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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

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



School of Mechanical & Aerospace Engineering

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
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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

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



School of Mechanical & Aerospace Engineering

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 4:; Robot os Advanced
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Robot 0s Advan

#

Xie Ming, PhD (France) ~
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Outline of Module 4

u Dynamics under Control

u Signal Flow Diagram

u Design of Control Systems

u Control in Joint -Space

u Control In Task-Space
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Outline of Module 4

u Dynamics under Control
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 4 .
MA4825 Robotics

Lecture 1

Dynamics under Control

#

Xie Ming, PhD (France) -

http://personal.ntu.edu.sg/mmxie
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Outline of Lecture 1 Q
= 7

u Three Relationship Between Motion and Energy

u Dynamic Equations of Motion at Link Joints

u Dynamic Equations of Motion at Torque Joints

u Dynamic Equations of Motion at Power Joints

u Dynamic Equations of Motion at Controllers
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Outline of Lecture 1 f
u Three Relationship Between Motion and Energy

u Dynamic Equations of Motion at Link Joints

u Dynamic Equations of Motion at Torque Joints

u Dynamic Equations of Motion at Power Joints

u Dynamic Equations of Motion at Controllers
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Dynamics refers to relationship between motion and
energy. Then, the questions will be:

Desired
u  What are the details of input energies? Motion
<
Controller
u  What are the details of output energies? Actual
Motion
Power
MIMO Amplifier
lva,i 3 ia,i

Actuator & Sensor
Reducer

Toue don pover Joint
|

Robotic Joint

W
kt )3 (-2
(K1) K ) Speed Iﬁm3 Wi
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Robot 6s Dynamics | ncl t
Rel ati onshi ps Bet ween

v Motions are related to mechanical energy at link joints
v Motions are related to mechanical energy at torque joints

v Motions are related to electrical energy at power joints

Relationship 3
Relationship 2 J

Relationship 1

Electrical
Energy
Power Joints

Motion
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Outline of Lecture 1

u Three Relationship Between Motion and Energy

u Dynamic Equations of Motion at Link Joints

u Dynamic Equations of Motion at Torque Joints

u Dynamic Equations of Motion at Power Joints

u Dynamic Equations of Motion at Controllers
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What is the relationship between motion and
mechanical energy at link joints?

u  Motions are related to mechanical energy at link joints
v Motions are related to mechanical energy at torque joints

u  Motions are related to electrical energy at power joints

Relationship 3

Relationship 2

Relationship 1 l
y
i Mechanical Mechanical Electrical
Motion Energy Energy Energy
(Link Joints Torque Joint Power Joints
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Background Knowledge:
Newt ond0s Second

Net Force = Acting Force T External Forces - Gravity

Net Force = Mass of Rigid Body x Acceleration

Acceleration = First Order Derivative of Velocity

Velocity = First Order Derivative of Position
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Typical External Forces

u  External force due to gravity (i.e. mg)
u External force due to interaction

u External force due to viscous friction
u External force due to angular motion

u External force due to radial motion
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External Force due to Constrained
Motions

v When a r odtiphiasas intéractooh force with a work -piece
or an environment, there should be the additional torques applied
to the robotods joints iIin order to ptr

B2

. ‘J)
e =
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4 EAAADBEDONCAN QAT G
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f

+
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TheJacobiamatrixof arobot:
%\mearVelocny g ae@&eg ; q
ngularVelocity2 8%9

e

Additionaltorqueto produceanteraction force:

[interaction = ‘Jt ﬂ F
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External Force due to Viscous Friction

u  When two objects in contact undergo relative motion, there is a
frictional force which is proportional to the relative velocity. Such
a force is called a viscous frictional force.
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External Force due to Angular Motion

u When an object undergoes angular motion about an axis, there is
a centrifugal force which is proportional to the square of circular
velocity at the objectds center of n

Fa:m (rﬂW) = mr 1?2
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External Force due to Radial Motion

v When an object undergoes a linear motion in a radial direction on
a rotation base, there will be a Coriolis force acting on this object.
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Example of Robot Manipulator

