for 1 = 1:lengthit)

9 (1) = x0+(xE-x0)/ (2*pi) *{2*pL/tE*t{i)-8in Pt
11 V(i) = (xf-x0)/(2*pi)* (2*%pi/tf-2*piftitcos f*t(i
11 afi) = (xf-x0)/(2*pi)* ((2*pi/tf)*2*sin(2*p
12 end
‘9 %% Plotting the trajectory
¢ plot (t,x; 'b=',t, v, r—",t,a,"'g-.", ' ling
|
d

1 &% Start 99eddELT >

2 clear all;cll -

3 #l

4~ tf =2 =

5 0 = 0; xf = 3

& t = 0:0.1:tF ? e

1 t% Trajector! :

3 for i = 1:1af

5 X(i) = x
11 vii) = |
11 3(1) = (herwerymerparrriveEsrssrreosi (241
12 end
W %% Plotting the trajectory
i? plot (t,x; 'b=',t, v, 'r—",t,a,'g-.", 'line
|

So, now if I change this. For example, | am saying that it is run with only 2 seconds. So, you can
see like the variation would be very significant. But the one thing you can clearly see that the
acceleration is pure sinusoidal acceleration. So here | make it 0.1 is the step size. So that is why

it is look like very, you can say segment basis.
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t = 0:0.01:t8;

B 2

5 0 = 0; xf = 5;

b

1 £% Trajectory generation starts here

for 1 = 1:lenqth(t)

5 (1) = x0+(xE-x0)/(2*pi) *{2*pL/tE*t{i)-sin

14 vii) = (xf-x0)/(2*p3)* (2*pi/tf-2*pi/ti*cog (i
11 afi) = (xf-x0)/(2*pi)* ((2*pi/tf)"2¢sin(24p
12 end
| %% Plotting the trajectory
IL. plot (t,x; 'b=' L, v, 'r—",t,a,"'q-."
|
/]
T
1 8% Start EL UL AL
2 clear all;cll -
3 #l

B tf = 2

3 0 = 0; xf = 3 P
6~ t=0:0.01:t] Jo—"
1 £% Trajector '

3 fo = 1:le|

9 x[1) = x ) - fre(s
1 (1) = | & (i
11 a(1) = (erwerrmerperyherEsresrre——ah (24P

12 end

| %% Plotting the trajectory

i? plot(t,x; 'b~',t,v,'r—",t,a,'g-.", 'line

So, for increasing that you can make it smooth. So, now I just wanted to show that it is sinusoidal
profile you can say like now it is smooth. So that is | make it only for plotting what segment |
want to give. So, | take every 0.1 second in the sense 100 millisecond, but in this case, so | have
taken 10 milliseconds, so to show the smoothness. So here the acceleration is because sinusoidal
acceleration even some people call the cycloidal profile called sinusoidal acceleration curve. So,

this is what the cycloidal.
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%k Trajectory generation starts here
for 1 = 1:length(t)
x(1) = x0+(xf-x0)/(29p1) e (2epi/efst (i) ~sin(2*pi/test(i)));
v{1) = (xf-x0)/(2vpi)e(2epi/te-20pi/teecon(2spi/tLet(i}));
a(i) = (xf-x0)/(2=pi)e((2e0pi/tL) " 2¢ain(2epi/tfst{i)));
end % ends here

) -
| A I- J/

So, we will see the final one on this particular lecture is what you call straight line interpolation

with the parabolic blend. So, you know straight line interpolation means starting to end we just
make a straight line and the slope we will take and multiply. But that is non smooth because the
acceleration at infinite at initial and final, which is not possible in the real time the actuator will

not be substantially support that.
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The strasght-fine interpolation with parabolic blends

For t * ty — t, and for smplicty, we consider fp = 0
s(t) =xp + aptt, S{t)=ant, s(t)=ay (4)
)
For t:ty —+ (8 — tp) ty
ay
N ) A, ‘ e o Xt =a 4 (= xo)s(t)
sit) =z apty + vplt = Iy} s(t)=w 5{t) =0 9} ) W
y X[ t) =[x - xp)stt)
For t: (ty = ty) = & x(e) =[x — n)s(?)

