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Trajectory generation using MATLAB part 1

Welcome back to Mechanics and Control of Robotic Manipulator. So, far last class till now so,
what we have covered is basically like a trajectory generation. So, the trajectory can be generated
using several you can see generation schemes even there are several methods of generating in
robotic manipulator. So, this particular class we are going to see how we can generate a
trajectory by using different you can say polynomial function or cycloidal function or all. So,

that to like with the help of MATLAB we are trying to do.
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So, in that sense we are trying to see in this particular short lecture we are going to see third

order polynomial. So, where the cubic polynomial function as the trajectory generator and in that
we would be seeing additionally like with the via point even the via point we have seen like the
via point velocity specified or not how that can be. So, if that is the case, we will go to the you

can say scenario.
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The cubsic (third-ceder) polynomial function
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So, where the cubic polynomial function or the third order polynomial function will give the
displacement velocity and acceleration in this form. So, where you can see this is the
displacement and this is the velocity and acceleration. So, these all can be written in this way.



So, where t naught conventionally we assumed as to be 0 even the t naught is something. So, we

will add the t naught whenever there is a need.

So, in that sense, we will rewrite this equation if t naught is 0. So, we can rewrite this equation in
a matrix and vector form. So, where the; a naught al a2 a3 are unknown. So, the initial you can
say and final conditions both displacement and velocity all are known to us. So, in the sense
these are known input, and these are unknown and these are the coefficient again in the

coefficient matrix are known which would be function of tf or the constants.

So, now once you know this all. So, what we can do we can write a MATLAB code and we try
to generate and then we can try to generate whatever we have written as the cubic or third order

polynomial function and try to see whatever we have seen in the lecture is following or not.
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% Start
clear all;clc; close all;
% Trajectory inputs, both time and others
t.f =5, } final time for the trajectory
t = 0;0,01:t_1; % time span
% Trjectory boundary conditiens (known)
X0 = 0; x_f=b;
2 0_dot=-1; x_f _dot=1;
L Coefficient matrix, A
A={1,0,0,0;
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The cubic (third-ceder) polynomial function
M(t) =a + ay(t - to) +a(t - ) +ay(t - to)’
X(t) =ay + 2m(t - t) + 3m(t - 1p)° (1)
x(t) =2a + ba(t - )
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So, for that we are writing the MATLAB code. So, we know like the initial is straightforward

syntax. So, they clear all you can say clear the command history or close all these are standard
because we are going to run you can say figure windows and all so, better we need to close. So,
then you can see that the trajectory inputs we need to view where the trajectory inputs are 1 is the

finite time and we always assume that t naught is 0 in this case.

So, then the timespan which start from t naught to t the t naught we assumed as 0. So, this is
what the trajectory input of the time. So, further you know like x of 0 and x of t f and the x dot of
t 0 and x dot of t f all are given. So, now these all we assumed to be known. So, now these are
actually given and assumed to be known. Then we can write the coefficient matrix what we

derived here. So, that coefficient matrix we have written here.

So, now what else we need to like talk about what is the; you can say this known value that I will
write as a b vector and this | am going to call us t ¢ vector. So, in the sense trajectory coefficient

vector.
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*% known inputs
b= [x0; x0dot ; x.t ;x_{ dot;];

%% Trajectory coeaficients

tc = inv{A)*b;
*% Trajectory gemeration starts here
for 1 = 1:length(t)

x(8) = [1,0(4),8(8)72,t(4) 3] ete;
wWi) = [0,1,2¢8(4),35t(1) 2] otc;
a(y) = [0,0,2,69t(1)]9te;

end} ends here

)

So, now in that sense you can see like this is the known input which is written as a b mat you can
say b vector. So, which is initial you can say position initial velocity final position and final
velocity which we have written in the standard syntax.

So, after that the trajectory coefficient can be found. So, there is a f is missing so, like this is co f
itis f is double. So, anyhow it is comment it is not a problem. Then that trajectory coefficient can
be taken in this form. So, once that is done. So, then you can see like x x dot and x double dot
written in this way. So, here | do not want to write x dot x double dot | have written X is position
v is the velocity and a is the acceleration. So, this is what the equation which we obtain. So, once

these all done. So, what we can do?
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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)$’, '$\ddot{x}(t)$");

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

xlabel ('$t8, [s]', 'Interpreter’, 'latex’,'FontSize', 16)
ylabel('$\eta(t)$, [unita]’, 'Interpreter’, 'latex’, 'FontSize', 15) 4
Wi End

¥

We can a plot the trajectory. So, where we can see the X trajectory v trajectory a trajectory we

can plot and then see it. So, in that sense, we can go to the MATLAB and try to see how this can
be done.
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k% Start ?
clear all;cle; close all;
Trajectory linputs, both time and others
_f = 5 final time for the traject
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x 0 =0; x f=5;

x_f _dot=1;"x 0_dot=-1;
§% Coefficient matrix, A
A=[1,0,0, 0
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7 X0 =0;x £=5
3 % f dot=1; x 0 dot=-1;
9 %% Coefficient matrix, A
10 A=[1,0,0, 0
11 043 0,
12  SPPS) v ARV 8 o ST
13 0,0 ,2% £, 3+ £2;];
14 %% known inputs
15- bf [x 0 x 0 dot ; x £ ;x T dot;];
16 §% Trajectory coeeficients
17 tc = inv(A) *b;
%% Trajectory generation starts here
for 1 = 1:length(t)
x(1) = [1,t(i), ()2, £(1)*3]*t
2N wii) = (0. 1,24 (i) . 3% 1§12

UL




13 0,50 2% %, 3*t £222);

14 %% known inputs

15 b=[x0; x0dot ; x T ;xf dot;};

L6 t% Trajectory coeeficients

17 = inv(A) *b;

18 t% Trajectory generation starts here

1 for 1 = l:length(t)

20 (1) = [1,t(1),6(i)"2,L(1)"3]*te;
21 v(ii) = [0,1,2*t(1),3*c (i} 2] tey
22 ali) = [0,0,2,6%C(1)}*te;

23 end

24 %% Plotting the trajectory

%f plot (t,x, 'b-',T,v,"r--',t,a,"'g~-.