»
»

u A SCARA robot has a vertical
link which undergoes linear
motion in vertical direction.
Assume that the payload of
the vertical link is M and that
the input force from the
torque joint coupled with a
motor acting on vertical link
IS . What is the relationship
between the input force and
the vertical position of
vertical link?
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Solution

u  Analysis: Y

Themasof thelastlink andits payload M

Theoutputforceactingon theastlink : F

Theverticalpositionof thelastlink : g

Theviscoudriction coefficient between th joint andthelink : k
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Solution (continued)

u  Free body diagram:

I Acting Force

Frictional Force 1

Gravitational Force
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Solution (continued)

Equation:

Netforceactingon thelink :

dq
F =F-k - M
net dt ﬂg

Equationof motion(NewtonsSecond.aw):

dq
F =F-k - M =M —
net dt ﬂg

d°q _, dqg
M—+k—+MTg=F
dt? dt 19

40
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Example of Robot Arm at Rest (Statics)

u  Arobot arm has two links which can move within a vertical plan.
Now, assume that we want to keep the arm at rest as shown in the
figure. What should be the torques at joints 1 and 2?
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Solution  FNGIES

u  Torque at joint 2 when link 1 is horizontal:

If g, =0, wehave

|
t,=mg? Ezcos(%)
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Solution (continued)

. a ’
0 (a ;

u  Torque at joint 2 when link 1 is not horizontal:

Ve

) £ TOER ORNGAEDDI @ARA

oA ...
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Solution (continued)

u  Torque at joint 1 when link 1 is horizontal:

If g, =0, wehave

| |
t,=mg?3 §1+ng3 {I1+§cos@2)}
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Solution (continued)
— (O
e o (3

u  Torque at joint 1 when link 1 is not horizontal:

If g, , O, thetorqueat joint 1shouldbe:

| |
t,=mg?3 —écos@l) +m,g3{l,cos@,) +—§cos@2 +4,)}

A

qlbo
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Solution (continued)

. a ’
0 (a .

u  Relationship between Input and Output without Error Control Loops :
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Solution (continued)

u  Relationship between Input and Output with Error Control Loops:

T 00 { Sensors JL
4 N\
Th 2
—(X)—| Controller
- J o
' 4 A >
h
—>(§§_ )—>| Controller
N S )
T 00O Sensors [
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Example of Example of Robot Arm at Rest (Statics)

u A robot arm has two links which can move in a vertical plan. Now, we
want the robot to exert a desired force F onto a screw driver. Assumethat
the mass of the screw driver is negligible. How to produce the desired
force F acting on the screw driver?
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Souton FRNES

u  Desired torque at joint 2 when link 1 is horizontal

) £ mhx AEAOA

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


http://images.google.cn/imgres?imgurl=http://images.lowes.com/product/076174/076174645811.jpg&imgrefurl=http://www.lowes.com/lowes/lkn?action%3DhowTo%26p%3DBuyGuide/ScrDvrBG%26print%3Dtrue&h=500&w=500&sz=20&tbnid=-iw8jYPWbAIqdM:&tbnh=130&tbnw=130&prev=/images?q%3Dscrewdriver%2Bimages%26um%3D1&start=1&sa=X&oi=images&ct=image&cd=1

School of Mechanical & Aerospace Engineering

Solution (continued)

e o (¢
:

u  Desired torque at joint 2 when link 1 is not horizontal

) £ TOER ORGAEDDBI ARA
Y ¢ (U .
T aQmn & QEAIG — Q Al &6 —
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Solution (continued)

u  Desired torque at joint 1 when link 1 is horizontal o
Desired Force f T§

) /£ mhx AE AOA
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Solution (continued)

e o (¢
:

u  Desired torque at joint 1 when link 1 is not horizontal

) £ TOEQRA ON@GA pOBI ARAA
o . <
T aQ Al & a Q aAl &
o . < .
cAle — 0 aAl & aAl & —
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4 ©

Solution (continued) .

