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Schedule of Events

Week | Date Lecture (W: 12:05-1:50, 50-N202)

1 27-Jul |Introduction

3A Representing Position & Orientation & State
-Aug Frames, Transformation Matrices & Affine Transformations)

10-Aug [Robot Kinematics Review (& Ekka Day)

17-Aug [Robot Inverse Kinematics & Kinetics

24-Aug|Robot Dynamics (Jacobians)

31-Aug [Robot Sensing: Perception & Linear Observers

7-Sep [Robot Sensing: Multiple View Geometry & Feature Detection

14-Sep Probabilistic Robotics: Localization

O (N dwl N

21-Sep Probabilistic Robotics: SLAM

28-Sep Study break

10 | 5-Oct [Motion Planning

11 | 12-Oct [State-Space Modelling

12 | 19-Oct |Shaping the Dynamic Response

13 | 26-Oct LQR + Course Review
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Follow Along Reading:

S Today

Rotm = Representing Space €
;Visiggd i’ . RVC
Contiol .
e — Chapter 9: Dynamics and Control
- » Khatib (pp. 81-150)
Robotics, Vision & Control B Chapter 4: Jacobian

by Peter Corke
— Chapter 5: Dynamics

Also online:SpringerLink

UQ Library eBook: L Visi
364220144X : Ision
— Chapter 11: Image Formation

— (optimally) Chapter 10: Light & Color

HY Next Time ~ ssssssssssssssssssssssnsssssnnnsssnnsnnnnnnnsn ,
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http://petercorke.com/Book.html
http://petercorke.com/Book.html
http://petercorke.com/Home/Home.html
http://petercorke.com/Home/Home.html
http://www.springerlink.com/content/978-3-642-20143-1/?MUD=MP#section=945405&page=1
http://library.uq.edu.au/record=b2833159~S7
http://library.uq.edu.au/record=b2833159~S7
http://library.uq.edu.au/record=b2833159~S7

Reference Material

ASADA SLOTINE

ROBOT ANALYSIS
AND CONTROL

e—

OBOT
ANALYSIS >

The Mechanics of Serial i
and Parallel Manipulators Introduction

to

LUNG-WEN TSAI Robotics

Oussama Khatib and Krasimir Kolarov.

Stanford University Winter 2006

On class webpage
Password: metr4202
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Robot Dynamics
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Angular Velocity

» If we look at a small timeslice as a frame rotates with a moving point, we
find

|AP| = ([*P|sing) (|1p| At)

AP .

1221 = (4P| sin0) (<2
=AQz x P

AVP = AQB X ARBBP

@ METR 4202: Robotics August 24,2016 - 7
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Velocity
 Recall that we can specify a point in one frame relative to
another as

Ap = 4py + 4RPP

« Differentiating w/r/t to t we find
A A
Ay, = dap _ iy “PEF ALY - TPR)
dt At—0 At
=Py + 4RPP + 4RPP

« This can be rewritten as

Wp=Wpora + RePVp + 105 x 1REPP

Q? METR 4202: Robotics August 24,2016 - 8




Skew — Symmetric Matrix

V=wxr
0 —w: wy
Q= Wy 0 —wg
—Wwy  Wg O
— V. =Qr

@; METR 4202: Robotics
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Velocity Representations

 Euler Angles
— For Z-Y-X (0,B,7):

o —Sp 0 1 W
B |l=]| CpBSy Cv O Wy
¥ CBC~y —SB 0 W

« Quaternions

€0 €1 —€2 —€3 wa
€1 | 1| €0 &3 —e2 o
€2 2| —e3 e e wi
€3 gp —€1 €

Q@ METR 4202: Robotics
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Manipulator Velocities

» Consider again the schematic of the planar
manipulator shown. We found that the end v

effector position is given by \

@ = Ly costy + Lpcos (81 + 0p) + Lz cos (01 + 62 + 63)
y = L1sin@1 4+ Lasin (81 + 62) + L3 sin (61 + 62 + 63)