32 1= legend('Sx(t)$", 'S\dot{x}{t}s

13 0,50 ,2%-F, 3% T221):

14 %% known inputs

15 b=[x0; x0dot ; x f;xf dot;};

L6 t% Trajectory coeeficients

17 = inv(A) *b;

18 t% Trajectory generation starts here

19 for 1 = l:length(t)

20 X(1) = [1,t(f),v(L)"2,t(%)"3]*te;
21 vit) = [0,1,2%t (%), 3t (i} 2] *tey
22 a(i) = [0,0,2,6*t{i) ] te;

23 end nds |

24 %% Plottingthe trajectory

;; plot (t,x,'b-',t,v,'r—",¢t,a,'g-."

§2 I = legend('$x(t)$", 'S\dot{x}(t}s

'

So, for that I am opening the MATLAB. So, you can see like this is what we have written. So,
the initial position is you can see instead of giving theta naught and theta you can say the case.
So, I will just check that. So, So, cubic sample. So, we can see that instead of giving that we are
giving the x naught and x f and x f dot and x naught dot as given. So, these all standard. So, the
only thing is we can make it.

So, now we are taking this b and then t ¢ we have done and this matrix whatever we have
obtained this a from there you can see this is what the time base. So, now this we can convert
into t of i. So, that is what the relation and this way we can write velocity and acceleration and
we can a plot in this way. So, in that sense if | run this code.
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i x f dot=1; x 0 dot=-1;
9 %% Coefficient matrix, A
1¢ A=[1,0,0,
11 0,1,0,0;
12  SRPN Al AP <) & SR o i
0,0 ;- 2¢:F, 3% 12:;
14 §% known inputs
z.‘) b=[x0: x0dot ; x £ ;xfdots);
[€ §% Trajectory coeeficients
|
4
T 7 RPN -
= RN T Bausa 3 .
g
q = 5 prr
5 t = §:0.01:t '
i
€

D=0 v §
] x f dot=1; X

g t% Coefficie

"' :[. ’ ’

11 ) 41,

12 SN Il » :

13 0,0 ; 2% TTe ST L 2T

14 §% known inputs

t§ b=[x0:x0dot ; x T ;xf dot:}];
[€ #% Trajectory coeeficients

|

So, we can see like it is starting from you can say 0 and it goes 5 and the velocity is starting from
you can see like a minus 1 to end with 1 units. So, the total finite time is which start from 0 to 5.
So, we can see all those things in the MATLAB you can see running. So, | have run this, and you
can see like and now there are three things. So, you can see like this is the x. So, x of time this is

actual time versus the eta of t eta of can be written as x x dot and x double dot.

So, now, you can see the blue curve is x. So, x of t is very from 0 to 5 in a cubic polynomial
form. So, this curve is very bent because there is a nonzero initial velocity which is minus 1 you

can say units So, that is why it is going in that curve manner. Similarly, the acceleration you can



see like acceleration we do not have control, but the acceleration is finite at the initial and as well

as finite at the end in the sense constant acceleration and deceleration in the initial and final. That

way we can see in the sense nonzero initial and final acceleration. So, now in order to get the

more clarity.
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] z“f_dot=ﬂ: x 0 dot=0;

g %% Coefficient matrix, A
19 v =[1,0, » O
11 PR ' H
12  BEPAR b B oY ST R WX |
13 0,0, 2¢ £, 3*t £42;};
14 §% known inputs
¥ b = X0 dot ; x f ;x £ dot:];

[€ %% Trajectory coeeficients
|
4
T i T UK
3 'ra deRAB LG
4 f=15; ; B
§- t = 0:0.01:t :
£
7 x 0=0; xf§
§- x_f dot=0; X -
9 %% Coefficie
14 A=[1,10,
11 0,1 4
12 oot f ‘
13 0,0, 27CT, 39 r‘i:f;
14 %% known inputs
73 b=[x0: x0dot ; x T ;xfdot:];

[e 4% Trajectory coeeficients

So, for example, | am just making the initial and final velocities are 0 just for understanding. So,

you can see like now, the curve would be a little different. You can see like it is smooth, and

again you can see the maximum velocity is happening at the middle which is 2.5 here and the

acceleration is actually 0 at that point. So, that way we can look at. Now, the curve is you can see



it is going much more smooth, the other one is look like a non-minimum phase system

not want to bring that unnecessarily complicated term. So, this is what the idea.
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4 tf=2
g t=10
L

7 0 = f=
i x T dot=0; x 0 dot=0;
9 %% Coefficient matrix, A
19 A=[1,0,0,0;
11 0071 750508
12 G R PR 40 s/ SR R v ©
13 0,0 ; 2% £, 3*¢ £22:};
14 %% known inputs
k§ b =[x O dot 7 x £ ;x  dotif;
[e &% Trajectory coeeficients
|
4
2 enasy .:;.;;'-v‘: pts o A =
1 \
4 t £f=2 f
5~ t = 0:0.00:t
3 =%
1- D= f
;| x f dgr=G:rx =
g %% Ceefficie
0~ A=[1,0, i
11 0:7:1 4 a
12 SR AR |
13 0,0, 29T, 3% '2;T;
14 %% known inputs
ka b=[x0:x0dot ; x T ;xfdoti];
[e %% Trajectory coeeficients
|