BES o (4F
:

u  Desired force within the framework of systems without error control loops:

-~

l‘ 1,desired

b
7|

v

l‘ 2.desired
—_—
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Solution (continued)

u  Desired force within the framework of systems with Error Control Loops:

T 00 { Sensors JL
I N / Desire(‘:l Force ft | \
T h \: [1 é
—(X)—| Controller
\__ J -
' 4 A >
3 "0
—>(§§_ )—>| Controller
N S )
T 00O Sensors [
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Example of Articulated Robot Manipulator

u When the torques acting on the link joints of a robot with six
revolute joints can overcome all the external forces, what will be
the equation of motion at the r o b dinkjaosnts?
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Answer

B(o)g=¢ - J'F - C(q, @& 9(q)

g: Vectorof generalizd coordinate

Kinetic
Resistance

B(q) : Matrix of Inertia

C(q, &) : Matrix of Centrifugd andCoriolisforces

g(q) : Vectorof gravitationaleffect

t :Vectorof generalizd forcesactingat thelink joints

B(q)g+ C(q, e+ g(q)=¢ - J'F
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Outline of Lecture 1

u Three Relationship Between Motion and Energy

u Dynamic Equations of Motion at Link Joints

u Dynamic Equations of Motion at Torque Joints

u Dynamic Equations of Motion at Power Joints

u Dynamic Equations of Motion at Controllers
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What is the relationship between motion and
mechanical energy at torque joints?

u  Motions are related to mechanical energy at link joints
u  Motions are related to mechanical energy at torque joints

u  Motions are related to electrical energy at power joints

Relationship 3

Relationship 2

Relationship 1 l
i Mechanical Mechanical Electrical
Motion Energy Energy Energy
(Link Joints Torque Joint Power Joints
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Link joints receive energies from
torque joints (and power joints)
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Torque vector and motion vector

at input of link joints

_ 0 _ 0]
=% 6 and 4=5"g
8 8

%0 %,

MIMO

Reducer

Speed

X ‘
= Actuator Sensor

Desired
) Motion
Controller j
Actual
Motion
2
Power
Amplifier
3
Va,i Ia,i
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Torque vector and motion vector

at input of torque joints

ar_. o ag,,, 0
g m,1 0 gm,l o]
_ m,2 O _ &gm,z O
=2 and U= 6
x"0 "0 Desired
R 0 & 9 ~ Motion
g - g — Controller j
Actual
Motion
4
MIMO Power
Amplifier
® Va,i 3 ia,i
(k7,)%( k’") Soced 1, X O
pee L Actuator Sensor
Reducer
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o O

Property 1 of Torque 50 K
Joints
to=k; Nt 1=12,...n

coocoon
~N
[
A
—
~
3

|
D> DD~ D
o
o
~
S5

el o
gkr,l o .. O 3
K_lzgo kl 03# t —K-l ['
e U m=K: 1
é wew . .i. u
é 0 0 .. U
e Kol Desired
) Motion
Controller :
Actual
Motion
&
MIM O Power
Amplifier
T X@
s]9Edl = Actuator Sensor
Reducer
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¢L o .. o?
Property 2 of & 3
. K-1=20 K Oﬂ _K':I.Tl'
Torque Joints e ke i 4= K Oy
Gl
1 | / o0
o :k—'ﬂqm,i, 1=12,...n
i N %: 0 .. 0g
0 k, .. ol
K, =¢ "2 u —
' g 3_> Qm - Kr ﬂq
g0 0 . kag Desired
~ Motion
Controller :
‘ Actual
Motion
¥
P
MIMO Am(;)‘:;ei:';.er
T X

