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Re member NTUOS VI siI C

Drive Global Impact

Transform Education

Operational
Excellence

Build Talent & Leadership Bench Strength

House of Talent
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Re member NTUOsSs MI s S|

Education House of Talent

We deliver transformative educational
We attract, develop, and retain the very best

people to drive excellence across the
University.

experiences that make our students both
future- and Al-ready, so they are sought after
by employers.

Research, Innovation and Enterprise

Hub of Global Impact
We pursue breakthrough discoveries. We P

integrate technology and the humanities to We drive global tin all that we do. W
address global challenges. We accelerate SAEVE SIODAHNPACE IR Al ENAL WEG0. Y\ S

cutting edge innovation and create promising pursue long-lasting global partnerships with
new enterprises. like-minded institutions across the world.
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Education is to help citizens to fulfill their missions on
Earth, which include: to understand the world and to
| mprove the worl d e
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About You
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Remember your mission as MAE
undergraduates &

u You are here to grow your knowledge
and skills so as to be able to design
machines with controllable behaviors
and hopefully in some intelligent
ways.
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How to fulfill your mission?

To apply learnt knowledge and skills into the implementation of the following
universal blueprint underlying all the intelligent machines or systems.

u

User 6s
Instructions ) — )
Planning Digital | Perception
Modules Workspace Modules
Autonomy T
Systems
® COQUIO| | Under Wc':ritsua;ce
Modules Control P
Automation
Sensory
Modules
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About Course
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Why to study this course?

u Toward Using Robot Power to= Create

RS
=l = *\@ »

Industry 4.0

HE N ﬁ
7 W
Industry 2.0

s Mass production
» Assembly line
s Electrical energy

Industry 3.0

* Cyber Physical
Systems

* Internet of things

* Networks

* Automation
* Computers and
electronics

Industry 1.0

* Mechanization
* Steam power
* Weaving loom

Robot-Integrated Manufacturings

2011 20xx

1784 1870 1969 Today

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

i Market Demands or Needs

How to study this !

cou rse’) Product Specifications
' '

u To put yourselves into the Design Specifications
mindset of designers of robots {
as products: Conceptual Design

u Who are the users? ‘

Selection of Materials/Components/Devices

{

Embodiment Design

u  What are the needs of users?

v What are your robots which
could meet the needs of your

users or buyers? ‘ _
Prototyping
v What are the solutions ‘
behind the design of your Optimizi
robots? P Iinlzmg
Production
Marketing
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What to
Learn?

Roadmap of Learning:

Key Take-aways

Q1: What is the energy
flow?

Q2: What is the signal
flow?

Q3: What is the
knowledge flow?

Q4: What is the
relationship between
energy flow and signal
flow?

Q5: What is the
relationship between
signal flow and
knowledge flow?

Mechanical Systems
Control Systems
Programming Systems

One Machine
Two Capabilities
Three Benefits
Four Pillars

hwnNPE

Robot
Advanced
Body

Key Take-aways

Dynamics under Control
Control in Joint Space
Control in Task Space

Robot
Advanced
Perception

Perception of Photometry
Perception of 2D Geometr
Perception of 3D Geometr

Robot

Key Take-aways

Robot
Advanced
Planning

Task Planning
Action Planning
Motion Planning

Advanced

Control

Key Take-aways
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How to Apply?

Talking Task Space Joint Space
A Seeing )
A Reading
A Thinking %% o
A Learning Sy gy U Inverse Kinematics &(q.d.d) o
Robot Intelligence g(z,#,#) y / \2(02, &, #zt)tj
@ robotMind L. &80 Kinematics é ... u
e U i - e u
| é(qy,df,,éﬁ)g \How to simulate motions? é(qn,Cﬁﬂ?f)u
o How to program motions? &g # #H)U Forward Kinematicg
Application
Domains Robot Control | |
How to simulate motions?
. (.48 Desired
Robot Dynamics @&————— .
. Motions
é(q2"ﬁ’£)l]: * Control | |«
e ... U < Actuator |« Amplifier [< Jr—_— .
e u gorithms |7 <
&an. . &)
Robot Body |
- | > Sensors @. cﬁ 27'1) How to control motions?
How to perform motions?
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Terminology Alert

u Advanced Roboticsis about the study of advanced
robots which could perform tasks in some intelligent
ways.

u Advanced Robotis a machine which has

u two capabilities (automatic control and autonomous
control),

u three benefits and
u four modules.
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True Foundation of Robot Intelligence

A One Tool

A Two Worlds — &
. C
A Three Intelligences Machine Intelligence o
A Four Pillars =
5 2 " 9
: %EU > 5 87.8 >5 — <
A Signal to Knowledge Gl 3% S F R -
Qo Qo< Qo
A Knowledge to Knowledge =g S ¢ z 8 == 5
. c c c Y—
A Knowledge to Signal X o X a ¥ 8 X & £
o <
Computer-Aided Intelligence
NEW FOUNDATION OF : ) R
ARTIFICIAL Human Intelligence 3
. . . -
INTELh'fENCE Natural Sciences Social Sciences o
Knowledge =
) “‘”I‘L"“~m Properties Constraints — C
atl_lra anguage

ey L Conceptual Worlds S
Human Languages %
{47 EEMBERT 5 I

T ———— | Wrowssane | | PhyS|CaI World
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Todayos Lectures &

uy Modul e 1: Robotds Advanced
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 1 _
MA4825 Robotics

Robot O0s

#

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie
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Outline of Module 1

u Robot Systems

u Robot ds

e

Mec hani

u Robot ds

u Controllers

u Actuators

u Sensors

u Robot ds

‘ StOj Dynamics

Contr ol Syst ems

Pr ogr a

- What to design?