.So, I do

So, now even if | change the time you can see that | am just giving only t f is 2. So, now you can

see like it is compressed. So, now the concept you can see it is modified within 2 seconds it is

starting from 0 to 5 it is maintained. But the correspondingly you can see the acceleration

increased because you have reduced the timespan and the velocity also, like increase now it is

approximately 4 units that what you can see approximately.
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4- t £f=10; final timeé for the trajectory

5 t =0:0.01:t £;

3 tory boundary conditions (xnown)

"Y,

x 0= 0; x_f=5;

4 x_f dot=0; x 0 dot=0;

9 %% Coefficient matrix, A

14 A=[1,0,0,0

11 [+ STy BPR IS [

12 BV AL RPHR o v S ok X ¥

13 0,0, 2% £, 3*t_£2;1;

14 &% known inputs

;9 b=[x0:x0dot ; x f;xf dot:};
[e &% Trajectory coeeficients

|k I—
-

s R Thadea dBLY v
3 1]1eCT =
- ¢t f=10; 5 N
5 t = 0:0.01:¢ 2
[ tory
- x0=10; x fi é y
g x_f dot=0; xi 2
9 %% Coefficie
: 2 X
10 A=[1,0, { 3
11 041
12 1 o t_f S S
13 050 ;2902 Y
14 &% known inputs
B b=Ix0;x0dot;xf;xfdoti;
[e &% Trajectory coeeficients
|

So, now you can even do it to probably higher, then you can see that the acceleration and
velocity would be getting decreased. However, 0 to 5 you can see it. So, these are all variations

you can try.
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S~ t=0:0.01:t f

£ L 1 | nl
1- x 0= 2; x £=5;

3 x_f dot=0; ‘x_l.'v_-JurﬂJ;

9 t% Coefficient matrix, A

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

11 0,1,0,0;

12 SR AN RPHR G5 & SPTE G X T

13 0,0, 2% £, 3% £%2;];

14 &% known inputs

H) b=1[x0:x0dot ; x T ;xf dotif;
lre &% Trajectory coeeficients

d

] ra 3 deR 4B LT

4 tf=5 81 P 2
5-  t = 0:0.00:t

£ actory 3

- %0=2;x1583 e

| x f dot=0; x

9 %% Coefficie

14 A=[1,0,

11 041 ¢

12 -t £ ' ‘
13 0,0 ; 20T, vt f‘?l.:f:

14 &% known inputs

ﬂ) b=[x0: x0dot ; x T ;xfdot:j;
lrr %% Trajectory coeeficients

So, instead of this if I to try to give you for example, this is starting from 2. So, and | am making
it this is 5 second. So, even you can feel it. It is starting from 2 and it end at 5. So, now you can
see how the velocity and acceleration is going on. So, now you can see like obviously there is no

control over the acceleration only maximum you can do the velocity.
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af s e

4 = 5;
5 t =0:0.01:t f
b t i {
I x 0=2; x £=5;
i x f dot=0.1; x D dot=l;
9 %% Coefficient matrix, A
10 A=[1,0,0,0
11 87471 y 07
12  CEFA A RPHR 4 Cov SR < v 1
13 0,0, 2¢ £, 3*t £°2;};
14 &% known inputs
75 b=[x0:x0dot ; x f;xfdoti];
Irr &% Trajectory coeeficients
P
ETETEC
3 : de Qa8 uH
q tf=5 P
5 t = 0:0.01:t i
3
7- 0=2;x fi'3
4 % f dot=0.1; ¢
g %% Coefficie
14 A=[1,0,
11 0041
12  SEN : ¢
13 0,0, 29T, 3% °2;T;
14 &% known inputs
?:) b=1[x0: x0dot ; x £ ;xf dotif;
[e %% Trajectory coeeficients

For example, now this is 0.1 when it started and the end of it, | wanted 1 meter or you can say 1
unit. So, now | am trying to rotate sorry I am trying to run you can see like it is starting from you
can see final is 0.1 and the initial is you can see something around what you call z 1. So, that is
what it is trying to happen. So, now this all happening. So, now you can see like it is starting
from 1 and it is a move to 1.1 because. So, you have a starting from 2 to 5. So, that is the case.
So, you can get it.
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J I'ra n ! 1 !
q tf=5

g 'N: 0:0.01:t £

6 I'r tor b nei ( n
7 x 0=2; x £=5;

8 x_f dot=0; x 0 dot=0;

9 %% Coefficient matrix, A
19 A=[1,0,0,0;
11 00,41 50,0
12 BN ) RPHR 453 & BT G VX
13 0,0, 2t £, 3t £°2;1;
14 &% known inputs
t§ b=[x0: x0dot ; x T ;xfdot;};

lrt %% Trajectory coeeficients
a
: aptopy T4e A ELD .
&= tf=5 ) |
5 t = 0:0.01:t N
b rectory
- x0=2;x 03
8- % fdot=0; ¥ =
9 %% Coefficie
14 A=[1,0,
11 001 ;
12 1,0t f ' e ¢
13 0,0, 2% Y, S CI"2;1;
14 %% known inputs
B b=Ix0;x0dot;xfixfdoti];
[e %% Trajectory coeeficients

So, now in order to make it clear. So, I will just make it this 0 and this is also 0. So, now you can
see it is much more smoother than the earlier. This is what one such. So, you can see it this all.
So, now we will go back to what you call the MATLAB before that | will just open it.
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842 . O SUNE
1 %% Start
2 clear all;clc; close all;
4 To= 23
14 e — Ly-
f 24
L # = || J
|
|
= {);
2 = ¥
14 =37
11 f dot=0;
12 % 0 dot=0;
X %% Coefficient matrix, A

1] | N ] N

W
} A=[1,0,0, r VW Uy U, WG
15

So, what is called a cubic. These all just better open. So, that it would be easy for us to come
back.
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The cubic (third-ceder) polynomial function with via point In
this case, the trajectory has two segments
or t =ty to L,
{4y — . \ ‘ \2 3
xit) =d+a{t - )+t - L)+t~

() =a % 2t - 1) + 3a3(t - tg)° (3)

x(2) =2a +6ay(t — 1)

Fort=t¢t,toty
x(t) =by + by(t = ¢,) 4 bolt = ,)° + Byt
X(t) =by + banlt - 1) + bas(t - &,)°
X(t) =bay + bay(t - t,)

So, now | am actually going back to the slide. So, you can see like, the second thing is what we
are trying to cover is cubic trajectories with via point. So, in the sense it is a segment. So, for
understanding here | have taken only 2 segments in the sense there is a via point which will
denote correspondingly the time is t v. So, the profile or the trajectory start from t 0 to t v which

is the first segment then the t v to t f is the second segment.