Speed g m
Reducer

Sensor

Actuator
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If we define

e 1 209 e3 0 Og 0 1 29

B(Q) = Bdiag +DB

=

C(g,¢p =C

MIMO

Speed
Reducer

Controller

’ U_é U, é N
gL43g_204og+gL03(J
£ 3 5] € 055 & 3 0f

Desired
Motion

y F

v

Power
Amplifier

Actuator

Actual
Motion

Sensor
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Then we have

B(g)g+ Cla. e+ g(q) =1

a=K; ay B(0) = Byiag + DB
t =K, C(qg,é) =C

\4

[B, +DB]TK ¢ +CK'¢# +g(K 'g.)=K. ¢
diag r r ~m r ~m r*m

This is the dynamic equation of Robot at Torque Joints.
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Example

u  Prove the following equation and explain its physical meanings:

tm = Kr-leiagKr-laT-én +d
with :

d = K; "DBK; "4, + K, "CK; ', + K; *g(K; 'qp)
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Solution

[Bdiag T DB] ﬂKr_:Lﬂ% +CKr-1#m + g(Kr_lqm) = Krl.m

g

BdiagKr-lafn + DBKr- 1% +CKr- 1qtm + g(Kr 1qm) = Krl‘m
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Solution (continued)

Biag K/ "6, + DBK; "¢, + CK; ‘¢, + 9(K; 'q,,) =K, £,

g

Krl‘m = BdiagKr- 1% + DBKr- 1% +CKr- 1qtm t g(Kr- 1qm)
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Solution (continued)

Krl‘m = BdiagKr- 1% + DBKr- 1% +CKr- 1qtm + g(Kr- 1qm)

g

tm =K 'BuiagK; 8 + K[ 'DBK; '8, + K[ 'CK; ', + K, "g(K; )
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Solution (continued)

t = K/ 'Byiag K 8t + K[ 'DBK; "8, + K, 'CK e, + K[ g(K; 'gp,)
_ /

tm = Kr-leiagKr_:Lan +d

Y
d

with ;

d = K; 'DBK; ¢, + K;'CK; ¢, + K, *g(K; qy,)
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Example

u  Prove the following equation and explain its physical meanings:

%:KrB(;ll Kr([m_ d)

lag

with :
d = K 'DBK " + K 'CK ¢ + K 'g(K;'q.)
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Solution

l‘m = Kr_le
with :
d =K, 'DBK ¥ + K;'CK; "¢, + K 'g(K; q,,)

g

[Kr-leiagKr-l]% - l‘m - d
with :
d = K;'DBK; ¥, + K, 'CK ‘¢, + K 'g(K,'q,,)

K; 4, +d

iag
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Solution (continued)

[Kr-leiagKr-l]% = l‘m B d
with :
d = K;'DBK "¢, + K, 'CK "¢, + K, 'g(K,'q,,)

g

% :[Kr-leiagKr-l]-l(l‘m B d)
with :
d = K;'DBK; "¢, + K, 'CK ‘¢, + K 'g(K,'q,,)
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Solution (continued)

qﬁ - [Kr-leiagKr-l]-l(tm B d)
with :
d = K 'DBK ¢, + K 'CK ¢, + K 'g(K,q,)

JL(ABO*'=C'B'A™"

% = Kr B(;i;gKr (l‘m B d)
with :
d = K;'DBK; "#, + K, "CK; ‘¢, + K, "g(K,q,,)

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 1 v
23

u Three Relationship Between Motion and Energy

u Dynamic Equations of Motion at Link Joints

u Dynamic Equations of Motion at Torque Joints

u Dynamic Equations of Motion at Power Joints

u Dynamic Equations of Motion at Controllers
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What is the relationship between motion and
electrical energy at power joints?

u  Motions are related to mechanical energy at link joints
u  Motions are related to mechanical energy at torque joints

u  Motions are related to electrical energy at power joints

Relationship 3

Relationship 2

Relationship 1 l
i Mechanical Mechanical Electrical
Motion Energy Energy Energy
(Link Joints Torque Joint Power Joints
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Mechanical energies at output of power
joints come from the electrical energies

at their inputs

Wm

(kr,il"m,i)3 (

K,

Torque
Joint

Power [ | Power
Amplifier Source
1Va,i 3 ia,i
3w,
. Power
Joint
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An electrical motor Is an electro -
mechanical device

