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General Information

Elective for: D4-mai, E4, F4, |14, M4-me, M4-prr, MD4, Pi4, MPRR2
The course will be given in English

Aim

The purpose of the course is to give basic knowledge in industrial robotics where theory is applied on industrial applied
problems. The purpose is to provide an understanding on how theory within the subject of the course can be applied in a
practical way from an engineering point of view to create models for analysis, simulation and programming, and create

solutions on problems which focus on efficient use of robots in industry.

Learning outcomes


http://www.control.lth.se/

Theory and Practice

Time and venues: see Canvas/TimeEdit

(need to register, log on with your STIL-account)
Lectures (online/pre-recorded/flipped classroom)
Exercises (kinematics,dynamics / matlab)
Lab-exercises 1-3 (RobotStudio) ]

— Hands-on exercises in RobotLab

Hand-ins kinematics/dynamics ~—  pass/ grade 3

Project work; report + demo

Optional servo-lab
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Optional take-home exam for higher grade (4-5)



Practical 1ssues

« Read the Covid-teaching policy at

http://www.control.lth.se/education/covid-19-teaching-policy-at-automatic-control-fall-2020/

A www.control.lth.se

FACULTY OF ENGINEERING, LTH LUNDUNIVERSITY.LU.SE ~ BROWSEALOUD

Automatic Control

FACULTY OF ENGINEERING, LTH LUND
UNIVERSITY

About | Education | Research | Publications | Personnel | Support@Control

Automatic Control Covid-19 teaching
policy, fall 2020

&

Welcome to KC4q!

In May, we have moved from M-
building to temporary offices at
Kemicentrum. Here we will stay
for two years while the M-
building is being renovated. See
"contact” (in About) for the
visiting adress.

Outstanding master's thesis

Frida Heskebeck is a recently employed PhD student
at the Department of Automatic Control. She has
been awarded a scholarship from the Karl-Erik
Sahlberg Foundation for an outstanding master's
thesis project in chemistry. The motivation:
"Antibodies are target-searching drugs used for the
treatment of severe diseases. The use of antibody-
based drugs is, among other things, limited by
expensive production methods. In her master's
thesis, Frida gives an excellent description of how

Ardvancard nracrace mMmaoathode fran cantribiite ta

Follow us on Linked In



http://www.control.lth.se/education/covid-19-teaching-policy-at-automatic-control-fall-2020/

Recommended course literature

RoBOT MODELING
AND
CONTROL

Spong, M.\W., Hutchinson, S., and Vidyasagar, M.,

Robot Modeling and Control,

John Wiley and Sons, 2006

CONTROL METHODS FOR

Lecture notes by Leonid Freidovich

Leonid B, Fresdovich
February 11, 2014

(based on Spong et al)

Available on Canvas@Lund

LUND

UNIVERSITY



Software

RobotStudio

(PC-based robot simulation,
ABB Robotics)

http://new.abb.com/products/robotics/robotstudio/

Matlab/Simulink

http://petercorke.com/Robotics Toolbox.html

(NOTE! USE version >= 10)

http://en.wikibooks.org/wiki/Robotics Kinematic
and Dynamics S

UNIVERSITY


http://petercorke.com/Robotics_Toolbox.html
http://en.wikibooks.org/wiki/Robotics_Kinematics_and_Dynamics

Optional material (recommended)

Peter Corke’s robot-academy

ROBOT
ACADEMY

http://petercorke.com/wordpress/resources/robot-academy

UNIVERSITY


http://petercorke.com/wordpress/resources/robot-academy
http://petercorke.com/wordpress/resources/robot-academy

Optional reading (recommended)

Peter Corke’s robot toolbox (matlab)

Peter Corke

RObOtiCS, http://petercorke.com/Robotics Toolbox.html
Vision

NOTE! USE latest version (10.x)

and : Available as e-book at
Control : https://link.springer.com/content/pdf/10.1007%
ALCORITHMS 2F978-3-319-54413-7.pdf
from LU-network.
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http://petercorke.com/Robotics_Toolbox.html
https://link.springer.com/content/pdf/10.1007/978-3-319-54413-7.pdf

Optional reading (recommended)