 Differentiating w/r/t to t
&= —L15101 — L2512 (91 + 92) — L3si23 (91 + 62+ 93)

» This gives the end effector velocity
as a function of pose and joint velocities

@j METR 4202: Robotics August 24, 2016-11
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Manipulator Velocities [2] *

» Rearranging, we can recast this relation in
matrix form v

- ]
x| _ | ~Lis1—LaS12—L3S123 —L2S12—-L3S123 —L3S123 5-.;
v LiCi+LoCio+L3Co3 L2Cio+L3Ci23  L3Ci23 )

e Or
. or Ox Ox 9 1
€z —_— 891 892 893 9
gy |~ | %y 9y Iy 2
001 00> 003 93

 The resulting matrix is called the Jacobian
and provides us with a mapping from
Joint Space to Cartesian Space.

&) METR 4202: Robotics ugust 24, 2016
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Moving On...Differential Motion

+ Transformations also encode differential relationships

 Consider a manipulator (say 2DOF, RR)
z (01,602) = 11 cos (01) + locos (01 + 02)
y (01,62) = l1sin (1) + Iosin (61 + 62)

« Differentiating with respect to the angles gives:

Oz (01,62) Oz (01,62)
dr = do do
* 961 1T 50, 2
Oy (01, 62) Oy (01, 62)
dy = do do
Yy 960, 1+ 965 2
@ METR 4202: Robotics August 24, 2016-13

Differential Motion [2]

 Viewing this as a matrix - Jacobian
dx = Jdb

7 — —ll sin (91) —lgsin (91+92) —lQSiI’l (91 -|-92) |
~ | lrcos(01) +i2cos (01 +62) lacos(61+62)

J=1H] [/ ]

v=1J,6,+1,6,

Q@ METR 4202: Robotics August 24, 2016-14




Infinitesimal Rotations
* cos(d¢) =1, sin(d¢) = do

[1 0 0 1 0 0
Re(d¢) = |0 cdp —sdp |~ |0 1 —dox
| 0 sd¢p cdp | 0 dps 1

Ry(dp)=| 0 1 0 |=

[ cdp 0O sdo ] 1 0 doy
| —sd¢ 0 cdo |

[ cdp —sdp O] 1 —dé, O
R.(d¢)=| sdp cdp O|=~|dp. 1 O
| O 0 1] 0 0 1

« Note that:
R, (dp)R,(dp) =R, (dp)R,(dp)

—> Therefore ... they commute

@j METR 4202: Robotics August 24,2016 -15
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The Jacobian *

» In general, the Jacobian takes the form
(for example, J joints and in i operational space)

[0z Oz . 921 ]
'Cbl 001 007 89j 6)1
: 9y Oxp . 033 | | g
T2 | — | 961 96, 90; 2
i oz, 0w ... O | | 0
| 96, 0, 90, |

» Or more succinctly

X = J(0)6

Q? METR 4202: Robotics August 24, 2016-16




Jacobian [2]

geR"

« Jacobian can be viewed as a mapping from
Joint velocity space ( ] to
Operational velocity space (v)

@j METR 4202: Robotics August 24, 2016-17
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Revisiting The Jacobian

* |told you:
[ Oz; Oxy Oxy 7
Tq 061 00> 393 91
Oxy  Oxp Oz 0
T2 | — | 901 90, 90; 2
i; or; Oz oz; | | 0
| 90, 30, a0; |

» True, but we can be more “explicit”

% METR 4202: Robotics August 24, 2016-18
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Jacobian: Explicit Form

« For a serial chain (robot): The velocity of a link with
respect to the proceeding link is dependent on the type of
link that connects them

If the joint is prismatic (e=1), then v, =<

If the JOint iS r8V0|Ute (EZO), then w:%(in the K direction)

SV= iﬁ;(givi +¢€ (a)i X p:fl)) = i(a (Oi)) = IZN;(EIZI (Qi))
—->v=J4 o=J4q

Combining them (with v=(Ax, A0))