So, in that case so that trajectory can be written in this form. This is the first segment and the
second segment. Now, there are two cases can come. So, where the; you can say via point
velocity is specified. So, then it would be giving 8 equation and 8 unknowns. So, invariantly we
can consider each segment separately because the final velocity of the first segment would be the
initial velocity of the second segment. However, there would be a slight transition happening

between you can say acceleration that is what we have seen in the lecture.
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Case 1. The cubic (third-order) polynomal function wath via
pomnt's velocity specified
The general situation, where £ =0

1 0 0 0 i
01 0 0 al %
| S ¥ t? t? 3
0 1 2, it 3
1 0 0 0 by
0 1 0 0

So, in that sense of 1 is with the specification the via point velocity is specified however we
assume that t naught is 0. So, in that case, the equation will give 8 equations. So, | assume that
the first segment is a naught to a 3 as the coefficient, the second segment start from b naught to b
3. So, you can see like the x v and x v dot. So, these 2 are the second segment initial and initial

position and velocity.

So, in the sense that invariantly it is going to you 6 valid equations. But that 6 valid equations we
can make it as 8 valid equation with 8 unknowns. So, in that sense, we can calculate this. So,

based on this what one can look at it.
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%% Start
clear all;clc; close all

% Trajectory inputs, both time and others
t.v =¥ ) time for first segnent

t.f = 5; ) final time for the trajectory
t=0:0,01:t 1, % time span

% Trjectory boundary conditions (known)

x.0=0;
xve2;
xt =5;
%0 _dot=0;

; x. v dot=1;
)x_t_uo:-G;

So, the code we can rewrite. So, now, we are writing this via point. So, this we have brought it
So, via point, you can say position and velocity we have added further than the other one. So,
now the via point time also we have given. So, these are the changes which we made from the

existing code.
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¥ Coefficient matrix, A

A=[1 ,0,0,0,0,0,0,0;
0 3020 0 00 a0
 EVSEL S0 a5 % e S A J e A ¢ IR IO «
0,0,2% vy, 3% y2,0,0,0,0
0550050 505 gl el
0500057052070 115050
00,050, 1 (td=t vl , (t. 1=t v)TQ , (t.t-t_v)"]
0,0,0,0,0,1, 29(2_1-t_v) , Je(v_f-t.v)"2 ;];

%4 Znown inputs
b= [x.0; x.0.dot ; x

W% Trajectory coeeficients

tc = fnv{A)*b;

And then the coefficient matrix earlier we have seen it is only 4 cross 4. But in this case, | am
trying to make it to everything in a single segment. So, it is going to be 8 cross 8. So, further the

b vector would be again 8 cross 1. So, that we have added, and we are calculating the coefficient.

v oax v dot; x.v ;

x. v dot;x.f ; x fef




Now, the first 4 coefficient would be equivalent to what you call the first segment you can say

fifth the term to eighth term would be related to second segment.
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*% Trajectory gemeration starts here
for 1 = 1:length(t)
if (i)t v
x(1) = [1,608),8(4)72,8(1) 3] otc(1:4);
v(1) = [0,1,2%¢(1),3t(1) "2l stc(1:4);
a(l) = [0,0,2,6%t(1))erc(1:4);
olse 4
() = [1,(e0)=t v), (e{i)=t v) 2, (x{1)-t v) 3]stc(5:8)
w(1) = [0,1,2%(2{1)-t_v),3*(e{1)~t_v) 2] stc(5:8);
a(l) = [0,0,2,60(t{1)-t_v)]erc(5:8);
end
end
)X ends here

So, that is what you can see the first segment is up to t v, the second segment is after t v till t .
So, the coefficient is 1 to 4 for the first one and 5 to 8 for the second one. So, the remaining all

are same. So, the plotting functions and all same.

(Refer Slide Time: 13:12)

TR
1 8% Start
2 ciedr aii;C 1 ' 1 1lly
3 4
S
5 tf=25
€ = o Uit I

Xxv=2; x f=5;

=0; x 0 dot=0; x v dot=1;

140 §% Coefficient matrix, A
L1 A=[1,70, ' ' r Vo
12 0,1, ) e 0,0,
13 t t
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10 8% Coefficient matrix, A o
11- A=[1,0,0,0,0,0,0,0

12 0,1,0,0,0,0,0,0;

13 l1,tv,tv2,tv3,0,0,0,0;

14 0,0,2%tv, 3*tv?2,0,0,0,0:

15 O a0 220 e s 0 By

16 0450 10 2785 005 Yu 0507

17 0,0,0,0,L, (tftvl, (t_ftv)2 -t_v
18 0,0,0,0,0,1, 2%t ftwv, 3% A2 1]

19 %% known inputs
20 b=[x0; x0dot ; x v ;xvdot; xv;xvd
21 %% Trajectory coeeficients

i? te = inviA) *b;
a k% Trajectory generation starts here

U | A bttt atoe Sontde 24 0 y
13 1, tv,tv2,tvd,0,0,0,0; 4
14 0,0, 2%v, 3*tv2,0,0,0,0;