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Equivalent diagram of electrical

motor
Power | Power
Ampllfler Source
Vi3,
(kr| m|)3(krmll) l ,_3 W’- 1
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Equation of Power Joints

Electro-motif force

\

dia,i \'
dt + kv,i qtm,i

Va,i — I:Qa,iia,i T I—a,i

5]
Viscous friction —7
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Dynamic Equation 1 of Power Joints
(continued)

[m,i :kt,i ﬂia,i »I :iﬂ[ _ » dia,i — 1 ﬂdl‘m,i
a,i kt,i m,i dt kt’i dt

— ST f
+ +
\f@ e=|<§©

b
Viscous friction —7
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Dynamic Equation 2 of Power Joints
(continued)

di,, 1 ."dl‘m,i
dt k, dt
_ di, |
Val = Ra,ila,i I—ai dt +kv,iq£m,i-—>é9‘—[m,i :kt,i 1Tia,i
Rai " Lai dl‘mi
V. =— +-*= —+K, . &,
oK, ™ K, dt i
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Next question: What is the relationship between energy
and control signal at controllers (i.e., mind and brain)?

u  Motions are related to mechanical energy at link joints
u  Motions are related to mechanical energy at torque joints

u  Motions are related to electrical energy at power joints

How to control this energy?
Relationship 3

Relationship 2 Robot
Relationship 1 l Brain
\4 l
_ Mechanical Mechanical Electrical

Motion Energy Energy Energy < 4= | Power
(Link Joints Torque Joint Power Joints Source

Power

Amplifier
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Outline of Lecture 1

u Three Relationship Between Motion and Energy

u Dynamic Equations of Motion at Link Joints

u Dynamic Equations of Motion at Torque Joints

u Dynamic Equations of Motion at Power Joints

u Dynamic Equations of Motion at Controllers
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Electrical energies at input of power joints (i.e.
motors) are under the control of signals from
controllers (1 .e., mi n

. _— ontroller
Signal to Power Amplification k

\ chu

Power o Power
Ampllfler Source

W... V..3 1] .
(Kitmi)® () /o la" ™
K| Torque |4 Power

Joint Joint
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Example of Equation of Power Amplifier

U U U
v —Y Q ‘ Vg UL Y Q
VY, o v = |0 p
Vi Rl Vi Rf
—] 1
Vc,i =V,- V] [ " Vi
L + !
Vz—%l_\/f;%ll
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Dynamic Equations at Controllers

Ra,i + La,i dl‘
a,l Kt,i m,i Kt,i d

T,i + kv,i #m,i

Py
Py

4AY

N
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Summary of Transforming Signal Flow (Mind
and Brain) to Energy

VC,i Vai tm,i W, - T — ]
Signals Electrical Mechanical Motions Motions
Energy Energy
|Contro||er
Ve
Power || Power
Amplifier Source
W, . 1v 3.
(keitm)® ) .
ki | Torque | m "™ power
, -
Joint Joint
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Summary of Lecture 1 §
u Three Relationship Between Motion and Energy

u Dynamic Equations of Motion at Link Joints

u Dynamic Equations of Motion at Torque Joints

u Dynamic Equations of Motion at Power Joints

u Dynamic Equations of Motion at Controllers
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Outline of Module 4

u Signal Flow Diagram
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 4 .
MA4825 Robotics

Lecture 2

Sighal Flow Diagram

Xie Ming, PhD (France) -

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

#
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Outline of Lecture 2

u Laplace Transforms |
| Industrie 4.0
O

u Transfer Functions

J
3\\;
u Signal Flow Diagram TE

uSIl gnal FI ow Diagram of R

‘
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Outline of Lecture 2

u Laplace Transforms

u Transfer Functions

u Signal Flow Diagram

uSi gnal FIl ow Diagram of R
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What Iis Laplace Transform?

u Laplace Transform is an effective way of transforming differential
equations into polynomial equations in frequency domain.