A The best systems in the universe
are static systems

A Most systems in the universe are
dynamic systems

A Our goal is to make dynamic

M (1| systems ta-be/closer ta-statics

systems
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Outline of Module 1

u Robot Systems

u Robot ds

e

Mec hani

u Robot ds

u Controllers

u Actuators

u Sensors

u Robot ds

Dynamics

Contr ol Syst ems

Pr ogr a

- What to design?

A The best systems in the universe
are static systems

A Most systems in the universe are
dynamic systems

A Our goal is to make dynamic

M (1| systems ta-be/closer ta-statics

systems
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 1 _
MA4825 Robotics

Lecture 1

Robot Systems

Xie Ming, PhD (France) -

http://personal.ntu.edu.sg/mmxie

#
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Outline of Lecture 1

u Systems e

Speed
Reducer

u Robot Systems

u Performance of Robot Systems

u Design of Robot Systems

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Outline of Lecture 1

u Systems e

Amplifier

Speed
Reducer

u Robot Systems

u Performance of Robot Systems

u Design of Robot Systems
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Definition of System

u A system iIs a set of entities which are
Interconnected and act together for
achieving common goals or outcome.

TS
e :319?"; ™
BBBSION Dynamics
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Name five systems that you know
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Characteristics of Systems
u A system has input.
u A system has responses.

u A system has transfer function.
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lllustration of Systems without Error
Control (i.e. Open-loop Systems)

Input > Transfer Function > Response
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lllustration of Systems with Error Control
(1.e. Closed-loop Control Systems)

Input Error Response
—>®—> Controller System >

N

\4

N

Sensor

This is a system which responds to error
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Characteristics of

u Transient Responses:

u Transition from one steady -state response to
another steady-state response.

u Steady-state Responses:
u Output which stabilizes at steady states.

Static systems only have steady-state responses
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| Il Tustration of Sys

H Undamped
2.0+
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1.6 |
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Performance of Dynamic Systems

v Stability
u Response Time

u Response Accuracy

Static Systems: Dynamic Systems:

A 100% stable A 100% stable: Possible

A Zero response time | | A Zero response time: Not possible
A 100% accurate A 100% accurate: Possible
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lllustration of Stability

1
INFUT STABLE STABLE

] 1 L]
MARGINALLY UNSTABLE UNSTABLE
STABLE

In time domain, stability means bounded-input bounded output
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lllustration of Response Times

u  Rise Time WO
u  Peak Time

u  Settling Time Error Bands

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

lllustration of Response Accuracy

u  Error Band: 2%
u  Error Band: 5%

u etc

Output

Final
Settling

Recovery
Time

-

Y

Settling Time
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Outline of Lecture 1

u Systems o

Amplifier

Speed
Reducer

u Robot Systems

u Performance of Robot Systems

u Design of Robot Systems
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Definition of Robot System

u Arobot system Is a set of modules which are
Interconnected and act together for achieving
common goals such as:

u Imitating the skills of human beings

u Imitating the intelligence of human beings
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Example: Robot Systems for Welding

(Bxamplo of Gomponents = 0
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NC LATHE GRIPPER

A

<9
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Example: Robot Systems f
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|l nputs to a Robot Os

: Task ---------- g

:Action ---------- Robot
: Motion | System
: Signal >

: Energy |
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Responses from a RO

( Task h
_ Description | "7 g s Task )
T

Action s _ A

_ Description | "7 TTC g RObOt """""" >\ Action )
Motion > System > Motion
Signal > > Signal

4 )\ \ 4 N\
Energy > Energy
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The 1 nsi de of
of a set of subsystems such as

u Mechanical system

u Control system

u Programming system
u Power system

u Communication system
u Vision system

u Speech system

u etc
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1. Mechanical System of Robot

u It consists of links and joints. A joint could be a pivoting joint,
axial joint, or prismatic joint.

— .
Pivoting Joint

5. Prismatic Joint
9,
Pivoting Joint

>y
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Example of Robot Arm with Revolute Joints

’ﬂ‘=‘.~: = 5 W INTER T
j, .
. ’ . o ®
~ Thisis a Fanu
“ - # P TRy : B " .:7?-' 2

L.
. ¥y
CR

T e

Ll o= N "
N 4 4

R Sy A
| ( un |
-
.

'
dy l‘

o =

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Example of Robot Arm with Revolute Joints

Axis No. 6 4
(Hand Pivot) W Axis No. 7
4 (Hand Rotation) W, (+)
Axis No. 5 A 2

(Arm Rotation) E,

Axis No. 4
(Up/Down Pivo

NS

Axis No. 3 ‘

(Arm Rotation) S, (+)

Y5
W,
b 26
B
X6
i Ye
’ G'
E
3
Y4
(B
% g I Pivoting Joint |
pa
" G' v
X2

X0. X1

Y2
Axial Joint

Axis No. 2
(Arm Up/Down Pivot) 8,\(

Axis No. 1
(Arm Left/Right Rotation) \S,
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Application of Quaternion for Motion Analysis

u  Euler Equation: Q ATGO G Q¢ Q
N . Unit Vector of
i ./ Rotation Axis
€ P Anyve‘ctor
Generalized Euler Equation: Equation of Unit Quaternion
| o >'Q
u  Unit Vector of Rotation Axis:
\ € v, ¥ "Q
B 1 Q1 Q1 Q 0 5 P
P
v Angle of Rotation:  — E 0
EEE p

o Hamilton Equation: 1 Q° Al(Q OE+p

. Equation of Rotation: W N Al(© OHEBbPW®D

WO =% X T — i
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Example of SCARA Robot