15 0,0,0,0,1,0,0,0;

16 0,0,0,0,0,1,0,0;

17 0,0,0,0,1, (tEtv), (tE-tv2, (titv
18 0,0,0,0,0,1, 2%t ftv), ¥ t_f-tv;]

19 £% known inputs
20 b= [x 07 x0dat ; x v ixvdot; x v ; x v dotg

21 §% Trajectory coeeficients
22 te = invi(A) ‘b
2l %% Trajectory generation starts here

24 for 1 = 1l:length(t)

;3 if t(i)<t v
3 x(i) = (l,t‘i)rr'i>A21t(l'A:‘]'["
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22 te = invi(A) *b; o
23 %% Trajectory generation starts here

24 for 1 = l:length{t)

25 if t(i)<t v

26 (1) = (1, t(i), i)z, t(i)*3)tcil:d);

21 vii) = [0,1,2°¢(i),3%4i) 32 *teilsd);

29 a(i) = [0,0,2,6*cli)]‘te(l:4);

25 elge

30 (L) = [1, (t(i)-t v}, (LLi)-t v) 2, (E(] *3]*te
31 v(i) = [0,1,2%(t(L)-t_v),3*(t(i)-t_v) :8);
32 a(f) = [0,0,2,6%(t(i)-t_v)]*tc(5:8);

33 end

i} end’ ends hers
t% Plotting the trajectory

pL__ =

(s (Raioaribatkie ke "
28 ali) = (0,0,2,6%¢ (1)) te(Lid); %
29 plse

30 (1) = [1,(E{i)-t v}, (£(1)-t v)*2, (E{i)-t_v)*3]*te
31 v(i) = [0,1,2*(t{L)-t_v),3*(t(L)-t_v)*2]*sc(5:8);

32 afi) = [(0,0,2,6%(t{i)-t_v)]*tc(5:8);

33 end

34 endl ends here

35 %% Plotting the trajectory

36 plot(t,x,'b-',t,;v,'r—",t,a,"9-.", 'linewidth'
3 1 = legend ('$x(t)$', '$\dot{x}{t)s', '$\ddot|

38- set(l, 'interpreter', ‘latex', 'location’', 'n

38 grid on 2
??- xlabel{'§t$, [8])', 'Interpreter', 'latex", 'F@

» \

¢ ylabel{'§\eta(t)$, [units]', 'Interpreter
|.
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26 K4 = (L), 02t ()" ]-

27 vii) = [0,1,2*t(1),3*t (i} 2] *tcil:4)
24 a(i) = [(0,0,2,6%t{1)]*tc(L:4);
" {

! (1) = [1,(c{idet v}, (L(3)-t V)2, (C{1}-t v)*3]*tc
31 v(i) = [0,1,2* (t(i)-t v),3*(L(1)-t v)"2}*tc(5:8);

32 a(i) = [0,0,2,6%(L(i)-t _v)|*tc(5:8);

end
34 end
35 6% Plotting the trajectory
36 plot (t,x,'b-',t,v,'r—",t,a,'
l;? 1 = legend('$x(t)$', 'S\dot|x}{t}s
3 set (1, 'interpreter', 'latex', '
|

eida . CUNY
= v e . -
o
30 x(x) = [1, ll {t(i)-t v)A2, (£{i)-t v}"3]*tc
31 v(i) = (0,1,2¢ (t{i)-t v),3*(t(i)-t ';l"i"'r.‘l.,n..‘)
32 a(i) = [0,0,2,6*(t{1)-t v)]*tc(5:8);
end
34 end !
35 %% Plotting the trajectory
36 plot(t,x,'b-',t,v, 'r--',t,a,"'g-.", 'linewidth
37 1 = legend('$x(t)$", 'S\dot{x}{t}ts', 'S\d
38 get(l, 'interpreter', ‘latex*, ' '
35 grid on
40 xlabel ('$t§, |a]', 'Interpreter’, 'latex’, 'Foy

ﬂ) ylabel{'$\eta(t)$, [units]', 'Interpreter’',
§2 %% End
|

——

So, now, in that case so, we will take the velocity specified. So, we can see this is the function
which we have written in the even slide. So, you can see now the via point you can say given.
So, in that sense the via point time or you can say when the first segment supposed to be end. So,
that point is given, and the second segment is end 5 second from 0. So, then you can see like we

have added the via point position and via point velocity.

So, here | just want to give you can say nonzero velocity you can see how it comes. So, after that
you can see like this is the coefficient a matrix which we have shown in the slide, and thisisa b
vector. So, which is again we have written and the coefficient we have calculated. And now, you



can see the first segment is coefficient of a 0 to a 3 which is t ¢ 1 to 4 and the second segment is
bOtob3whichistc5to8.

So, here the second segment start from t v till t f. So, that is why the t f of i minus t v would be
equivalent of that second segment. So, indirectly you can see this is first segment separately we
have taken a cubic polynomial and the second segment again another cubic polynomial and we
stitch that is what we are done. So, in that sense if we run this code so, you can get clear so, we

will run this.

(Refer Slide Time: 14:40)

So, it starts from you can say 0 and 5, but there is a via point. So, you can see like this is with
velocity specified. So, where the velocity is specified to 1 meter per second for example, if we
consider as position linear position this is equal into 1 meter per second. So, the correspondingly
it moved 2 meter and the second segment it is moved next 3 meter. So, the velocity is modified.
So, initial and final velocity we have given 0 you can see like there is a jump in the velocity

however, it is smooth.