F(s) = j; e F(H)dt

Time Domain: f (t) LaplaceTransform: L] | S-Domain: F(s)

1 [ petijoo

f(t)=— F(s)e”Q i_

2my LI |
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Laplace Transform

"Q0 JAEO| AIOEE DAODERY nAIO T
iJAAT | POA@E EEB8AE EI ACEI AOU
0 ATl DPAOAOWDI IANIA E A AAGH AOMMA O &l Ol
'Oi d, ADIQOMWA A8 |
&1 OxBORAABRXD IQQOMWA OA&I Ol g
LQ0 Ol Q0 EQ Qo
) T O 260 AN A 1AM O &I Ol ¢

b6 Oi Q0 —. TOi EQU
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Forward

—

Time Domain: f (t) LaplaceTransform: L[] S-Domain: F(s)

Inverse

e

Time Domain: f (t) InverseLaplaceTransform: L S- Domain: F(s)
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Basic Functions and Their Laplace
Transforms

Time Domain Frequency Domain

v 51 BOI"@A 1 0o v Oi p
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Wh at | S vector 0sS O

Imaginary

u Sis avectorin S plane: A

0

N N

Real

N S=S +jw
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What is S Plane? Euler Equation:
e =cosut) + j sin(ut)

. Real
u  Real Axis: >

u Imaginary Axis:

Real
u  Complex Plane: >

u  Complex Numbers or Vectors: S — S + J W
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Property 1 of Laplace Transform

2( Forward . sX(s)
dt

d_2X Forward : SZX (S)
dt’

d nX Forward R Sn X (S)
dt"
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Property 2 of Laplace Transform

Forward

"00°Q 0 = ?bi
.« . Forward D
Qo0 Qo Qo6 > i—"Oi

Forward P
"QC‘))'Q(‘) 0 5O P o
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Property 3 of Laplace Transform

Unit stepf (t) =1(t)

F(s):é

v

Displacement in Frequency Domain
%ZDIT T AD6Q EAIDE £€Q
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Property 4 of Laplace Transform

I F(s) = L[f(t)] Formula
3 n
[ —
3 n+1
D S
£(t) = cos(at) F(s) = #’02 5>0 E
f(t) = sinh(at) F(s) = ﬁ s> |a F |_[ f (t)] = F ( S)
£(t) = cosh(at) F(s) = ﬁ s> ] G
R OIERREIPIPR YL AL PR N -
V| () = tret F(s) = —e— s>a H | €——
! (s — a)int1) -at] —
- ; ! L[ f(D)e "] =F(s+a)
f(t) = e** sin(bt) F(s) = oot s>a I
£(£) = e cos(bt) Flo)=7; (83}2 = s>a J
F(t) = e sinh(bt) F(5) = 5= ;;g — s—a> K
F(t) = e* cosh(bt) F(s) = % s—a> b L
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Property 5 of Laplace Transform

3 EAlQo 6 EOET o W) T T

0 K
Oi : > di) 5 T o

T l

Cosinef (t) = Afcos(ut)

_ Als l
F(S)_82+W2 > Qi) - R
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One More Example of Laplace Transform

f(t) =e *sin(ut)
w

F(S) = (S+a)2 s ,/,/2

f(t) =€ *cos@ut)
s+a

(s+a)*+u

F(s) =

LLT()] =F(s)

L[ f (t)e *]=F(s+a)

E
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Initial Value Theorem

im y(0) = m STY(S

Desired Sub-system Sub-system

Output g Output
—>(p 2} Controller H Sysar:t:,‘:lder ifﬂ
| Sub-system
( Sensors }—
L

W
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Final Value Theorem
!im y(t) = IirTg sTY(s)

Desired Sub-system Sub-system

Output Output
P [Controller H Sysg':t:.‘:lder |7—>
| Sub-system
( Sensors }—
L
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Outline of Lecture 2

u Laplace Transforms

u Transfer Functions

u Signal Flow Diagram

uSi gnal FIl ow Diagram of R
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What is transfer function?
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Definition of Transfer Function

u A transfer function G(s) is the ratio between the Laplace
transform of the output and the Laplace transform of the input.