] 2 I} J ) '] W2
s(t) = apth + volty = 2p) + vl (t = (b ~ to}) = Sap(t — (¢f ~ th))°
)

$(t) =vy — ap(t = —(tf - th)) 5(t)=-ay

So, for that only we are doing the blending. So, what we are trying to blend? So, we are taking

the same straight line into three segments, the initial and finally will add the parabolic segment.



So, that is what we are trying to do. So, you can see that the t b the parabolic blend. So, where
that segment time so, now, you can see that t O to t b is the parabolic. So, the parabolic can be
written in this form. So, then after that it is a straight line till so, t f minus t b then t f you can see
where the t is start fromt f minustbtotf.

So, there you will be using again the parabolic. So, in that sense the profile is much smoother,
and it is faster to use. However, the algorithm is much much complicated. So, you have to bring
this v b and the a b in such a way that the profile will fulfill. So, far that we are bringing this
consideration. So, where this v b and a b we have to choose accordingly the t b will come.
However, while choosing so, you had to make sure that the v b squared by a b should be always
less than or equal to 1.

So, if you take this further consideration is you can take that the capital or you can say t ft f
should be take at least three times of t b. So, then only you can make a blend. So, these are all
complex. However, what we can do we can take this particular consideration and we can make as
a s of t so then we can multiply with your original x of 0. So, why? because this would be run for
0 to 1. So, then we will multiply whatever the segment you wanted. So, that is why you can see
like x f minus x 0 multiply with the s and s dot everything is coming as in the sense we are
multiplying that many times.
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% Start

clear all;clic; close all;

% Trajectory inpute, both time and others
vb = 3/4;

ab = 1/4;

th = vb/ab;

tf = 6;

xX0=0; xt = 5;

t = 0:0,01:tf;




So for that we are writing the code. So, here we need to define v b a b similarly, the t b is defined
based on the v b divided by a b and we have taken this. So, here you can see again 5 second. So,
we are taking first 1 second for parabolic the next a 3 second is linear, then final 1 second is for
parabolic that way we make a blend. So, because we take a v b and a b are 1 by 4 each. So, in

that sense the t b is 1 second.
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plot(t, x0+ (xf=x0)ox, "b~' ¢, (xf-x0) 0y, 'r==" b, (xf-x0)*a, 'g-. 7, 'linevidth’ 1
1 = legend('$x(t)8’, '$\dot{x}(t)$’', 'S\ddot{x}(t)8");

set(l, "interpreter’,'latex’,'location’, 'northvest’,’FontSize’',15)

grid on

xlabel ('$t8,[s] ', 'Interpreter’,'latex’,'FontSize’', 15)
ylabel('$\eta(t)$, (unita]’, 'Interpreter’, 'latex’, 'Font2ize' 15)

%% End

So, based on that we have written the code whatever we have written in the you can say syntax.
The same thing we have written. So now you can see x v and a would be based on you can say a
b and v b. So that we have obtained this is a parabolic then straight line another parabolic. So,
this way we have written and we use the simple plotting function but now the plotting function is
modified because we have derived only s of t but the s of t need to be modified as a x of t. So, we
need to multiply this particular value. So that is why we have modified this. So, now we will
actually go to the MATLAB.



(Refer Slide Time: 15:07)
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3 Trajectory 1nputs, both time and others

- tf = 2;

5 #0 = 0; xf = 5;

6 t = 0:0.01:tE;

1 £% Trajectory generation starts here

k] for i = 1:length(t)

9- %(1) = X0+ (xE-x0)/(2%pi)*{2*pi/tE*e{i)-sin(2*pifti*t (L
14 V(i) = (xf-x0)/(2*pi)* (2%pi/tf-2*pi/ti*cos (2 pi/ti*t (i
11 ali) = (x£-x0)/(2*pi) A ((2*pi/tf)"2%sin (2*pi/tErt(i)});
12 end § ends herd

b %% Plotting the trajectory
plot(t,x; 'b=',t,v, 'r—"',t,a,"'g-.", 'linewidth',1)

I ) ’ '
— e -~ "5
L3S
I

A -

= o o b pime and others

b 0 fun

[T : .

e B

T b

& A I’ [ .