But if you look at the acceleration it is sudden you can say jerk in this sense it is non smooth. So,
the first segment end with acceleration is somewhere here and the second segment the
acceleration starts from here. So, this is unexpected that is why we said it is non smooth. If your
actuator is capable enough then we can go with this otherwise we have to go for something like

with the no velocity specified.
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B v = 3 ’
3 f=5;
C t =y Uit
|
x 0=10; xv=2; xIf=5;
g ¥ T dot=0; % 0 dot=0; x v dot=0
10 §% Coefficient matrix, A
L ;1:[;!“’:" P NP PR L
12 0 ,:1 ;0 ; ,0,0,0,
% 1l it vyt e X
f\J 0,0, 2% v, 3* % g
|
2
1 &% Start detd =
2 clear all;cl
P
;l 3
'
4 s
5 J = -
5 f= b
c = (:0.01;:¢ Bamdne=
3 x0=0; xv
5 x f dot=0; x
10 4% Coefficiel
)| ) I
11 A =[1,0 , prvrmpovrrvyh
12 02l 410500, 00, B
| ot ; o,
’AJ | PR ) , t 2

So, even just for iteration we can modify. For example, this via is | modified to 3 and the
velocity at the via point is | put it 0.1 and the via point is only 1 just I am giving an idea. So, in
the sense first you can say 3 second it moved only 1 meter distance and the next 2 second it
moved up to like 4 meter it is quite unrealistic still we can see how it goes you can see the

velocity, or you can say the cubic polynomial it is fast 3 second it is a cubic very smooth.

Then it is another smooth the velocity also like going like this and then going however, the
acceleration you can see it is very small, but suddenly jerked because you have given the second

profile. So, now even for more realistic.



(Refer Slide Time: 16:36)

T T
o

i s Syt | W 9} s P RS ¥ S g A 1) T § Ubo-eis 1 Smstighe €13
1 &% Start
2 clear all;cle; close all;
| { oth
Bl tv=3; time for first seams
5 t =23} r tl
3 t = 0:0.01:t £;
1 (known)
3 X 0=10;xv=23 x f=5;
5 x f dot=0; x 0 dot=0; x v dot=
14 %% Coefficient matrix, A
11 A= ,0,0,0,0,0,¢0,
12 051 5i00510:0.0, B 05,
;d L ot Vi T2, t 3t
I‘
d
¢~ gy e e ‘e
1 k% Start 1deQIE WG
2 clear all;cll s
nh s
3 #N)
h
4 fA"i = 3;
5= tf=5; ; .
6~ t =0:0.01:t 3
1
a X 0=0;xWv
5 X I dot=0; X
14 §% Coefficiel 1 r
11 =11 ,.00 Koy
12 01,0400, 0,0
| 1 2t ¥ Catdl it wAS
i - — —
i 00450 2% ¥y 3t VA2

So, I am just putting it this is a 3. And now again | am running this. So, now you can see that this
would be giving. So, little different you can see like this giving the segment very explicitly

visible. So, this is what we call with via point that to like via point velocity is specified.



(Refer Slide Time: 17:03)

Case 22 The cubic (third-order) polynomial function with via

poent's velooty not specihed +
X =N
4 =N
a +ay(ty - o)+ alt, - ) + at - )’
by =x,
: : (6)
by+=bylte =)+ byltr — )" + oaltr — 1, )7 =xy

by + .’L‘_‘l:f,- ty)+ 3ty -t |'y Xy

o+ 2t - 1) + Jay(t, — 1 by

2@ +6ast, - fp) =2b;

So, now coming back to the slide where the via point velocity is not specified what would be the
scenario. So, in that case so this would be having 3 you can say consideration. Where you can
see like x naught would be given x dot naught would be given which is initial position and
velocity and via point a position only would be known final you can say position and velocity

will be obtainable.

So, from that you will get a 6 equation. But the three you can say consideration which is
involved as indirect mode the b naught equal to x v it just straightforward. However, the b 1 and
b 2 we need to calculate for that what we take the first segment final velocity would be
equivalent to the second segment initial velocity in that case if we assume that the second
segment is going to give initial velocity, we start from 0 and the first one is end with the t v.

So, then you can see like you will end up with the equation like this. So, now this equation is
added. Similarly, the first segment final acceleration equal to the second segment you can say
initial acceleration then the 2 b 2 can be equate like this. So, now what happened the earlier

equation is modified. So, now still 8 unknowns and 8 equations.



(Refer Slide Time: 18:25)

Case 2. The cubic (third-order) polynomial function with via
pomt’s velocity not specified
The general situation, where & = 0

100 00 0 0
010 00 0 0
Lot g0 0 0
00 0 01 0 0
00 0 0 1 (tr=t) (tr=2) (b
Do o 00D 1 Ate =) 3ty
01 2, 320 1 0
00 2 6,0 0 )

—

So, we can bring this a matrix slightly modified. So, in this case the via point velocity is not

specified we have chosen based on the smoothness of the acceleration.

(Refer Slide Time: 18:38)
e —— e

4
clear alljclc; close all;
% Trajectory inputs, both time and others
t.v =2; ) tize for first segnent
t.f =5 ) final time for the trajectory
t=0:0,1:t 1; % time span
% Trjectory boundary conditions (known)
2.0=10;
Ve 2
x_I=5;
x.f_dot=0;
%.0_dot=0;
V)

-

So, in that sense what we have done so, these all not changed. So, only thing the via point

velocity we have removed from this.



(Refer Slide Time: 18:46)

% Coefficient matrix, A

A=1,0,0,0,0,0,0,0
0,1,0,0,0,0,0,0;
1,t% ,tv2,t93,0,0,0,0
0,0,0,0,1,0,0,0;
8,0,0,0,1, (tt=t.y) , (t.1~t v)°2 , (t f-t v)"3
0,0,0,0,0,1, 20(t.0-ty) , (e t-t_v)2
0,1 ,2¢t v, 3%tv2,0,-1,0,0;

0,06,2,6tyv,0,0,~-2,0]
%4 Znown inputs
b= [x.0; x.0.dot ; x.v; %.v;xf; x.fdot ;0 ;0];
. W% Trajectory coseficients
e = tnv(A)*b;

And this A matrix modified, and the remaining things are all same. So, now, these are all same.