Pivoting Joint

6,
a,
Prismatic Joint a,
4=
E Axial Joint
A.D 04

Y

X
1

* N

6,

| Pivoting Joint

Sy

il
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2. Control System of Robot

Brake release switch (J3-axis)

J2-axis
u It consists of actuators, sensors, and controllers. K po
+
Claw Wrist Joint 2 Joint 1 Base Pivot J3-axis wisEsH,
er -
4No.2arm
openservo openservo openservo
&
<
=]
o
5

Robot Controller . .
(with wireless system, video, etc) . RS232 Serial
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3. Programming System of Robot

u It consists of programmable brain, software tools and teachable
mind.

oy ATy O ey o Wil g200 3
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Outline of Lecture 1

u Systems o

Amplifier

Speed
Reducer

u Robot Systems

u Performance of Robot Systems

u Design of Robot Systems
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Three Criteria for Judging Performance

u  Stability
u Response Time

u Response Accuracy §
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1. Stablility of Robot Systems

u Arobot Is stable as long as it maintains its
position and orientation in the presence of
external forces or induced forces.

(a) Spinning with swing leg (b) Bending the trunk backward

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example of Robots with Weak Stabillity
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Example

u A humanoid robot kicks off a
ball and stands with the
support of a single leg. What
is the condition of stability in
this case?

u  Answer:

u  The robot is stable if the
projection of its centre of
gravity (CG) onto the ground
Is within the area of the
supporting | eg0s
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Example

u A mobile robotdés mass is 20.0 kag. | t
the centre of the robotds body and i
ground. The distance between its left wheels and right wheels is
0.5 meters. The robot moves along a circular path. And, the
radius of the circle followed by the outer wheel is 1.5meters.

What is the maximum circular speed that the robot could reach
before it becomes unstable?

u  Answer:
2 P

F.20.3= mi/—53 0.3<mg? 025 .~

m/s .

\/0.253 15308
V< . L
0.3 el e
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2. Response Time of Robot System

u Itis the time for a robot to complete a motion.

- . 735 19 A2 71
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Example

u  Asingle axis robot has the maximum acceleration of +/ - 5.0 cm/s2.
Before it moves, the robot is at rest. What is the shortest response
time for it to travel 20.0 cm and stop?
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Solution

u  Analysis:
u  Place X axis at the position before motion: z(0) = 0.0cm
u  Maximum acceleration: (+/ -) 5.0 cm/s2
u  Travelled distance: z(T) = 20.0cm

u To determine the shortest response time: T

X z(T)
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Solution

u  Step 1: Design of Trajectory of Shortest Response Time
u  Speedup Motion: from 0.0 to T/2 (seconds)

u  Slow-down Motion: from T/2 to T (seconds)

d
\ _Zt
a4 20
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Solution (continued)

u  Step 2: Trajectory for speed -up motion: [0, T/2]

X

d
\ _Zt
a4 20
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Solution (continued)

u  Step 3: Trajectory for slow -down motion: [T/2, T]

z(T/2)=gT2

~

d
\ az(t) 5
V(T/2)=a,,T/2=T

amax 'amax
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z(T/2):gT2

V(T/2)=amaXT/2=gT

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Solution

u  Step 4: Shortest Response Time
C 5 S

2(T)- 272 =272 272 2 (7. 7/2)?
8 2 4 2
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3. Response Accuracy of Robot System

u It Is the maximum error when a robot
repeatedly performs a same motion.
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Example

u A SCARA robot has the following geometrical parameters: L1 = 30.0 (cm)
and L2 = 25.0 (cm). The angular accuracy of joint 1is  0.01 degrees, and
the accuracy of joint 2is  0.02 degrees. What is the accuracy of Y
coordinate ofjoint4 wi t h respect to0 the roboto

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Solution

u  Analysis
u The error of jJoint 46s Y caobenpintnat e wi
16s angle i s 90 degrees whi.le joint 260
u The error of joint 40s Y coordinate 1is
and joint 2.
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Solution (continued)

u  Step 1: lllustration W
L1

- -

Orientation of Link 1 !/

i Orientation of Link 2
X

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Solution (continued)

u  Step 2: Equation of Coordinate

4

w VAT S 0AT & —

Orientation of Link 1 !/

i Orientation of Link 2
X
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Solution (continued)

u  Step 3: Equation of Errors

Dy OEL = b 0EL — =
0o U Qo ° ' Q0 0o
30 0 OE+3— 0 OE+ — 33— 3—
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Solution

u Step 2: Accuracy or Maxi mum Error of
3W 0 OE+3— 0 OE{ 3— 3—

WorseCase:] oI nt 1 &s9 0adeelger eless whi |l e jJoint 20s
3 D3 U 33— 33—

3W OBl TIp— C 81 T[8TG—L|J

30 Tt T p ap &
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Outline of Lecture 1

u Systems o

Amplifier

Speed
Reducer

u Robot Systems

u Performance of Robot Systems

u Design of Robot Systems
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DeS|gn Procedure Users cir Needs

Product Functionalities

\

Design Specifications

{

Conceptual Design

{

Selection of Materials/Components/Devices

{

Embodiment Design

|

Prototyping

{

Optimizing
'

Production

{

Marketing
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Desi gn of Robot O0s
Mechanical System

u Design of Appearance
u Design of Mechanism

u Design of Structure
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Desi gn of Robot O0s
Control System

u Design of Input Devices
u Design of Output Devices

u Design of Control Devices
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Desi gn of RoOGg =
Programming System

u Design of Programmable Brain
u Design of Software Tools

u Design of Teachable Mind
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Summary of Lecture 1

u Systems e

Speed
Reducer

u Robot Systems

u Performance of Robot Systems

u Design of Robot Systems
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Outline of Module 1

u Robot Systems

u Robot s

e

Me c hani

u Robot ds

u Controllers

u Actuators

u Sensors

u Robot ds

Dynamics

Contr ol Syst ems

Pr ogr a

- What to design?