.l::- j e ' tarts here

v . L) *{2*pi/tEst{i)-si frt(i
[8=7] e (2 epi /£ £-2¢pi/tE*cog 41 (i

11 a(i) = (xE-x0)/(2*pi)* ((2*pi/tE)*2¢sin(2* i

12 end | ends here

b %% Plotting the trajectory
plot(t,x; 'b~',t,v,'r—",t,a,'qg-.", 'ling

I ' ! 1 1 ' .
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% Start
clear all;cle; close all;

n

e

rajectory inputs, both time and others
vb = 1/4; |

1/4;

tb = vb/ab;

tf =5;

x0D = 0; xf = 5;

t = 0:0.01:t8;

&% Trajectory generation starts here

G~ N L e b R e T
o
=~
n

—
o ow

—
—

for 1 = 1:length{t)
12 if t(i)<tb

k} X(i) = 1/2%ab*t (1)*2;
vii) ab*t(i);

15 alil = ah:

VLT o S ————— [
- tf=5; L
8 x0) = 0; xf = 5;
4 t = 0:0,01:tf;

1{ %% Trajectory generation starts here

—

for 1 = 1:ilength{t)

if t(1)<tbh
x(1) = 1/2%ab*t (1)°2;
v(i) = ab*t(i);
a(i) = ab;

elseif t(i)<{tf-th)
x(1) = 1/2*ab*th*24vb* (Lt (i)-tb);
v(i) = vb;

afi) = 0;

—

—_ e - -
-] oo B L B

—

else

- —
|5 s s




uaa . SOl

-

22 v(i) = vh-ab*(t(i)-(tf-tb)); B
23 a(i) = -ab;

24 end

25 end

26 %% Plotting the trajectory

27 plot (t,x0+ (xf-x0)*x, 'b-",t, (xf-x0) *v, 'r—"*, L, (xf-x0) *a, 'g-
24 I = legend('Sx(§)5", '$\dot{x}(t)

25 set(l,' i 4

30 grid or

3l xlabel({'Sts, ', 'Inter; r'

32 ylabel{'s$ 1(%) 8, [uni r

33 %% End

A

3

22 v (i)[FRNeR 98 Va %
23 ali) —_——
P
24 end ol
1
25 end
26 %% Plotting
21 plot(t,x0+(x
24 1 = legend('
2 et(i,'
jrid or
1 label (' '
32 label ('S > v Y ,I '
33 %% End
?4
3
|

And we can see how that will work. So, for that we are taking the parabolic blend. So now you
can see that v b and a b we have taken as 1 by 4 each. And in that case, you can see this. So, we
are taking into this consideration. So, now I am modifying the equation earlier we have written
that 1 modified into three segments, and then | am plotting it. So, in that sense, what we can do?

So, if we run this. So, you can feel it what exactly happening so, you can see.

So, this is the constant acceleration stage, and this is constant deceleration stage where the
velocity would be starting O to increase to maximum. Then the constant deceleration maximum

to 0 it comes. So, in the middle segment you can see that it is a straight line where the velocity is



constant. So, like that we can keep playing it. So now, this will give you much, much better

aspect. So now you want to increase to 2.
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5 ab = 1/4;
£ b = vh/ab;
1 = 04
| D=0; xf =5;
t = 0:0.01:t8;
190 8% Trajectory generation starts here
11 for i = 1l:lenqgth(t)
2 if t(i)<tbh
13 x(i) = 1/2%ab*t (1)72;
14 v(i) = ab*t(i);
15 a(i) = aby
I,t) elself t(i)« 'Zl'f-rk»)
& x(i) = 1/2%ab*tb*24vb*(t (i)-tb
|
4
TR
4 vh = 1/2; 1de BB 1
5 ab = 1/4; .
6~ th = vb/ab; i
1 tf = 5;
) X0 = 0; xf =
3 t = 0:0,01:¢
10 £% Trajector
11 for i = 1:le] [
12 if t(i)
13 x(1) :
14 11§ Q] IESRE—————
15 ali) = ab;
‘,i) elseif t(i)<{tf-tb)
‘1: (1) = 1/2*ab*tb*24vb* (L (1)-tb)

I say that is 5 second, but I want to increase to 2. So, what | am trying to make it this is 1 by 2.
So now | am keeping this way. So, in that sense, you can see the t b become 2 I will just check.
So, | did not try so I will just check. So now you can see like it is make it but now the
proposition is change. So now you can see like it is supposed to end with 5 but the proposition

has changed. So, we see here what we made.
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4 vb = 1/3

ab = 1/3
£ th vb/ab;

fe=5;

xD0 = 0; xf = 5;