X Y
©) G(s) = Y(s)/X(s) (33

A 4
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Example of Transfer Function of Systems
without Error Control Loop

Consider the rotational system having a flywheel with inertia J = 100 kg.m” and viscous
damping coefficient B = 10 N-s/rad shown in Figure 2
K

E Flywheel

B

Figure 2: Rotational system

Q
(a) Find the transfer function T((S)) for input torque 1 to angular velocity o.
s

(b) Using Laplace Transform find out the w(t) if a torque of 100 N-m 1s applied. What 1s
the steady state value for w(t)?

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

u (&) Jizq2+ng:[

dt dt h;

Flywheel
)

Ji+Bw=t

- )
|

JIMs) + BWs) =T(s)

W) _ 1
T(S) ~ 10+100s

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Solution (continued): Wy 1
. (b) T(s) 10+10Gs ";7/
U o
C N
T(s):l—go g
1 100 1 1 10 10
S) = = — = -
) 10+1003ﬂ S sﬂs+0.1 s s+0.1

mt) =10- 10e "

lim u(t) =lim10- 10 > =10rad/se
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Transfer Function of Systems with

Error Control Loop
] OOBO &I OxAOAT@AE Oi Oi
)T POO p #1 1,0A® p "OG()O@()Oi
X(s) E(s) G1(s) C(s) G2(s) Y(sz
F(s) H(s)

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



School of Mechanical & Aerospace Engineering

Outline of Lecture 2

u Laplace Transforms

u Transfer Functions

u Signal Flow Diagram

uSi gnal FIl ow Diagram of R
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What Is a signal flow diagram of a
control system?

u A signal flow diagram (or Block Diagram) refers to a control
systembs a flow of signals in frequ:
transforms, which are interconnected by transfer functions .

C Y
O sy ] e ©)
HE) Hs) ks
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Example
Signal Flow Diagram

v

Simplify the block diagram shown below and obtain the closed-loop transfer function
C(s)
R(s)

H,
R(s s
H; |-
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Solution:

B3 ces)
G >

B4

C(s)

Q
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Solution (continued):

R(s) C(s)
—@E G, >
R(s) C(s)
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Solution (continued):

C(s)
H,
G?
R(s) C(s)
_.@_E G, -
A,

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

C(s)
H,
S1 G,
R@@E G C(S).-
S4

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

S1 S2 G,

R(s) - g Cl(s)
t 1+G,H, >

S4

Q

11,

. S1 32 .
(s G, A (s)
O 6 D16 G, ,

1+G,H,
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Solution (continued):

S1 S2

R@®E G. ) C(s)
‘: Gi | l+Gsz i GZ GS 4

G
] o G,(G, + H,)
H, ] .o, 1+G,H, + G,H,(G, + H,)

G.(G, +H) G (82
1+ G,H, + G,H,(G, + H,)
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Solution (continued):

S1
R(s) . G.(G, +H) C(S)
—
'®"‘ ' [Tl1+6,H,+ GH,(G, + H))
GIGS(G?. +H1)
1+G,H, +G,H,(G,+H) G,G,(G, + H,)
G,G,(G, + H,) 1+ G,H, +G,H,(G, + H))+ GG,(G, + H,)

1+G,H, + G,H,(G, + H,)

_ GG,(G, + H,)
1+ G,H, +G,(G, + H \G, + H,)

R(s)

-

1+G,H, +G,(G, +H,)G,+H,)

GG,(G, +H,) C(s)
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Outline of Lecture 2

u Laplace Transforms

u Transfer Functions

u Signal Flow Diagram

uSIl gnal FI ow Diagram of R
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Robot 0s Contr ol Sy s

Link

S | «:" Joint
N 3
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Signal Flow Diagram of Robot
Dynamics at Tor que

u  What is the signal flow diagram of the following equation?