"Modern Robotics: Mechanics, Planning, and Control,"
by Kevin Lynch and Frank Park

Available pdf book

Video lectures

Rotations based on
screw-theory and exponential
representations

http://hades.mech.northwestern.edu/index.php/Modern Robotics

UNIVERSITY


http://hades.mech.northwestern.edu/index.php/Modern_Robotics

Projects - examples
[info/choice week 2]

UNIVERSITY



2020: Special projects related to
Construction Robotics

{flock_start_pe 1
4 |Block generatof Workobject of
ock generator-*lorkgbiect uf

To be able to program robust pick-and-place sequences in an accurate
brick-laying scenario (see pictures above) it is crucial for very exact placement
of the building bricks, that a good enough localization for gripping first can be
determined followed by an accurate measurement how the brick was positioned
within the gripper.

Workshop on Construction Robotics
October 22 ULNIIJEI;l D



Compulsory Hands-On exercise

Please sign up for the
first RobotStudio exercise including a compulsory hands-on
€Xercise

Alternatives

Thursday Sept 3, 13.15-15, IKDC:108
Thursday Sept 3, 17.15-19, IKDC:108
Friday Sept 4, 8.15-10, IKDC:108

Announcement on Canvas with
direct link to signup-list g
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Preparation: Read hand-out before coming to the lab! LUND
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https://terminplaner4.dfn.de/MAIccahkMgK1fVad
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LUND UNIVERSITY

Faculty of Engineering, LTH

Campus map of LTH
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Industrial robotics
Mobile Robotics
Service robotics
Entertainment

Multi-disciplinary:
Nonlinear control, mechatronics, real-time embedded systems...

19 UNIVERSITY



Some Robot Classifications

e “Entertainment Robotics”

— Wheeled and Walking Robots, such as Asimo from Honda

— Toys such as Aibo from Sony, https://us.aibo.com/

— Boston dynamics  https:/www.bostondynamics.com/

» Service Robotics
— Trilobite - Robot Vacuum Cleaner from Electrolux
— Husqvarna lawn mower
— The Helpmate - Hospital Robots
 Industrial Robotics
— Serial-Type Robots
— Parallel Kinematic Machines

— Arc and Spot Welding (Number 1 Application)

— Spray Painting, Grinding, Milling, Polishing


https://us.aibo.com/
https://www.bostondynamics.com/

;

Real-time coordination in collaborative machining

Lund University and Gldel AC exhibit real-time coordination between robots with significantly different types of
kinematics and control systems. Requiring different robots to work together is an example of the heterogeneous
situation that is typical at SMEs. The state of the art motion-coordination software is demonstrated by collaborative
machining of parts for wooden boxes. Here, a Gidel parallel-kinematic concept robot and a standard ABB serial-
kinematic robot complement each other well to solve the task: The parallel robot offers exceptional stiffness and
accuracy for machining, and the serial robot can perform both handling and rough-cut machining. These two

Sy relate to the project’s demonstrator currently deployed at a Swiss woodworking company, with software services
= being loosely coupled for flexible configuration while supporting tight real-time control loops for efficiency during
ULNHELPH production.

LUN

UNIVERSITY


https://www.youtube.com/watch?v=1kkXDWQQTIo&list=PLEh-D3GZjSvGk3BMxKbjx9nzmREWeF__j&index=6&t=0s

https://www.youtube.com/watch?v=7sTfD mStwE

da Vinci-robot by Intuitive surgery

[“Stability of Haptic Obstacle Avoidance and Force Interaction”,
R Johansso t, A Robertsson (2009)]

da VincrSurge

Less invasive More precise Faster reco

Cardiothoracic | General Surgery | Gynecology || Head & Neck

Home » Suxgeon Locator » Surgeon Profie [EFEMAIL THIS PAGE (=) PRINT

Surgeon Rrofile

Dr. Magnus Annerstedt, Urplogist

Herlev Ringwej 2730

Herlev, ,
Denmark

Urology
Prostatectomy
Kidney Cancer, Bladder Cancer

E= Contact This Surgeon

UNI\;E RélTY
https://www.youtube.com/watch?v=C17-bGquljl



https://www.youtube.com/watch?v=7sTfD_mStwE
https://www.youtube.com/watch?v=C17-bGquIjI

Robotics 1n this course

* The following conceptual problems must be resolved to
make a robot succeed in performing a typical task:

— Forward Kinematics

— Inverse Kinematics

— Velocity Kinematics/Jacobians

— Dynamics

— Path Planning and Trajectory Generation
— Motion Control

— ( Force Control )
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— Sequence programming (and task description)



Robotics

* The application, tooling, design of robots...