5 t = 0:0.01:tf;

14 #% Trajectory generation starts here
11 for 1 = 1:length(t)
12 if t(i)<th
| x(1) = 1/2%ab*t(1)*2;
i? v(i) = ab*t(1);
|
4
T (YEe: L]
1 % Start 4o Q0E LY 3
2 clear all;cll
3 |
B vb = 1/3
an =
6 tbh = vb/ab;
tf = 5;
¥0 = 0; xf =
) t = 0:0.01:t
14 %% Trajector
11 for i = 1:lebhgswrer '
12 if t(i)<th
K| (i) = 1/2%ab*t (1)"2;
i? v(i) = ab*t(i);
|

So, this is modified into some consideration of v b. So, now in that case we are modify. So, that
is why | said this what you call parabolic blend is very difficult to make it because you have 3
equations, or you can say you have 4 equations and 3 unknowns it is very difficult to fulfill. So,
that is what the consideration it is. So, now, if | make it, this is the other way around. So, now |

modified this into a slight consideration.

So, now, you can see that this is still 1 but the velocity and acceleration is modified. So, now the
acceleration and this one is modified now, the position is shifted according to that. So, like that
you can make it. So, even when you wanted to do it a constant acceleration and deceleration.
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1 k% Start :
2 clear all;cle; close all;

3 th
4 vb = 1/3;

5 ab = 1/3:

6 th =ivb/ab;

- o =

3 ¥x0 = 0; xf = 5;

5 t = 0:0.01:t8;

14 %% Trajectory generation starts here
11 for 1 = 1:length(t)

12 if t(i)<th
;ﬁ x(i) = 1/2%ab*t(1)"2;

i vii) = ab*t(i);

1 S, e B e 1 b g e T 520 o - Ty ~— Rl % ey mans |9
10 &% Trajectory generation starts here %
11 for 1 = l:length(t)

12 if t({i)<tb

13 x(1) = 1/2%ab*t (1)"2;

14 V(i) = ab*t(i);

15 a(i) = ab;

L& elseif t(i)<(tf-th)

17 x(i) = 1/2*ab*tb*Z4vb* (t (1) -tb);

13 v(i) = vb;

19 a(i) = 0;

(1] ¢

2] %(1) = 1/2*ab*tb"24vb* (tf-2*t
i§ fl:? = vh-ab*(t (1)-(tf-tb)):
2 a(i) = -ab;

Then you can assume that you just assume that so, your what do you call this t f is still 5 but the t
b is 2.5 so, then you will get only two parabolic blend that make so which we call a constant
acceleration and deceleration. So, this we have seen already in the you can say lecture. So, now
this way we can play. So, | already said this is impose with some additional constraint.
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=0; xf = 3;

| x0 =

g t = 0:0,01:t8;
1 t% Trajectory generation starts here
11 for 1 = l:ilength{t]
12 if t(1)<th
13 (1) = 1/2*%ab*t (1)"2;
14 v(i) E ab*t(i);
15 a(i) = ab;
16 eleeif t(i)<{tf-th)
17 x(1) = 1/2%ab*th*"24vb* (Lt (i)-tb);
13 V(i) = vb;

4 a(i) =0;

s gLlse

u
1 tf = 5: Hadea dg Ly
8 0 =07 xf = ¢ —
t = 0:0.00:8 * £
10 %% Trajector =
11 for 1 = 1:le ;.
12 if t(i)ygan
13 x(i) *
14 vi) L
15 ali)
16 elgeif t . : :
17 X (1) O et oy Ty

8 v(i) = vb;

a(i) = 0;

e =

else

So, for example, I am putting this into 3. So, we can see whether that is following it you can see.
So, it is not exactly matching because you can see if you modified that step is varying.
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[ OO ©
7 tf = 5; ¢
;! 0 = 0; xf = 15

t = 0:0,01:tf;

1{ t% Trajectory generation starts here
11 for 1 = lilength{t]

12 if t(1)<tb
13 x(1) = 1/2%ab*t (1)"2;

14 V(i) = ab*t(i);

15 a(i) = ab;

