Group Session 24.03.2021

hpnguyen@ifi.uio.no



Plan for today:

* Brief description of assignment Il
* Short explanation of Dynamics

* Finding the lagrangian term this week, Euler-Lagrange will
arrive next group session.

e Lagrangian with the spherical robot and 2-link planar arm



Mandatory Assighment 3

- Deadline: 19.04.2021, 3-weeks

* Probably the most difficult assignment(Start early and do proper
attempt! Trust me, you do not «want second attempt» on this
assignment especially if you have other difficult courses. )

* Walkthrough of the mandatory assignment |l

* Expressions might be long, use Python or Matlab to solve the
equations to verify your calculated expressions.




Mandatory Assignment 3 cont.

- Try to do «Task I» by hand for 2-DOF robot, very relevant for exams as
you will be finding the dynamic equations for 2-DOF

Strongly advise using programming to verify your answers.

And

- Try to do «Task lI» by programming as you are finding the dynamic
equations for 3-DOF. (| STRONGLY DISCOURAGE solving task Il by
hand, you will hate yourself beyond recognition)




Dynamics

From forward-kinematics, invers-kinematics and jacobian we are describing the motion of
the robot without the forces that produces the motion.

- How much force do each of the respective joints need in order to move?
- How much force is needed to keep the respective joints in place?

For this, we need to first

- use «Virtual displacements subject to holonomic constraints»,

- use «Principle of virtual work»,

- use «D’alemberts Principle to derive Euler-Lagrange Equations of motion»

Euler-Lagrange

d dL 0L Modeling the robot for generalized
kT 9tag,  0qr coordinates

The Dynamic motion of the robotic manipulator
t=D(q)G +C(q,¢)q + g(q)



Dynamics cont.
The Dynamic motion of the robotic manipulator
t=D(q)q+C(q,q9)q+ g(q)

Example: Given 2 DOF-robotic manipulator and 3-DOF manipulator

diq d12] . [C11 C12]. . [Y1
dy1  dy; q+[021 szl + gzl D(q) - Inertia

\ ) \ ) LY_} C(g, q) = Centrifugal and Coriolis
Y Y g(q) = Gravity

2-DOF T [

D(q) C(q.9) 9(q)
di1 dip diz €11 C12 €13 g1
3-DOF T=|dy; dpy dyz|d+|C21 C22 C23|q+ |92
d31 d32 d33 C31 C32 C33 93

D(q) C(a,q) g9(q)



Dynamics cont.

- Very useful for Controller-systems

- Simulation and animation of robot motion

9.9L oL

%= 5fa dar v =D § C(q, ) + g(q)

What is g and ¢

g is velocity of the joint variable

qd is acceleration of the joint variable



Lagrangian

* Difference between Kinetic energy and Potential energy

* With Kinetic and Potential energy, we can define a force-term known
as torque using Euler-Lagrange.



1-DOF Manipulator 2-DOF Manipulator




Revolute Joints

Angular, w
—and
linear movement, v



Prismatic Joints

POV

ui

Only linear movement, v



What do we need to find the Lagrangian?

Kinetic Energy

PR ST
- M VT,

v+ —-—wllw

For one-link

1 n
K = EC'IT[Z miJvi (@D i (@) + Joi (@D Ri(@Q LR (@) ] i (@14 For n-DOF links
\ i=1

/

Potential Energy

P =mgh
n

P = Z m;g’ e
i=1

Lagrangian

L=K —-P

For one-link

For n-DOF links

|

D(q)

This is important for Euler-
Lagrange, do not worry
about this yet



What do we need to find the Lagrangian?

Kinetic Energy:

v; = J,(qQ)q Linear velocity
w; = J,(q)q Angular velocity
Ixx Ixy Ixz

L =\lyx lyy 1y, Inertia tensor
sz [zy IZZ
Rxx ny sz

R; =|Ryx Ryy Ry, Rotation Matrices from Forward-kinematics

sz Rzy Rzz

Potential Energy:

- Assumption of mass-distribution for each link

h= r, height



The spherical manipulator




Jacobian for the spherical manipulator
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Helpful variables

Bl oF

c1¢z(d3+L5)
(03 — 0g) = | c251(d3+L;)
Ll + Sy (d§+L2)