So, now in that case we can actually go to the MATLAB window.

(Refer Slide Time: 18:58)

4 t v 2;

14 » - L

t € = UV W

[ ]
| ¥ ] = M
¥ i}

1] X = ;
11 x f dot=0;
12 % 0 dot=0;
| %% Coefficient matrix, A
1 S| ae n \ A
A R=ld VN, r VU, U, U,
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13
14
15
16

-
“w 5 -3
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=
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&% Coefficient matrix, A

A=[1,0,0
0,1,0

L By
0,0,0

, 0,0
0;0,0

0 72

T e T Y —-——ei e

+

0,0
0,0
YR
0,1
0 1
0,0
Wi 3

0,0,2, 6ty

%% known inputs

b=[x0; x0dot ; xv;xvy:xfsixfdot
%% Trajectory coeeficients

te = inv(A) *b;

k% Trajectory generation starts here

, 0,0, 0;
lrllufol
t v, 0,0,0,0;

¢ 0, 0,0
y (E f-t vp, (t f-twv)*2, (vt f-tv

0, L, 2%(t_f-t.v) , 3%(t_f-t v)"2 ;

St wA2 ,0,-1,0,0;

’
rorﬂv'zrol;

l.
s kaiirinesate S A 1 "
19 0,0,0,0,0,1, 2%t f-tv) , 3%t f-t ©) 2 ; ~
20 Qv 3 2N, N2, 00 <L, 90,000
21 0,0,2,6¢v,0,0,-2,0];
22 %% known inputs
23 b=[x0: x 0dot ¢ x v;xvixf;xfdot;00);
24 k% Trajectoky coeeficients
25 te = inv(A) *b;
26 t% Trajectory generation starts here
27 for 1 = 1:length{t)
28 if t(i)<t v
29 x(1) = [1,v(1),v(i)*2,t(1)*3]*te(l:4)]
30 V(i) = [0,1,2*t (1), 3*t (i) 2] *te(l:4)
5 a(i) = [0,0,2,6°t(1))*te(L:4); !
g:, else ) 2 )




25 tc = inv(A) *b; g
26 %% Trajectory generation starts here
27 for 1 = 1:length{t)
28 if t(i)<t v
) (1) = [L,t(d),t(i)n2,t(i) 3] tc(l:d);
vii) = [0,1,2*t(1),3*C{1) 2] *toilsd);
3l a(r) = [0,0,2,6*t{1)]'tc(i:4);
3 X(L) = [1,(t{1)=-t v),(t(i)-t w)" 2, (t¢
34 vii) = [0,1,2%(t(1)-t v),3*%(
35 ali) = [0,0,2,6%(t(1)-t v)|*t
f end
37 end
‘2
&
|

So, then you can find it so, this is what the no velocity specified. So, you can see like now the
velocity is not specified for the via point. So, now, A matrix is calculated based on this. So, then
the b vector and the trajectory coefficients are actually calculated in this manner. And then we
can end up with so, these all. So, now if we run the same thing what we have seen earlier case.
So, we say that the final velocity is 0 initial velocity also 0 and it is the middle point is 2 meter is
the displacement and it takes for 2 seconds. So, we will see how this happening.

(Refer Slide Time: 19:40)

2
1 §% Start deQaE LT
2 clear all;cl =
)
= '
- |
4 Vv =4
[ < £ x B
~ et
£ = 0:0:1:
I = 0;
5 XV =2
14 x f=5;
11 x f dot=0; '
12 % 0 dot=0;
K| %% Coefficient matrix, A
} A=1,0,0,0,;0;0,0,70;

So, now you can see like the acceleration is smooth, earlier you would have seen it is a; you can

see arbitrarily mode but in this case, it is very smooth. So, now this is what we have actually



tried to try to do. Again, here you can see the velocities you can see the first segment end

velocity. Which is equal to the second segment initial velocity that is what you can look at it.

(Refer Slide Time: 20:07)

)
ag o civwe SUBY
v v 8

1 &% Start

2 clear all;cle; close all;
'_I Y {
4 tyv=3% ) fit |
5 f = B
5 = 5
& t =0:0.1:t £;
1 [ (s 81 |
] xXu=v
9 Xv=2
14 x f=5;
11 x f dot=0;
2 % 0 dot=0;
K| %% Coefficient matrix, A
{
i A=l ,0,0,0:0,; 0, 0,0;
|
d
T T Ce” CUNE
1 8% Start BRI
2 clear all;cll e |
nh
i I't i)
21
4 '_V = 2 t
5 =5 Y
€ t = 0:0 s
) xO0=10;
5 xXv=2
14 % f=5;
11 x f dot=0; I
2 %0 dot=0;
| %% Coefficient matrix, A
P
14 A=(1,0,0,0,0,0,
|

So, just for giving clarity I just make it the second is 3. So, that I can show the; you can say
clearly distinguish. So, now you can see it right? So, now the velocity is it like at 3 second you

can see like that is the initial and the final.



(Refer Slide Time: 20:25)

.
‘ ) v o

0,1, (tf-tv), (t_f-t v

o o v - LT 3
- >o “ — e
. e “ (™ o/
" ou —
Xv=23x
1{ X £=5;
11 x f dot=0;
12 x O dot=0;
13 £% Coefficient matrix, A
14 A=[1,0,0,0
J‘E l:I ' i ’ ': ' :/
16 1 o ¢ r LV
17 0,0,0,090
13 0,:0 ;0
{L': 0! il ;B
25) 0,1 ,2%
I
—
7 I Il
4 0=10;
. ot
2 xXv=3 #i)
10 £=5; .
11 x T dot=0; g
12 x 0 dot=0; 3
13 £% Coefficiel °
14 A=[1,0, 15
15 0 ' 1 ’
16 1.,:E)
17 010 AR
18 0,0,90,
L8 0 0 0 0 0 1 it f
r.' ’ ’ ' ' ) IR
'\) 0 1 lét vy It yr2 n
&e ,.,A..A'/,_v _ eV )
I.