UNIVERSITY



Degrees of freedom

* An object has n degrees of freedom (DOF) if its
configuration can be minimally specified by n parameters.

 The number of DOF is equal to the dimension of the
configuration space.

* For a robot manipulator:

number of joints = number of DOF r e,
0 Q“.\ \":\:

Example: The GiftWrapper



https://www.youtube.com/watch?v=ASEtz2M1RiY

Robot arm

Base Z 2 Tool center
Az point (TCP)

. UNIVERSITY



Forward and Inverse kinematics

 Forward kinematics:
— Given angles find tooltip pose (pose: position+orientation)

 Inverse kinematics:

— Given desired tool pose find joint angles

Possibly several different solutions

Elbow up

Elbow down

g S

UNIVERSITY




Workspace

« Joint limitation taken into account
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Robot motions

 Point-to-point motion
— Movel - Moves the tooltip (TCP) of the robot linearly
— Moved - “joint interpolation” (usually
ends up with curved Cartesian motion)
« Path generation
— Geometric path
 Trajectory tracking
— Geometric path AND time matters

— At what time are you in what position with what
velocity/acc etc
Fanta Challenge LUND
http://www.youtube.com/watch?v=SOESSCXGhFo UNIVERSITY



http://www.youtube.com/watch?v=SOESSCXGhFo

Ethical Issues

« A company should not use robots to replace workers,
unless they are forced to by global competition. What is
your opinion?

* A robot should do hazardous and strenuous jobs that
workers cannot or do not want to do.

» Robotics can create new jobs - in engineering and
science — and save jobs in high-cost countries.

» Robotics can increase product quality and repeatability.

» Robotics is finding new applications in the domestic
service market which potentially can give people more
spare time.

LUND

UNIVERSITY




watic Con X Automatic Corn X (tT[ MMKF15 Autur, % ' ass RobotStudio - f x ' [ ABB FlexPicker X ' o ChromeWebS X / [ Robots Cr
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ropois-create-jobns
] J

IFR
International
Federation of

LRebelics

Menu Robots Create Jobs

Home
Association
History
Industrial Robots
® Robots Create Jobs

ROBOTICS will be a major driver for global job
creation over the next five years. The
announcement is based on a study conducted by

Work Unsafe vor |

Humans ~ the market research firm, Metra Martech
ooncin tigh Wage | "Pgsitive Impact of Industrial Robots on
ountries ( =

Work Impossible for Eﬂ'lplﬂ}’l"l"lﬂﬁt

Humans :
Senice Robots I One million industnal robots currently in operation
Robotics Research J . .
SRR . have been directly responsible for the creation of
2;-;5& . close to three million jobs, the study concluded. A
g growth in robot use over the next five years will
Downloads " result in the creation of one million high gquality

R —— jobs around the world. Robots will help to create



Advantages of robotics

Reduced cycle times (in some cases from 30 mins to 3 mins
— replacing slower TIG welders with MIG welders)

One twin robot welding cell can replace 10 manual stations
(frees up floor space and welding equipment)

Less environmental damage — as fume extraction from one
station is easier to handle than 10 stations.

Consistent and repeatable product quality

Easier to keep good employees because of interesting
technology environment
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Industrial robot

Industrial robot as defined by ISO 8373:

An automatically controlled, reprogrammable,
multipurpose manipulator programmable in
three or more axes, which may be either fixed in
place or mobile for use in industrial automation
applications.

Reprogrammable: whose programmed motions or auxiliary
functions may be changed without physical alterations;

Multipurpose: capable of being adapted to a different application
with physical alterations;

z
z

OVIRS

C 5 &>

Physical alterations: alteration of the mechanical structure or R
control system except for changes of programming cassettes, ULNIIJEI;LIT)Y
ROMs, etc.