Jv,

Jv, = Za_1 X (03— 02-1) =271 X (03 — 01) =

C1C

Jv, = Z3-1 =2, = [C251
S2

Jow, = Z1-1 = Zo
Jw, = Z2-1 =73

]w3=0

|

B

Z1—1 X (03— 01-1) =2g X (03 — 0g) =

€16
€251

|

c1c(d3+Ly)
€251 (d3+L5)
Ll + So (d§+L2)
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Jacobian

Putting all of it together yields the following Jacobian matrix

(—Cy51(d3+Lly)  —cp51(d3+ly) ¢y

c162(d3+Ly)  —s18,(d3+Ly) €384

] = Uv] ]171 Uz ]773]: 0 Cz(d§+L2) So
Jo, Jw, Jo, 0 S1 0

0 —Cq 0

1 0 0




Finding K4 for the spherical manipulator -

- Setting d; and L, =0, because they’re related to third joint

) . - Setting second and third column =0, because they’re relate
—C51(d3+Ly)  —c281(d3+Lly) €162 the second and third jointTo 0 0
] C1C2(d§+L2) _5152(d§+l‘2) C251 > ]vl = [O 0 0]
0 c,(d3+L;) S2 0 0 O :
q1
0 s; O 0 0 0 1 =92
]w =10 —C1 0 > ]w1 =10 0 O d3
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1 1
Kl = EmlvlTvl + EwlTll(Ul

Plotting all of it together and receive the following

-

T




Finding K, for the spherical manipulato .

—Cy51(d3+L5)
—515,(d3+L5)
cz(d3+L5)

—Cp51(d3+L5)
c1¢(d3+L5)

- Setting d3 and L, = 0, because they’re related to third joint [

- Setting third column = 0, because they’re related to the thirdja@int
€1C2 0 0 0] "
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5, 0 0 0
0 S1 0
> ]wz - |:0 _Cl O]
1 0 0
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v2=]v2(Q)q=[0 0 0} 9> =M
0 0 0lfds] 0

0 s; O AR

wy = Jou,(@)q = [0 —C1 0‘ é{Z =1q2¢1
1 0 0l] )




1

1

Kz = _mzvaUZ +_(1)2T12(1)2

2

2

Plotting all of it together and receive the following
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Finding K5 tfor the spherical manipulator
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1 1

K3 = Emgngvg +§(1)3T13(1)3

Plotting all of it together and receive the following

- 1T ¢ . -

1 d3c1Cy — G1¢81(d3+Ly) — Gac15,(d3+Ly) | |dacicy — qicp51(d3+L,) — Gac52(d3+L5)

K3 = 5"13 d351C; + 10261 (d3+Ly) — G2515,(d3+Ly) | |d3sica + qicaci(d3+Ly) — q2515,(d3+L5)
d3S; + Gc,(d3+L;) 1 | d3s; + 42c,(d3+L;)

. T .
1 d>51 [xx Ixy [xz d>51

+5 Q21| |lyx Lyy lyz||G201
q1 [zx [zy IZZ q1

_ m3((dzS, + q2c2(d3+L2))*+q1¢35:(d3+L,) — dzcicy + (CI20152(d3+L2)) + d351c;5 + 416201 (d3+L3) — G2515,(d3+Ly)
2




Finding P;for the spherical manipulator

We assume the link is uniformly distributed, hence the mass center is centered
P; = myghy = mygre

Center of mass L

1
/ P1=mlgh1=m1g7



Finding P, tfor the spherical manipulator

We assume the link is uniformly distributed, hence the mass center is centered
Py = mygh, = mygre;

P, =mygh, = m,glL,




Finding P tor the spherical manipulator

We assume the link is uniformly distributed, hence the mass center is centered

P; = m3ghs = m3gres

Sz (Lp+d3)
2

P; = m3ghs = mzglL, +

y =1 *sin(60)

(Lp+d3) o+ Sz (Lp+d3)

TC,3 = Ll + Sin(ez) 5 1 5




Lagrangian for the Spherical manipulator

Kl = 0
KZ = 0
m3((dzSy + q202(d3+L2))*+q ¢35, (d3+L,) — dzcycy + (CI2C152(d3+L2)) + d3s1c3 + G1c00(d3+Ly) — G3515,(d3+Ly)
K3 = 2
Ly
P, =mygh, = mig— Lagrangian term
P2=m2gh2=m2gL1 L=K —P
_ _ s2(Ly+d3)
Py = m3ghz = mzglL; + 5 L=(K, +K,+K3)— (P, +P,+P3)
L
~ m3((d3Sy + q262(d3+L2))* +q1 ¢35, (d3+L;) — dzcicp + (d26152(d3+L2))" + d351¢5 + draci(d3+Ly) — 42515, (d3+Ly)
B 2
L s>(L,+d>
— (mlg?l +mygL, + mygL, + 2( 22 3))



5 minutes break!