A The best systems in the universe
are static systems

A Most systems in the universe are
dynamic systems

A Our goal is to make dynamic

M (1| systems ta-be/closer ta-statics

systems
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 1 _
MA4825 Robotics

Lecture 2

Robot 0s Mechani

#

Xie Ming, PhD (France) -

http://personal.ntu.edu.sg/mmxie
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Outline of Lecture 2

u Design of Link
u Design of Joint

u Design of Mechanism

FL
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Outline of Lecture 2

u Design of Link
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Definition of Links

u Alink is a rigid body which has two extremities
and is for the purpose of:

u Connecting to other link at each extremity.

u Housing components such as actuators,
sensors, speedreducers, motion transmission
devices, cables, and appearance panels, etc.

u Connecting to tools or end -effectors.

u Performing motions such as translational
motions or rotational motions.
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Design Example of Links

u  There is no specific guideline.
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Design Example of Rotational Links

Elevation

Supporter Link

Follower Link

()
+s

Axis Direction

Joint 2| (o '

- 8
Link 1 /F': Supporting rod l
RP1 2

Joint l?ﬁ

RP: Rocker Phalanx
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Design Example of Translational Links

t

CARTESIANEBECTILINE ARIGANTERY
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L1 nkos Component s

u A link has two extremities.

u The one which is to be connected to a supporter
link is called the proximal extremity .

u The one which Is to be connected to a follower
link is call the distal extremity .

Proximal
extremity

Current Link

Follower Link

Distal
extremity

Supporter Link
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Li nk0Os Length

u  The length of a link is the distance between its two extremities.
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L1 nkos Moti on AXI s

u Alink is a rigid body which is able to undergo either translational
motion or rotational motion.

u The axi s, which constraints a
axis of a link.

Link 2

Link 3

Motion Axis of Link 1

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example of Linkos M

Link 2
Link 1

Motion Axis of Link 2
Motion Axis of Link 1

Motion Axis of Link 3
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LI nkds Coordi nat e S

u Alink is a rigid body which must be assigned with
a coordinate system in order to represent the
| 1T nk0s position and orienta
system is called the coordinate system of a link.

uln robotics, a | inkds coord
at t h edistaliextr&ndtg , instead of proximal
extremity.

Y.
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Exampl e of Linkso C

Joint 2 Joint 3

Link 3

Joint 1

Motion Axis of Link 1
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Exampl e of Linkso C

“c |
““
"

Base

What are the transformations between two adjacent coordinate systems?
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LI nkds Kinemati c Pa|

Table of Denavit-Hartenburg Parameters

Link | a; a; di O;

1
2
3

s

Four Motions to Align Two
Coordinate Systems Together

A Rotation about Z axis <— —
A Translation along Z axis «<—Q
A Rotation about X axis =~ <«—|

A Translation along X axis <«— ¢§
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Li nkos Transf or mat i

Zint,1 Zint,2
Zi—14 '

Table of Denavit-Hartenburg Parameters

Link | a; a; di O;

Translation along Z axis «<—Q
| Rotation about X axis  «—
i1 A Translation along X axis <«— ¢

1

2

3

A Rotation about Z axis <«— —
A

A

-
-
-
-
-
-~

Pose of Link i with respect to Link i -1
0 p— Y aBd'Y ah Y QY dh—

(Note: All are 4x4 homogeneous transformation matrices)
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Outline of Lecture 2

u Design of Joint
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Definition of Joints

u Ajoint consists of two rigid bodies
which can undergo relative motions
such as translational motions or

rotational motions.

Supporter Link

¢

Axis Direction

Follower Link

UK &%

Prismatic (P) Cylindrical (C
Revolute (R) Helical (H)
Spherical (S) Planar (E)

Three types of joints:
A Link Joints

A Torque Joints

A Power Joints
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Classification of Joints According to
Motion Types

u  Prismatic Joints

u The two rigid bodies undergo relative linear
motions.

u  Revolute Joints

u The two rigid bodies undergo relative angular
motions.
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What are the output from Joints?

Answer:
u  All motions involve mechanical energy.

u  The output from a joint is mechanical energy, which can be described by
mechanical power. Such power is called the power of a joint.

R

inear

=Fqv
P

rotation

=t w

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Classification of Joints According
to Energy Flow

u  Power Joints

u Joint devices which are the sources of mechanical
power.

u  Torque Joints
u Joint devices which amplify the output torques.

u  Link Joints

u Joint devices which constrain the motion between two
adjacent links.
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Design Example of Link Joint (1)

Rigid Body 1 !