@j METR 4202: Robotics August 24,2016 -19
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Jacobian: Explicit Form [2]
« The overall Jacobian takes the form

J= aql aq

n

&, - &7,

 The Jacobian for a particular frame (F) can be expressed:
F X% 3%
F‘]:|:,:Jv:|: aql aqn

¢ Elel ZlFZn

Where: Fz, =fR'z, & 'z,=(0 0 1)

Q? METR 4202: Robotics August 24, 2016 -20

10



Motivating Example:
Remotely Driven 2DOF Manipulator

T 8

Y/

T 0

* Introduce Q;=1;+1, and Q,=t,
« Derivation posted to website

Graphic based on Asada & Slotine p. 112

@j METR 4202: Robotics August 24,2016-21
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Dynamics

» We can also consider the forces that are required to
achieve a particular motion of a manipulator or other body

 Understanding the way in which motion arises from
torques applied by the actuators or from external forces
allows us to control these motions

 There are a number of methods for formulating these
equations, including
— Newton-Euler Dynamics
— Langrangian Mechanics

Q? METR 4202: Robotics August 24, 2016 -22
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Dynamics of Serial Manipulators
« Systems that keep on manipulating (the system)

 Direct Dynamics:

— Find the response of a robot arm
with torques/forces applied

* Inverse Dynamics:

— Find the (actuator) torques/forces
required to generate a desired
trajectory of the manipulator

§®? METR 4202: Robotics

August 24, 2016-23

Dynamics — Newton-Euler

* In general, we could analyse the
dynamics of robotic systems using
classical Newtonian mechanics

ZFzm:}é
YT =Jb

» This can entail iteratively
calculating velocities and
accelerations for each link and T
then computing force and moment m;g
balances in the system

» Alternatively, closed form
solutions may exist for simple T

configurations m

Q? METR 4202: Robotics
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Dynamics *
« For Manipulators, the general form is

r=M@O)O+V(0,0)+ GO
where
* 1is a vector of joint torques
* O is the nx1 vector of joint angles
* M(®) is the nxn mass matrix
* V(0, O)is the nx1 vector of centrifugal and Coriolis terms

* G(®) is an nx1 vector of gravity terms

» Notice that all of these terms depend on ® so the dynamics
varies as the manipulator move

@j METR 4202: Robotics August 24, 2016-25
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Dynamics: Inertia

» The moment of inertia (second moment)
of a rigid body B relative to a line L
that passes through a reference point O
and is parallel to a unit vector u is given by:

].9 = /V p x (u x p) pdV

= A [p-'?u _ (pT u) p] pdV

+ The scalar product of 1°, with a second axis (w)
is called the product of inertia

Igw = LE_) = [l [(?LT’H,‘) p2 — <pT_“) (pTw)] pdV

*  Ifu=w, then we get the moment of inertia:
Ty = /1 {p2 — (;)Trc)?} pdV = vm‘g
Where: ry: radius of gyration of B w/r/tto L

rg =12 — (p7u)° = (ux p)?

Q? METR 4202: Robotics August 24, 2016 -26
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Dynamics: Mass Matrix & Inertia Matrix

» This can be written in a Matrix form as:
I?? = ]gu

«  Where 19 is the inertial matrix or inertial tensor
of the body B about a reference point O

) I’]"T Ii’?y IT-Z
Ig = | Iyz Iyy Iy:
IZ.L‘ Izy IZZ

*  Where to get I, etc? =» Parallel Axis Theorem
If CM is the center of mass, then:

ng; — I.EIM +m (y{Q 4+ z(?) Ia?y - ]SEM + mzcye
O _ CM

I’UOU = Iﬁjﬂ] + m (I(z + Z?) [yz - I.T.T + mYcze
pa Py O _ CM

12, = 15M +m (22 +92) oo = Izg™ + macte

§®? METR 4202: Robotics
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Dynamics: Mass Matrix

» The Mass Matrix: Determining via the Jacobian!