2-Link Planar Arm




Forward-kinematics for the 2-Link planar Robot

DH-Table

Forward-kinematics

6 0 Ly O

8; 0 L, O 1 5 8 2101'
TO = A, = S1. G 151
1 0 0 1 0
A; = Rot,g. Trans, g Transy . Roty 4. 0 0 0 1
_Cei _SeiCO(i SeiSO(i aicei_ ) ]
_ Sei CeiCO(i _CeiSO(i aiSei
10 Sa Ca, d;
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S c 0 L.s TO=A A, = S1 C1 0 L181 Sy Cy 0 Lzsz _ S12 C12 0 L2512+L1$1
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Jacobian for the 2-Link planar Robot

-Cl —S1 0 L1C1_
TO |51 @ 0 Lisy
oo 1 0

L0 0 O 1 ]
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Jacobian for the 2-Link planar Robot cont.

The following robotic manipulator is (RR) so this gives us the following jacobian matrix:

J ]vzl _ [ZO X (0= 0¢) 71 X(0,— 01)]
w1 Jw2 Zg Zq

] =

Jv1 =29 X (03 —0p) =[001] X ([Lyc1 + Licy; LpSip +Lysy; 0;]1—1[000]
Jvza =21 X (05 —01) =[001] X ([Lyc12 + Licy; Lpsip +Lysy; 0;]1—1[Licy; Lysy; 05])
Jw1 =29 =[001]

Jo2z=21=1001]



Jacobian for the 2-Link planar Robot cont.

—LyS12 — L1S1 —L3S12]
Lyciz + Lisy Lycyy

Jv ]vzl [Zo X (02 — 0p) 71 X (02 - 01)] 0 0

w1 Jw2

0 0
0 0
1 1



Finding Ky for 2-Link planar manipulator

(—L;S1, —L1S1 —L3S12]
Lyciz + Licy Lycqy
0 0
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0 0
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—L151
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0 O
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- Setting L, = 0, because they’re related to second joint
- Setting second column =0, because they’re related to the second joint
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1 1
K, = EmlvlTvl + §w1T11(U1

Plotting all of it together and receive the following
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Finding K, for 2-Link planar manipulator
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17 g

. —Ly815 — L1s; —Lysyy q —q1(L2S12 + L1S1) — L2q2512
vy = Ju2(@)G =| Lycip + Lysq L2C12 [ G1(Lacip + Licy) + Lygacys
0 0

0 O q 0 .
Wy = ]wZ(CI)q 0O O [ 1] 0 . zZX zy zZ
1 1 d1 + q>

|



1 1
KZ = Emzvz’rvz + EwZTIZwZ

Plotting all of it together and receive the following
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Finding P; for 2-link planar manipulator

We assume the link is uniformly distributed, hence the mass center is centered

Py =myghy = mygry

L
P, =myghy =myg 5131

Center of mass

y =71 *sin(x)



Finding P, for 2-link planar manipulator

We assume the link is uniformly distributed, hence the mass center is centered

P, = mygh, = mygre;
Center of mass

\

L
P, =m,gh, = myg(siLy + s12 ;2)

L,
Teo = S1Lq + 512 o




Lagrangian for the 2-link Planar robot

Lim,g?
K, = 1M1491
2
~ mp(L347 + 26,11 L2GF + 2¢3L1Lad1Gp + L5G7 + 2150142 + L543)
, =
2

L
P =myghy =myg 51?1

L
P, =mygh, = myg(s1Ly + s12 72)

Lagrangian

L=K —P
L=(Ki+K,)— (P, +Py)
L,

Lq
— (my9 s; o +m,9(s1L1 + S12 e )

I = <L§mlcﬁ 4 my(L34f + 2c2L1L2GF + 211124142 + L5GF + 215614, + L%Q%))
2 2



Thats it for now!

Next group session, we will focus on deriving the Euler-Lagrange with our Lagrangian term!

0 dL 0L
~ 0tdg, 0qy

Tk

t=D(q)§+C(q,q)q+ g(q)

We will focus especially on time-differentation

(Tidsderivasjon med hensyn pa g-variablene)

o oLl oL
e A9t ag.| aqr




Inertia tensor

- Describes the mass-distribution/density of a joint

- how much force and energy is needed to rotate it.