Rigid Body 2
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Design Example of Link Joint (2)
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Design Example of Link Joint (3)

Rigid Body 1 Ball Screw

Ball Screw

\

Rigid Body 2
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Design Example of Link Joint (4)
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Design Example of Torque Joint (1)




Design Example of Torque Joint (2)




Design Example of Torque Joint (3)




Design Example of Torque Joint (4)




Design Example of Torque Joint (5)
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Example of Torque Joint: Harmonic Drive

Output Shaft What is the speed reduction ratio?
Rigid Body 1606

Rigid Body \

Input Shaft R

ve s

.‘ . .
/ O/Circular spline
Flexspline
ve generator

e Rigid Body 2

The difference between the teeth of circular spline and
the teeth of flexible spline is two.

\ 4
(~One full rotation of Ri gi droite#tgethl
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Working Principle of Harmonic Drive
W

tinw/in = kl.in [out = kl.in

When the wave generator rotates 180 degrees
clockwise, the flexspline moves counterclockwise by
one tooth relative to the circular spline.

When the wave generator rotates one revolution
clockwise (360 degrees), the flexspline moves
counterclockwise by two teeth relattve to the circular
spline because the flexspline has two fewer teeth than
the circular spline. In general terms, this movement is
treated as output power.
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Design Example of Power Joint (Lecture 4)

Rigid Body 1

Rigid Body 2
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Design Schemes of Robotic Joints

u Scheme 1:
u Power Joint + Link Joint

u Scheme 2:
u Power Joint + Torque Joint + Link Joint

u Scheme 3:

u Power Joint + Transmission + Torque Joint +
Link Joint
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Design Example of Robotic Joint (1)
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Design Example of Robotic Joint (2)
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Example of Motor Sizing

u A prismatic link joint carries a payload of 3.0 kg in a vertical
direction. The kinetic frictional force of the joint is 0.5 N. If the

payload moves up at a speed of 3.5 cm/s, what is the output
power from the power joint ?

u  Answer:
F=F +mg=0.5N +3.03 9.8=299N

P .. =F3v=29930.035=1.029W
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Outline of Lecture 2

u Design of Mechanism
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Definition of Mechanism

u A mechanism is a set of links which are
Interconnected by joints, and could
undergo relative motions.

Link

Tool

Joint \

Base
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Example of Designing Robot Mechanism

BUILDING A
6-AXISI ROBOEFARM
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Robot ar mos mechani sm
kinematic chain which has input and output

Mechanism of A Robot Manipulator

A Robot Arm is a
KINEMATIC CHAIN

which is comprised of

a. Links
o | b. Joints
\ Joints
End Flange
peites What are the input motions?

What are the output motions?
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Input Motion of Robot Mechanism

u The motions of the joints inside a mechanism are
the input motion of the mechanism.

4th axis

O 2nd axis

—~—

< !1staxis I)
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Example of Mobile Base

u  What are the input motions which drive the mobile robot below?

Wy
| Theinputmotion vetoris:
) -.
) ) W X‘.‘ . : W ('/,4.’,/’/2’,/,/3’,/V4)
v 1 | A 2 t
e R i
. - ‘ﬁv ‘.“ 4 —
0 % ~a b @I-
W W,

AT

Motor
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Output Motion of Robot Mechanism

u  The motions of a tool attached to the mechanism
are the output motions.

Output
Motion
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What is Kinematics of Robot Mechanism?

ult 1s the study of mechani s
consideration of force and torque.

u The study of output motion as functions of input
motion In a mechanism is called forward kinematics.

u The study of input motion as functions of output
motion In a mechanism is called inverse kinematics.
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Robot os Forward Kin

Vector of
Generalized
Coordinates

Base

Pose of Link n with respect to Link O or Base Link

0F(N) OO0 r(—80 { —
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Example of Forward Kinematics

u A planar arm manipulator has three joints and three links. The
first joint angle is between axes X0 and X1. The second joint angle
Is between axes X1 and X2. The third joint angle is between axes
X2 and X3. If the three joint angles are (110.0, -80.0, -45.0)
degrees, what are the X and Y coordinate of O3?

u  Answer:

Yz y.
X2 3
X3 =1, cos@) +1,cos@, +q,) +1,cos@, +q, +q,) g

X, =|,c0s010) +1,cos@B0’) +1,cosf 15°)

Y1

Yos =1y Sin(@,) +1,sin(@, +q,) +15sin(@, +q, +q)

Y., =1,5in@10) +1,sin30°) +1,sin(- 15°)
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Robotdos Jacobil an Ma

Pose of Link n with respect to Link O or Base Link

0r(N Op()0r(—80 {5 —

Vel oci ty of Uk VekcithobGeneRlizsdeCoordinates

J

-Jf- Ji1 Jiz - - - Jin] g-l

s Jor J22 - - - Jam 2

Z qs

) — - - - - . . * .

-

B "

'j"em LPen  mmx x = jﬁﬂ.‘ﬁ){n 'q;l'nxl
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What is Dynamics of Robot Mechanism?

ult 1s the study of mechani s
with force and torque.

u The study of output motion as functions of applied
force and torque in a mechanism is called direct
dynamics.

u The study of force and torque as functions of output
motion in a mechanism is called inverse dynamics.
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Example of Forward Dynamics

u

Answer:
O O O a™Q o0 ™I o8t ] L0
. O LD
W a
a o3t P

A prismatic link joint carries a payload of 3.0 kg in a vertical direction.
The kinetic frictional force of the joint is 0.5 N. If the acting force from
the link joint is 35.0 N, what is the acceleration of the payload?
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Summary of Lecture 2

u Design of Link
u Design of Joint

u Design of Mechanism

FL
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Outline of Module 1

u Robot Systems

u Robot ds

e

Mec hani

u Robot ds
u Controllers

u Actuators

u Sensors

u Robot ds

Dynamics

Contr ol Syst ems

Pr ogr a

- What to design?