_|_
N

M = Z (m,ijg;e]’()i + JZ;ICinJﬂ)
=1

I' M is symmetric, positive definite .". m; =m;,

N
K=Y K;
i=1
1 T T
Ki=35 (miUC,;UCi + w; Ici.w?;)
. Ipcy Ipc;, 0 0
ve, = Juf Ju, = | Toe, T 00, =~ ——
i+1 n
wi=Jud Ty, = [5_121 BN %]
1

0'M0 >0

Q? METR 4202: Robotics
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Dynamics — Langrangian Mechanics

+ Alternatively, we can use Langrangian
Mechanics to compute the dynamics of a
manipulator (or other robotic system)

» The Langrangian is defined as the difference I
between the Kinetic and Potential energy in
the system

d (OL oL
+ Using this formulation and the concept of dt (8}() ox

virtual work we can find the forces and
torques acting on the system.

SRS
~—
IS
~—
|
2|

+ This may seem more involved but is often
easier to formulate for complex systems

@j METR 4202: Robotics August 24, 2016-29
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Dynamics — Langrangian Mechanics [2] *

L =K —P,0: Generalized Velocities, M : Mass Matrix

N d(aK) oK oP
=Y r=—|— |-t
— dt\ o0/ 00 00

0K d (0 /1.1 . > d g ...

— )| === (50" M(6)0)) =— (MO) = M6+M0
dt( 9> dt<80<2 ()> dt( ) T

d (OK\ 0K 675510
(55 ) =5 = [0 + 216]— 36701 ) 6] = WJF{W 3 [ o }

v (0,6) = C(0) [6%] + B (9) [60] v(6.)

Centrifugal Coriolis

= 1=M(0)6+v(0,0)+g(0)

Q? METR 4202: Robotics August 24, 2016 -30
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Dynamics — Langrangian Mechanics [3]

» The Mass Matrix: Determining via the Jacobian!

N
K=)> K,
i=1
— 1 T T
K =35 (miUC,;UCi + w; ICiwi)
. Ipcy pg,
’UC?: = Jvig J’()!j — [ 891 T 59,;2 v'_}c_)]_ T “-\/-’g
(3
wi=Jub = { 5121 -+ EiZ; QI 9 ]
2

_|_
N I
i=1 o
! M is symmetric, positive definite .. m; = m; 0'M6>0

i

@j METR 4202: Robotics August 24,2016 -31
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Generalized Coordinates

 Assignificant feature of the Lagrangian Formulation is that

any convenient coordinates can be used to derive the
system.

« Go from Joint - Generalized
— Define p: dp = Jdg
g=[a, .. a]=>P=[p - P,]
=>» Thus: the Kinetic energy and gravity terms become
KE=1p'Hp G'=(3%) G

where: - :(J_l)T Ht

Q? METR 4202: Robotics August 24, 2016 -32
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Inverse Dynamics

» Forward dynamics governs the dynamic responses of a manipulator arm to the
input torques generated by the actuators.

* The inverse problem:
— Going from joint angles
to torques

— Inputs are desired

trajectories described

as functions of time

a=[a, .. a]->[a() &) 6]
— Qutputs are joint torques

to be applied at each instance

t=[n .. 7]

»  Computation “big” (6DOF arm: 66,271 multiplications),
but not scary (45 ms on PDP11/45) Graphic from Asada & Slotine p. 119

@j METR 4202: Robotics August 24, 2016 -33
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Also: Inverse Jacobian

 In many instances, we are also interested in computing the
set of joint velocities that will yield a particular velocity at
the end effector

0=J)" X

» We must be aware, however, that the inverse of the
Jacobian may be undefined or singular. The points in the
workspace at which the Jacobian is undefined are the
singularities of the mechanism.