16 plgeif t(i)<{tf-th)

17 x(1) = 1/2*%ab*tb*24vb* (L (i)-th);

13 v(i) = vb;

17“ a(i) = 0;

24 else

|

d
'7 tf = 5; ) de 8 4B LT = *

Yone
3 g0 =0; xf = u -
t =0:0,01:8 5 7

1{ t% Trajector 2
11- fori=1:le/%

12 if t{i)< %

13 x(i) * :

14 V(L) —

15 ali)
1€ elseif t 3
17 X (1) —ara—uu—vu-ervoyuvar—canry

14 v(i) = vb;

14 a(y) =0

l:fa) else . - s |
|

So, instead of that if | keep it this 1 is to 1 so, you will see that this would be following it. So,

now, you can see now. So, what is the proposition it is making? So, it is 1.3 or something
accordingly you have to make a proposition earlier we have seen it is so 1 by 2 each. So, in the
sense it is 0.5 and 0.5 which is equal to you call 1. So, now it is; you can say 0.67 plus 0.67. So

that way it is added.
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1 k% Start

2 clear all;cle; close all;
3 1] ry inputs, both time and other:
4 vD = 1/

5 ab = 1/3;

6 th = vb/ab;

1 tf = 5;

] x0 =0; xf =1;

9 t = 0:0.01;:tf;

14 %% Trajectory generation starts here
11 for 1 = 1l:lengthit)
12 if t(i)<th

t} X(i) = 1/2%ab*t(1)"2;
V(i) ab*t (1);

¥}
"~
&
£
’
<
E
o
-
.
o

f=
b |
|

Irajectory inputs, both time and others
vb = 1/2¢
/2
th = vb/ab;
tf = 5;
x0 =0; xf =1;

t = 0:0,01:tf;
%% Trajectory generation starts here
for 1 = 1l:lengthit)
if t(1)<th
(i) = 1/27ab*t (1)"2;

vii) = ab*t(i);

-~ o i &= e !
o
o
n

(==

e
R




1 g% Start 4923 LT
2 clear all;cl 2
3 :
B vb = 1/
5 ab = 1/2;
£ tbh = vb/ab;
=05
} = 0 xf =
9 t =0:0.01:t
14 8% Trajector
11 for 1 = 1l:lehygenm
12 1f t(1)<th
3 x(i) = 1/
13 vii) = ab*t(i);

So, what | mean to say so, for example, earlier case we have taken is 1 by 2, 1 by 2 which gives
you can say total addition is 1. So, but now here is 1 by 3 and 1 by 3. So, in that sense what
would be the x f, so x f would be like a 2 by 3. So that multiplication would come or the other

way around, you can make it so you can say this particular proposition you would be adding it.

So, that way we can see it. So, in the sense we can add that. So now we will keep it this as it is.
So, that proposition you are attached to like multiply. So that is why the parabolic blend is not so
common to most of us. So, because that you little a trickier one. So, now you can feel it this is

happening.
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4 vb = 1/2;

ab = 1/2;
€ tbh = vb/ab;

f=25;

x0 = 0; xf =2
| 0:0,01:tef;
14 %% Trajectory generation starts here
11 for 1 = 1:length(t)
12 if t(i)<th
K| X(i) = 1/27ab*t (1)"2;

i? vii) = ab*t(i);
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%% Start JUde A8 v

clear all;cll ¢ o

' o| [={1) ,A/
lrajectory Al

o ~ o

vb = 1/2; 3

ab = 1/2¢ L3

th = vbfab; | &0 ;

tf = 5; Vi 7

X0 = 0; xf = B
t =0:0,01:t
$% Trajector; i
for 1 = 1:1lehgsayer
if t(i)<tb
X(i) = 1/27ab*t(1)*2;

v(i) = ab*t(i);

So, now | just make it this. So, we can see it this will go to 4.
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k% Start

clear all;cle; close all;
Irajectory lnputs, both time and others

vb = 1/4;

ab = 1/4;

th = vb/ab;

tf = 5;

x0 = 0; xf = 2;

t = 0:0.01:tE;