A The best systems in the universe
are static systems

A Most systems in the universe are
dynamic systems

A Our goal is to make dynamic

M (1| systems ta-be/closer ta-statics

systems

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 1 _
MA4825 Robotics

Lecture 3

Robot Controllers

Xie Ming, PhD (France) -

http://personal.ntu.edu.sg/mmxie
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Outline of Lecture 3

u Basics of Controller

u Design of Memory

TM4C123x Temperatres | 85 105°
ARM® I

() A :
Uco{(gego '[m? Up to 256 KB Flash Precision Oscillator
2 KB EEPROM e N

u DGSIQH of ALU [ owa Jl System Modules §
| ~

o 6 64-bit Timer/PWM/CCP
' Systick Timer

B 2x Watchdog Timer )

Control Peripherals | |
. . - 2x Quadrature Encoder B 2x 12ch, 12-bit ADCs,
u e S I n O I I ta Inputs ‘ 4x SSI/SPI 1MSPS
‘ ‘ LDO Voltage Regulator

I t6xPwMoOutputs B  6xFC |
- ' 2% CAN | 3x Analog Comparators

USB Full Speed | Temperature Sensor )
| (Host/Device/0TG) e
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Outline of Lecture 3

u Basics of Controller

u Design of Memory

TM4C123x Temperatwres | 65°C | 105°C

ARM@ Power & Clocking
ioriox A Up 0 256 K8 Flash
i Up to 32 KB SRAM

2 KB EEPROM

" [ Rm |
u DeS|gn Of ALU DA (32

6x 64-bit Timer/PWM/CCP

| Real-time JTAG 2x Watchdog Timer

Control Peripherals ||| Comms Peripherals
. N N 2x Quadrature Encoder 8x UART 2x 12ch, 12-bit ADCs,
u Design of Digital 10

16x PWM Outputs LDO Voltage Regulator
2x CAN 3x Analog Comparators

USB Full Speed Temperature Sensor
(Host/Device/0TG
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Example of Use of Human Brain/Mind

u Person A tells person B: oPl ease r ea
give me the answer: what iIs the sum
mental activities of person B when she or he reads the question
and produce the answer.

What is the sum
of 6 + 9?

u  Answer:

Read and store the question
l nterpret the meaning
Read the operand 6
Read the operand 9
Do arithmetic operat.
Store the result fAl50
Synthesize the answer
Pronounce the answer

Wait and listen to the reply from person A

© N O PA

Person B Person A
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Blueprint of Human Brain

Cerebrum

Parietal lobe of
cerebral hemisphere

Corpus callosum
Fornix

Septum pellucidum

Interthalamic
adhesion
(intermediate
mass of thalamus)

Choroid plexus

Occipital lobe of
cerebral hemisphere

Thalamus
(encloses third ventricle)

N Posterior commissure
A Ny m I . Pineal body/gland
Y ’n 'A (part of epithalamus)
 — = Corpora
[]\ - quadrigemina .
< Midbrain (Control Unit)

\( % Cerebral
A/

aqueduct

- ~X —_——— Arbor vitae
Temporal lobe of ?\rq‘\\m :
cerebral hemisphere R JA Eaarth uenticls
Mammillary body N - ”)I\RW
E 1

Pons : P— of

1

Spinal cord ﬁ
[

Frontal lobe
of cerebral
hemisphere

ibaeeet el ( ‘ \\ \

-

N\
Anterior S
commissure \“‘

Hypothalamus

Optic chiasma
Pituitary gland

Choroid plexus

Cerebellum
Medulla oblongata

Cerebellum
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Characteristics of Human Brain and Mind

u Is able to memorize past, present and future

u Is able to capture input data

u Is able to undertake operations with numbers

u Is able to undertake operations with numbers/symbols
u Is able to produce output data

u Is able to control mental operations

u Is able to control physical actions

u Is able to communicate

u Is able to learn human languages

u Is able to learn machine languages

u Is able to learn new knowledge and new skills, etc.

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Does a robot need to have a brain/Mind?
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Example of Use of Robot Brain and Mind

u Person A asks robot B the foll owing
now?06. Explain the mental activities
the reply.

u  Answer:
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Blueprint of Robot Brain

Data
Instructions
Signals
Interrupts

Operations Set

ALU Control Unit Memory

. Unit
Logic
Instructions
Data
Data Add
Instructions resses
Signals
Interrupts

{——> AddressBus <{——) DataBus <——> Signal Lines
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Characteristics of Robot Brain and Mind

u Is able to memorize data (to use) and instructions (to do)

u Is able to capture input data

u Is able to undertake arithmetic operations with numbers

u Is able to undertake logic operations with numbers/symbols
u Is able to produce output data

u Is able to control mental operations

u Is able to control physical actions

u Is able to communicate

u Is able to learn human languages (future)

u Is able to learn machine languages (future)

u Is able to learn new knowledge and new skills, etc. (future)
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Key Modules
of Robot
Controller

Inflow of Data Outflow of Data

1. Computation
2. Memorization
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Extended Version of Robot Controller

A
A

: : : | A
: Brain 1 Brain 2 :
! : Sensor

oo ¢ W= em o mm o Em o Em . Em o Em o Em ¢ Em ¢ Em o Em o e o e o e o Em o Em o Em o Em o e o e oo e o oEm o o=

< il ufis ! O >
? g T/ / ' S
: \ {} \ : {} )
I A A |
I \\ A : \\
Input J Output ; Motor ]
R R P R P
Data Data Data Data
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How to use robot
controller?