« Singularities typically occur at the workspace boundaries
or at interior points where degrees of freedom are lost

Q? METR 4202: Robotics August 24, 2016 -34
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Inverse Jacobian Example

» For asimple two link RR manipulator:
x = Licosf; 4+ Locos (01 + 62)
y = Lqsin#1 4+ Losin (91 + 92)

» The Jacobian for this is

&7 _ | =Lisi—Lasia> —Lasia || 01
Y Lyci+LsCio  L2Cio

» Taking the inverse of the Jacobian yields

6 } 1 [ LyCio L3512

(0> | T LyLosy | —L1c1—Lacio —L1S1—L2S12

» Clearly, as 0, approaches 0 or = this
manipulator becomes singular

q@? METR 4202: Robotics
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Static Forces

» We can also use the Jacobian to compute
the joint torques required to maintain a
particular force at the end effector

 Consider the concept of virtual work

F . 6X =71-4660
e Or

rTsxX = 150
» Earlier we saw that

oX = Joo
e So that

Fly=,T
e Or

r=J'F

Q? METR 4202: Robotics
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Operation Space (Computed Torque)

Model Based

lLg=7 compensated dynamics

feedforward command
(open-loop policy)

Model “Free”

Xref 4 Xref E i
3 % N X Nonlinear
A < . Plant

M(Q)Cl + V(‘]v q) +egl@=7 + I}"riclion+ T terrain

v

§, METR 4202: Robotics
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Compensated Manipulation

§;, METR 4202: Robotics
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Dynamics of Parallel Manipulators

« Traditional Newton-Euler formulation:

— Equations of motion to be written once
for each body of a manipulator

— Large number of equations
 Lagrangian formulation

— eliminates all of the unwanted reaction forces
and moments at the outset.

— Numerous constraints imposed by closed loops of a parallel

manipulator
 To simplify the problem
— Lagrangian Multipliers are often introduced
— Principle of virtual work

o
— It is more efficient than the Newton- Euler formulation

§? METR 4202: Robotics
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Trajectory Generation & Planning

(\\‘
WA N\

Q? METR 4202: Robotics
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Trajectory Generation & Planning

= =]

= gﬁ"f; L—\—‘ 'i /‘
b - \—i

@ METR 4202: Robotics
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Trajectory Generation

» The goal is to get from an initial position {i} to a final
position {f} via a path points {p}

{p}

{i}

Q? METR 4202: Robotics Augus

124,2016-42
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Joint Space

Consider only the joint positions
as a function of time

» + Since we control the joints, this is
more direct
» -- If we want to follow a particular
trajectory, not easy
— at best lots of intermediate points
— No guarantee that you can solve
the Inverse Kinematics for all
path points

@ METR 4202: Robotics
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Cartesian Workspace

Consider the Cartesian positions
as a function of time

 + Can track shapes exactly

« -- We need to solve the inverse
kinematics and dynamics

Time

Q? METR 4202: Robotics
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Polynomial Trajectories

« Straight line Trajectories « Polynomial Trajectories

B B

u(t) = ag + ait + ast? + azt’

« Simpler
« Parabolic blends are
smoother
» Use “pseudo via points”
@ METR 4202: Robotics August 24, 2016 -45
Summary

« Kinematics is the study of motion without regard to the
forces that create it

« Kinematics is important in many instances in Robotics

 The study of dynamics allows us to understand the forces
and torques which act on a system and result in motion

 Understanding these motions, and the required forces, is
essential for designing these systems

Q@ METR 4202: Robotics August 24, 2016 -46
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Dynamic Simulation Software

X vrep - -l Reflexes

virtual robot experimentation platform

http://www.coppeliarobotics.com/ http://www.reflexxes.com/

§’ METR 4202: Robotics August 24, 2016 -47

Cool Robotics Share

Boston Dynamics

§;, METR 4202: Robotics August 24, 2016 -48
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Cool Robotics Share (11)

Source: Youtube: Wired, How the Tesla Model S is Made

§, METR 4202: Robotics
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Cool Robotics Share (I11)

Source: New Kinova Arm in the Robotics Design Lab!

Q? METR 4202: Robotics
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file:///D:/RAPID/Temp/CoolRoboticsShare DTTP/How the Tesla Model S is Made -- Behind The Scenes -- The Window - Wired.mp4