Principle Kinematic Structure Photo

Articulated Robot

Revolute joints

UNIVERSITY



Cartesian Robot .
-
: £ "&‘s }' f

Prismatic

joints

Flexpicker: https://www.youtube.com/watch?v=cajVzpJKjdw

PKM Gantry-Tau:

http://www.smerobot.org/15 final workshop/download/half%20resol
ution/D1_Parallel Kinematic 512x288 500kBit.wmyv UNIVERSITY



https://www.youtube.com/watch?v=cajVzpJKjdw
http://www.smerobot.org/15_final_workshop/download/half%20resolution/D1_Parallel_Kinematic_512x288_500kBit.wmv
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World World

Some statistics gl

http:/Iwww.ifr.org/industrial-robots/statistics/

2021 : 3.8 Million Industrial Robots in the World‘s Fact Positive mec

Estimated worldwide operational stock of Anr
industrial robots 2016-2017 and forecast for 2018*-2021*
4,000 +16% on
3,500
3,000
3
s 2,500 +15% LAl £
E +15% Py -
3 2,000 2,098 e
= : 8
o 1,500 1,828 €
8 1,472
1,000 1,153
500
0 2013 2
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018* 2019* *forecast

forecast Souroe


http://www.ifr.org/industrial-robots/statistics/

Industrial areas

IFR
International

. < . = Federation of
Key Industries : Automotive, Electronics & Metals o

Annual installations of industrial robots at year-end
worldwide by industries 2016-2018

: +2%
Automotive 2

Electrical/electronics

Metal and machinery i

-6%

Plastic and chemical products

+32%

Food m2018 m2017 m2016

All others
+44%,

Unspecified

o

20,000 40,000 60,000 80,000 100,000 120,000 140,000

units



Industrial areas

IFR

International

Technological Developments expanding Robot Adoption Federation of

frP:r r’:"‘.-. C=

Today
- More intelligent components, e.g. Smart Grippers
- Greater Connectivity, e.g. “Plug & Play” Interfaces and Cloud Computing
- Easier to Use, e.g. “Programming by Demonstration”

Tomorrow

* “Machine learning” enables Robots ....
* to learn by trial-and-error or by video demonstration.
* to self-optimise.
* to communicate with other machines to improve entire processes.

* New business models, e.g. Robots as a Service (RaaS)



Automotive example: production of Tesla S

UNIVERSITY

https://Iwww.youtube.com/watch?v=8 IfxPI50bM



https://www.youtube.com/watch?v=8_lfxPI5ObM
https://www.youtube.com/watch?v=8_lfxPI5ObM

Human-machine collaboration

.
o

IFR /T
stalistcA
departmen

B The break-through of the human-machine collaboration is
just beginning

B People without experience in using robots can program
and integrate a robot in the process because it

= is capable of understanding human-like instructions
= has modular plug-and-produce components
B Major challenge safety
= The robot is working close to the worker without a fence

m Lightweight robots with integrated vision guidance and
better sensor

m |SO: Technical Specification for collaboration of
humans and industrial robots in order to provide reliable
safety requirements.

VDMA



IFR
International

- ' H - = Federation of
Collaborative industrial robots still a niche Yo

Collaborative and traditional industrial robots

m Traditianal Indusirial Robals m Collaboralive Robots

2018

2007

DO units

Spurce: Intamelional Federalion of Robolics

LUN

UNIVERSITY



New Industrial Robot Designs

m Control engineers and mechanical design engineers must
work together at concept stage (controller tuning stage too
late)

m Parallel (stiff) designs increase resonance frequencies

m Control structures should be tested on elasticity models =

already at concept stage (e.g., Matlab/Simulink) LUND

UNIVERSITY


https://www.youtube.com/watch?v=aPTd8XDZOEk

Force and vision — reaction time crucial

Applications and
enabling technology ....