Configure Control Registers

u

u

u

u

Clear/Monitor Status Registers

Read/Write Data Registers

Instructions:

School of Mechanical & Aerospace Engineering

TM4C123x

ARM®
Cortex®-M4
Up to 80 MHz

Control Peripherals

2x Quadrature Encoder
Inputs

16x PWM Outputs

105°C

Up to 256 KB Flash

Up to 32 KB SRAM .
2 KB EEPROM .

DMA (32 ch)

[ Temperatures l 85°C

Power & Clocking

Precision Oscillator
RTC Battery-Backed Hibernate

System Modules |
6x 32-bit Timer/PWM/CCP |

| 6x 64-bit Timer/PWM/CCP

Real-time JTAG »_
I Comms Peripherals |

| axssism |
B 6xfC |

USB Full Speed _
\ (Host/Device/0TG) .

Systick Timer
2x Watchdog Timer

Analog
2x 12ch, 12-bit ADCs,
1MSPS
LDO Voltage Regulator
3x Analog Comparators
Temperature Sensor

u  MOV<address of destination>, <source of value>

u LDR <address of destination>, <source of value>

u  STR <source of value> <address of destination>

MOV RO, #0x11
MOV R1, #2560
MVN R2, #4
MOVW R3, #0xCODE
MOVT R3, #OxFEED
MOV R4, R1

Word = 2 Bytes
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Standard Devices to Serve as Robot
Controller: Cortex M Series

ARMCORTEX

Processor Technology

ARMCORTEX | Cortex-M7

\ \e a“ Processor Technology
e ARMCORTEX

Processor Technclogy

Cortex-M3

CoreMark

uARM CORTEX per MHz

rocessor Tecnology

Cortex-M0+

Cortex-M0 Maximum DSC Performance
Digital Signal Control (DSC) Flexible Memory System
Performance efficiency Processor with DSP Cache, TCHM, AX], ECC

Lowest power Feature rich connectivity Accelerated SIMD Double & Single Precision FP

Lowest cost Outstand'ing energy Floating point (FP)
Low area efficiency Digital Signal Control application space
i
‘8/16-bit’ Traditional application space *16/32-bit’ Traditional application space
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Outline of Lecture 3

u Basics of Controller

u Design of Memory

TM4C123x Temperatwres | 65°C | 105°C

ARM@ Power & Clocking
ioriox A Up 0 256 K8 Flash
i Up to 32 KB SRAM

2 KB EEPROM

" [ Rm |
u DeS|gn Of ALU DA (32

6x 64-bit Timer/PWM/CCP

| Real-time JTAG 2x Watchdog Timer

Control Peripherals ||| Comms Peripherals
. N N 2x Quadrature Encoder 8x UART 2x 12ch, 12-bit ADCs,
u Design of Digital 10

16x PWM Outputs LDO Voltage Regulator
2x CAN 3x Analog Comparators

USB Full Speed Temperature Sensor
(Host/Device/0TG
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Binary Number Systems

Binary Values Implementation
u 1 (Logic High) u  +5V (Logic High)
u 0 (Logic Low) u 0V (Logic Low)
Value
N
B I I
0 > Time
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Binary Logic Operations

NOT A —A A TA

AND AB A%E AsB A AB  ANE
OR A+B  AYEB  AUB

MAMD (AB) AR

MNOR (A+BY  TASE

®OR ABB A@B

XMOR: (A®BY AEB (A®@B' A@B
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Binary Logic Devices

-
=
—>—
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Example: NOT

A out

+Vee

= e |»l

Transistor

ouT
OouT

Switch
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Example: AND

AND Gate

« Logic Symbol, Truth Table And Logic

Expression

Logic Symbol

Logic Expression

Truth Table

4081

1 [
2 [
3 [

6 [

vssov 7 1

&
i

Al

114 vDD +3-16 v
13

12

111

10

g

g
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Example: OR

B out
A | B I Output
0 0
0 1 1
1 0 1 ;
1 1 1 i
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Example: XOR

=
7 J

gnd JAHC 7266

Exclusive-OR gate

Input, ’D_ Output
Inputy

=] [ =] NS
=] L= B Bl B El (=&

A| B | Output e DO—D_

010 0 — )
01 |

1|0 1

L[1] o B {>o—
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Example: XNOR

Boolean Expression Logic Diagram Symbol Truth Table
X A B X
X =A®B ’o— 0 0 1
0 1 0
1 0 0
1 1 1
E-:u " ﬂ"E D: A .
E@ ﬁg D B ji AB+AB= A@B
§ 7 DS
E ] .
[Fgna 7anczes |8 B B
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Register: Single Bit Device

Q(t+1) Comments

S
> Q
Clock €|
Do
R
S R CLK
D S QF | 0_ 0 X
Y SR
. e L A T R

Q(1) No change

0 Reset
1 Set
2 lnvalid
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Register: 8-Bit Shift Register

8 bit shift register

. Parallel
- Data Out
Serial .
qatalnusu/ u5ﬂ=/ u5ﬂ=/ LIS'u u5u=/ LISu:// uﬁu:// uﬁu—/
CER ﬁ— CEER ﬁ— CER ﬁ— CER ﬁ CHR ﬁ— CHR ﬁ— CER ﬁ— CKR ﬁ—
v vl ya a v vl ya
clock /"~ / i / /
Parallel
Output
y A ) LSB MSB
Q Qz Q1 Qo at az Q3 o4
TMSB TLSB
/l / I I | I | I | I
Serial D IJ‘I.{> Q Serial DataIn o———b ¢ a *—p ¥ a —o * a o ¥ e
Input 1-bit | 1-bit 1bn 1-bit Output . - L .
R WP R R " R
! D T_Right Shift I (—H i
v D Y - Clock © ¢ . ¢
Parallel ]
Left Shift