So, even | will just make it this. So, I will just do all iterations. So, we can see how this is
happening. So, now | gave 3 seconds, and you can see like there is no you can say segment is
happening. So, it is much more smooth everything is smooth. So, this is what we call with you
can say via point but no velocity specified. So, in order to compare even you can run the same

condition.



(Refer Slide Time: 20:57)

R e e e e o

: - ——— g b P b WS- Ny e W UD - - e - R .
k% Start
clear all;cle; close all;

tv=23; | time for first segment
tf=5 final time for the trajectory
t = 0:0.01:t £ time span
[rjectory boundary cenditions (known)

x 0=10; xv=3; x f=5;
% T dot=0; x 0 dot=0; x v dot=0j
%% Coefficient matrix, A
A=[1,0,0,0,0,0,0,0;

0,1 ;0 ;0:40, 0, 0,0

l,tv,tv2,tv3,0,0,710,

0,0,2%y, 3*ty2,0,0,0

W oo Wl e -

—
N

7 %

LS

R LT T T PP S —— of e O -
&% Start JUde R AB WG &
clear all;cli ¢ P

: —T}} pd
Trajectory ' ::: /.//'
f_‘l = 3 t ' - /,.--—'

tE=1 f
t = 0:0.01:¢

Irjectory |

Wil ) Jaastle
N

x0=10; xv
x T dot=0; %
%% Coefficiel ¢

WD ~doon W s e e
-

—
=

I
A=[1,0, oy

0,1,0,0,0,0,
1,tv, tvd,tvs,

0,0,2% v, 3*t v*2

TP
P

o




2 clear all;cle; ele
3

P v = 3;

5 f=5

& = 0:0.1

3 O=10;

9 Xv=3

14 v’":L.

11 dot=0;

12- % 0 dot=0;

| %% Coefficient matrix,
W a=11,0,0,0

(YRS -

10 f=

11 x f dot=0;

12 ;-.'A‘.x.:i:‘;rﬂ."::

13 4% Coefficient matrix, A
14 A=[1,0,0,

‘i :‘l ’ l ’ ’

L€ 1, t v, \

17 0,0, 3

1. I:! v Uy '

1 o, o0, -

20 B¢l , 48

21 0,0, , OF

44 %% known inputs

- b=Ix0: x0dot ; xv

So, but only issue is you do not have any velocity specified. So, just for benefit even I assume
that this velocity is 0 it is very tricky. So, because velocity 0 means it will come 0 and 0. So, we
can try so | am not taking away. So, we can see how it goes. So, you can see like it start from 0

and the end again in the first segment 0 and the second segment is actually again 0. So, you can

see like it is very clearly say that it is explicitly two segments.

So, now, we say the same case here. So, which is like the 3 is the segment and you can see there

is no via point velocity the initial and final velocity only we assume 0. So, now, in that case you

can see like the profile is more close like a single cubic polynomial.
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ol
10
11
12
13
14
15
16
17
13
19

[ ——

10
11
12
13
14
15
16
17
13
19
20
21

"
@
&

I

- e

x_f=5;

- bo—

x £ dot=0;
x_0_dot=0;
%% Coefficie

A=[1,

0,

0,
0,

Ly

Ly

0,2,6tv,0,0,-2,0;

Tiowe!

160 [ e b (e Jeing Whene e

JUde QA8 WG
il
h |
il _
f # /,," ‘
P
g
3 /
4
. ,///
¥ -
= 03
{ =~
b v) £t v
% i ; \ v 3 ) *2 ;
u‘_'v"u\._t;'"’v’ o,v,['

%% known inputs

b= Ix_

x f=5;

0: x 0 dot ¢ x_

x £ dot=0;
x_0_dot=0;
%% Coefficient matrix, A

A=[1,

0,

0,
0,

- b —

vixvaexfix

e e e
) Oy 00pi0y
7 Oty 07 Q2
tv3,0,0,0,0;
e 0 0y 0:3
¢ (£ I-t v}, (t_f-t v)* vt ¥

0,0,0,
1 50200000
tv, t v
0 ;20 ;000
0,0, 0;
' TR ) R |
1, 2%t v,
0,2, 6t

%% known inputs

b=Ix0: xOdot  xvixvs:xf:x

3t-v22 0,41, 0,09

v

e L, 22t Tt v) , 3N

y 04,0, -2, 0};




22 %% known inputs
23 b=[x0: x0dot 2 x v, Xv;x{i:xftdot 0 0]);
24 £% Trajectory coeeficients

= inv(A) *b;

26 t% Trajectory generation starts here

for 1 = 1:1lengthit)
1 L)<t v
x(L) = [1,t(1),t{1)"2,L(1)*3]*
v(i) = [0,1,2*t(1),3*t(1)}"

3 a(i) = [0,0,2,6°t(i))*tc(l:4);

So, you can see like there is no segment is visible. So, that is what we can feel it. So, this is what
we call you can see cubic polynomial with via point even the same thing can be done for fifth
order or some other thing. However, the restriction here we have put it as actually a cubic
polynomial is easy. And that is a more commonly used profile generation for the you call robotic

manipulator and all.

So, with that we close this particular content here. So, the next lecture we are going to talk about
the other profile. Which we have not covered in this particular lecture like higher order
polynomial, cycloidal polynomial you can say you call you can say parabolic blend and all. That
we would be seeing in the next lecture. So, in that sense so, | hope you are able to follow this.

So, with that | am saying thank you and see you then in the next lecture bye, bye.