JS—

UNIVERSITY
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https://www.youtube.com/watch?v=XP7yWhN6V-k
https://www.youtube.com/watch?v=XP7yWhN6V-k

Ball-and-dart-catching robot

https://www.youtube.com/watch?v=XP7yWhN6V-k

y (m)

0.4 -

0.2

-0.2 4

044

X (m)

0.5

Camera

,,»’J%ﬁn

2 (m)



https://www.youtube.com/watch?v=XP7yWhN6V-k

Robotics 1n this course

* The following conceptual problems must be resolved to
make a robot succeed in performing a typical task:

— Forward Kinematics

— Inverse Kinematics

— Velocity Kinematics/Jacobians

— Dynamics

— Path Planning and Trajectory Generation
— Motion Control

— ( Force Control )
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UNIVERSITY

— Sequence programming (and task description)



Robot task example lLec Notes, Ch 1.4]

%\ Caimera
A

T p

Figure 1.19: Two-link planar robot example. Each chapter of the text dis-
cusses a fundamental concept applicable to the task shown.

UNIVERSITY



Forward kinematics

S

Figure 1.20: Coordinate frames attached to the links of a two-link planar
robot. Each coordinate frame moves as the corresponding link moves. The
mathematical description of the robot motion is thus reduced to a mathe-
matical description of moving coordinate frames.



Inverse kinem atics

Elbow Up

Elbow Down

Al A2,

Figure 1.21: The two-link elbow robot has two solutions to the inverse
kinematics except at singular confisurations, the elbow up solution and the
elbow down solution. .
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Rotations

Descriptions in

within a .
different frames
frame
35
Yo a 3 E : .
cos(f) ({)ﬂ! o, yn) ’
_n{(il 2_5_1—;,1 _ :r-f! 2o + yg A (01, x1.91) :
o‘ _:- .I- vy 4
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Rotations in 2D

Yo

cos(f)
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x1(0)
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Rotations in 3D

20, 21

cosf@ —sinf 0
R)(0) = | sin@ cos@ 0 {=: R.p}
0 0 1



Composition of rotations

Around the y-axis (yg)

Around the z-axis (2;) Overall
=

]

L]

|

L]

1

L]

£ *

I

The rotations around the current y-axis and z-axis are basic rotations

cos¢ 0 sing cosf@ —sin@ 0
R, o= 0 1 0 = R‘ll, R. p=|sin@ cos@ 0|= R;
—sing 0 cos¢@ 0 0 1
Therefore, the overall rotation is RY = R} R}, ie
cos¢ 0 sing cosf® —sinf 0
RQD = Ryu-ﬂi‘ Rf—l-ﬂ == 0 1 0

sinf cosf@ 0
first

)
R i —sing 0 cos@ 0 0 1 v



Frame-to-frame: rotations and translation

T
P® = H? P!
- #'
z0 4 p .-
“T = @)e (@)e (D)2 (o)) /
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1 0 0 0 1 /
!
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ap Yo !f
Iy D-frame s e -t
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and the change of coordinates formula

p’=R)p' +d° becomes =P

or, in more details,

'Iﬂ' ()= (1)) (2])= (0}):] -:B:;-
PPl [lvp| @Dy (11)y (21)y (0] |up|| | BY i [P
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Representing Positions & Orientations

LINIVERSITY



Homogeneous Transformations

A 4x4 Matrix that describes “3-Space” with
information that relates Orientation and Position
(pose) of a remote space to a local space

This 3x3 'Sub-Matrix’ is 0
the information that
relates orientation of O

i—\\ )
Frame . to Frame ., O D vector is the
(This is called R the position of the

rotational Submatrix) /0 U origin of the
remote space in
A vector Local Coordinate
N vector projects Q vector projects the dimensions
the X, Axis to projects the Z  Axyis to the
the Local Y., Axis to Loca |
Coordinate the Local Coordinate ST
System Coordinate System (el
System s

LUND

e ) S o LINIVERSITY



Exercise

A cube measuring 200mm on a side is
3 x5 f placed in the center of the table. A camera
o IS situated directly above the center of the
cube.

1. Find the homogeneous transformations

relating Frames 1, 2 and 3 to the base
frame O.

2. Find the homogeneous transformations
relating Frame 3 to Frame 2.

LUND

LINIVERSITY
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