Input

Electronics Coach
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Register: 8-Bit Register (One Byte)

0 L
N

P i
cLK—',_R @

g i
,_R Q

D, D — | Q

D4 o s af Q4

I

D, D — Qs
k=l

D, Q,
R
Clock :

(Address) —
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Example of 8-Bit Register (One Byte)

Sontral LU >—1
Control L' 20] Vee
|| l =il
1Q |2 toe 9] Hoe ©@ 9] sa
1D 3 |5 % 18] &
o GH & | |r&ds Y7 »
OE Q t+OE Q
2Q (5[ : T 16 7Q
3N . T
3Q Hoe Q Hoe Q 6Q
30 (7 L5 S 14] 6D
: 1
o [8H [t & D] 113 5D
—|OE Q ~|OE a
aq (9 , 2l 12| sq
GND [10 o&}—{11] Enable G
74LS373

(Top view)
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RAM: Single Bit Static RAM

. . D 1-Bit B
Write Operation
: P RAM
u OWrited I ine Is in logic iuigh.
Write Read

u  Transistor Trl is on.
u Q=D

u  Read Operation

D O
u OReadd | ine is Trl ™= |—)<—| T Trs
. . TrS
v Transistor Tr5 is on. Tﬂ:I I: r

CEEEe guv
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RAM: Single Bit Dynamic RAM

u  Write Operation _
o L | | > 1-Bit B
u OWrited | ine Is in |l ogic F—'{Al\ﬁh'
u  Transistor Trl is on. . |
Write Read
u Q=D
ve Q
. Write
u  Read Operation input Q T Re?d ,
: . : O H outpu
u OReadé6 line is inf|ID | Op
Tri ' Tr3
u  Transistor Tr3 is on. 1- SES I
I
u B=1-Q Write Sov Read
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RAM: 8Bit RAM (One Byte)

w i » ._._.

E JAN \VA A e e \VA JAN
b, 1-Bit B D 1-Bit B Do 1-Bit B
RAM RAM RAM
Write I I Read Write I I Read Write I I Read
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Blueprint of Memory Unit

u A memory unit consists of a set of bytes. Each byte has eight bits.
Each bit has one memory cell for read and write operations.

4 N

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Input to Memory Unit

u  Input of memory unit includes: a) address of a byte, and b) data
of one or more bytes.

Address Bus N:a

4 N

Nd e e
Data Bus :
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Example

u A memory unitods address bus has 64 D
the maximum number of bytes that the memory unit could have?

Na 4 A
u  Answer: Address Bus : E

u  The maximum number of bytes is: é é
264 — 2343 2103 2103 210

2°4 =1844674403709551611
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Output from Memory Unit

u  The output from memory unit is data of one or more bytes.

4 N

Address Bus N:a

Nd e e
Data Bus :
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Example

u A memory unitodos address bus has 64 |
lines. Hence, Na = 64 and Nd = 32. At one time, how many bytes
could the memory unit read or write?

Na

u  Answer: Address Bus :

u At one time, 32/8 = 4 bytes could be read or written.

Nd e e
Data Bus :
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School of Mechanical & Aerospace Engineering

Activities of Writing Programs Include
OManagement of Me mc

Values of Data Values of Addresses

uoint x,y, z; u o int *x, *y, *z,a,b,c;

u x=10.0; u X=&a; *X=a;

u y=5.0; u y=&b; *y= b;

u Z=X+y; u z=&c; *z=c;
An ampersandis alogogram"&" r epresenting the ¢conjunct
In C, it means the address of a variable.
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Activities of Writing Programs Include
oManagement of Comp

01100001

— WERLOEI] Keyboard

| 01100010 | | | 01100101

01100011

' 01100100 & b Address k0] JUMP IF =

i m. HOEEDEEEN 10100001
01100110 |

01100111 01101000
O1ig100d | nstruction| RISLOEl Monitor |
01101001 -Address

01101010 | 01101010 “
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Outline of Lecture 3

u Basics of Controller

u Design of Memory

TM4C123x Temperatwres | 65°C | 105°C

ARM@ Power & Clocking
ioriox A Up 0 256 K8 Flash
i Up to 32 KB SRAM

2 KB EEPROM

. [ Rom |
u DeS|gn Of ALU DVIA (32.01)

6x 64-bit Timer/PWM/CCP

| Real-time JTAG 2x Watchdog Timer

Control Peripherals ||| Comms Peripherals
. N N 2x Quadrature Encoder 8x UART 2x 12ch, 12-bit ADCs,
u Design of Digital 10

16x PWM Outputs LDO Voltage Regulator
2x CAN 3x Analog Comparators

USB Full Speed Temperature Sensor
(Host/Device/0TG
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Blueprint of ALU

Operand 1

Arithmetic [RESL
Operand 2

Opcode

Logic
Module

Status

Status Regqister [E[F[=[[n]z]v]c]

| L— Carry
Overflow

Zero

Negative
IRQ mask
Half carry
FIRQ mask
Entire flag
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Design Example of 8Bit ALU

8-bit Data Bus

16-bit Address Bus
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Working Principle of ALU

Status Register

E[FIH|I|N|Z|V|C

-
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Carry
Overflow
Zero
Negative
IRQ mask
Half carry
FIRQ mask
Entire flag





































































































































































































































































































































































































