%% Trajectory generation starts here

for 1 = l:lengthit
if t(i)<th
X(i) = 1/27ab*t(1)"2;
vii) = ab*t(i);
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1 8% Start Mo QAL
2 clear all;cll = - -,x”
: ra’je rit
4~ vb = 1/4; =2
5 ab = 1/4; 3
& th = vbfab; | =
7 tf =5;
3 x0D = 0; xf =
5 = 0:0.01:t
14 §% Trajector :
11 for i = 1:lebgsmywr '
12 if t(i)<th
K| X(1) = 1/2%ab*t (1)"2;
i v(i) = ab*t(i);

So, now if I make it this is 1 by 4 so, it will remain what you call that aspect you can see it is
remain to meter per second or you can say 2 meter. So, these are all what we want to say in a
parabolic blend. So, now whatever you are getting this is so, the addition of this, so, v b plusa b
whatever addition is coming so, that multiply with the twice so that much would be your

proposition.

(Refer Slide Time: 20:53)

BRI tToant e R e T e -y gy ~ Sy
22 V(i) = vb-ab*({t (i)-(tf-tb)); g
23 ali) = -ab;
24 nd
25 end
26 %% Plotting the trajectory
27 plot (t,x0+ (xf-xD)*x, 'b=",t, (xf-x0) *v, 'r—"*, &, (xf-x0) *a, "'g-
28 1 = legend('Sx(t)8*, '$\dot{x}(r)$', 'S\ddot(x)(r)§"):
25 set(l,'interpreter’,'latex','location’
30 grid on
3l xlabel('St$, [s}', 'Interpreter’
3 ylabel{'S\eta(t)$, [units]', 'Interprete:

%% End
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1 & Start >
2 clear all;cle; close all;

3 Irajectory lnputs, both time and others
B vb = 1/4;

5 ab = 1/4;

6 tb = vb/ab;

1 tf =5;

2 x0 = 0; xf = 2;

9 t = 0:0,01:tf;

14 %% Trajectory generation starts here

11 for 1 = 1:length{t)

12 if t(i)<th
; X(i) = 1/2%ab*t(1)"2;

b vii) = ab*t(i);
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k% Start
clear all;cle; close all;
lrajectory inputs, both time and others
vb = 1/2
ab = 1/4;
tb = vb/ab;
tf =5;
x0D =0; xf = 2;
9 t =0:0,01:tf;
14 %% Trajectory generation starts
11 for 1 = 1l:lengthit)
12 if t(i)<th

t§ X(1) = 1/2%ab*t (1)"2;
v(i) = ab*t(i);
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2 a(i) = -ak
24 end
25 end !
26 &% Plotting the trajectory
27- plot (t,x0# (xE-x0) *x/2, 'b-', 1, {xE-xD) *v, 'r—=' L, (x£-x0)*a, '
24 1 = legend('$x(t)§", 'S\dot{x}(t)S', 'S\ddotix)(t)$");
29 set (1, 'interpreter', 'latex',"location’, 'northwest ', 'Fontsi
Jjria on
31 xlabel{'Sts, ', 'Interpret
32 label('$\eta(t)$, funi y
33 k% End
34
9
{3
|
4
ETECTECE
T ausa aB LA
3 ali)
24 end i
25 end
26 %% Plotting
27 plot(t,x0+ (& 3 =',t, {xf-x0)*a, '
24 1 = legend(' " ; got[x)(L)S");
29 get (1, 'inter rthwest','
jrid
k3| xlabel{'5t§,
32 ylabel ('§\et .
33 k% End
34
£
e
|

So, in that sense, so, here whatever you are going to get so, that this x would be that many times.
So, now, if | say this, so, if | make it this is 1 by 2. So, then | can see that this would be so
divided by something like so 2. So, if it is 3 then it divided by you can say 2 by 3. So, it is in the
other way around, you have to multiply 3 by 2. So, that kind of cases all will come. So, that is
what we wanted to see. So, now | just run this and end this.

So, now you can see it. So, these all by experience only will come so that is why most of the
industrial manipulator they go with you call cubic polynomial or cycloidal or even you want to
control the acceleration they go for you can see the fifth order quintic one. So, with that, I am



ending this particular lecture. So, we will see in the next lecture, how we can generate the; you

can see manipulator trajectory.

So, for that we will take a simple example of to our serial manipulator, and we will see how the
joint space and task space schemes can be generated and realized in the MATLAB. So, with that,

see you and thank you. Bye.