afn = Kr Bc-liéngr (tm B d)
with :
d = K;'DBK; ‘¢, + K 1CK ¢, + K *g(K q,,)
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Solution

u  Step 1: Do Laplace transform

afn = Kr B(-jiggKr (tm B d)
with :
d = K;1DBK; ", + K, 1CK; ¢, + K, *g(K; q,,)

in i 0o vuv Tt i Qi
x EOE
AO O 3® in i 0 60 in 0O QO [ I
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xEOE

Qi L 3@ (N & 0 0L in L Qi v N i
N =00 o t I Qi

x EOE

A OO0 3@ in i 0O 60 in O Qv R i
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Solution (continued)

u  Step 2: Draw signal diagram

qo iﬂoé 6t i Qi
x EOE
Qi 0 3&® (A i O B0 iR O QO A
d(s) T
t.(s) L 1 I 1 | (s
KrB(;iigKr R I .
S S

(to conti:
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Qi v 3@® i i O 6v iR O Miov Qi

L0 Qi 0

A

K 'CK:*

K 'DBK:*

0 (9)

A 4
A 4

K B K.

diag

(to cont i
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K 'CK:*

(XK, 'DBK;"

£ (S) : 1 1

&.(S)
85.(s)

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



School of Mechanical & Aerospace Engineering

Signal Flow Diagram of Robot
Dynamics at Contr ol

u  What is the signal flow diagram of the following system of equations?

. L . df _.
Vci = Ri Ra’l tmi + Rl = - + Ri kvi(#:mi
R K, T RK dt R 7
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Solution
u  Step 1: Do Laplace transform
. L . dtf
V.. = ﬁ &l‘ + F\)-l a,l

C,i m,i - + Rl kv,iqtm,i
R K R K, dt R

_R Ry R L, R
V. (S) = R, K., f i (S)+ R K, St i () + R K, S0 (S)

1=123,....n
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(9=" Ry (94 R e

R
R K, R K“ mi MS% (s)

_RR, Rl RK.,
Vc,i (S) — (Rf Kt’i + Rf Kt,i S)l‘ m,| (S) + R #m,i (S)
1=123,...n

(to conti
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O e O (9
1 =123,...n
I:\)1kv,i RiRal al
{Vc,i (S) - R m,i S Rf K ’I S)l‘m| (S)
1=123,...,n

(to cont
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Define: K., = Rk, Define: - BB | Ipefine: T, =
Rf m,i Rf Kt,i | J
f. \ !
V(9 g, FF::T;' a"l 9t (9
1=123,....n

|

(Ve (9 Koy (9} = @0+ T, 9, (9

1=123,...n (to conti
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{Vc,i (S) - Ke|#m| (S)} o, (1+ S)[ m,i (S)
1=1,23,....n
. 1
Define: = (1+T._.9)
Gm,i (S) Km,i ’
tm,i (S) - Gm,i (S){Vc,i (S) - Ke,i qtm,i (S)}
1=12,3,...,n
(to contin
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ol n1(S) @
x o
% S o ~
Define: l‘m(s)=ae""2( >g 2Ga(9) GO(S) 8 g
& 0 - @ n2(9) . 6
2,90 DN G&Ze T 6
’ x 0
£ 0 0 .. G99

£ i (9) =Gy (W, (9) - K., 8, ()}

1=123,...n

(to conti
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8K, O 0 G
an’ K 0 5
Define: K, :g &2 8
= -9
C 0 0 Ke,n+
£ i (S) =G (SH Vi (9) - K, e, (S)}
\
1=1,2,3,...,n ge#m,l(S)g
Define: ¢ (s) =fm’2(s)8
o ~ e 0
| %gg R, ,(9)2
Define: v.(s) ="° &
& 0
%, (90

(to conti:
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! i (9) =G (S, (9)- K, ¢, (S)}

1=123,...n

A4
fm(s) - Gm (S){Vc (S) B Kea{:m (S)}
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Solution (continued)

u  Step 2: Draw signal diagram

{ m (S) - C-:'m (S){Vc (S) B Keatm (S)}

[(9)

G
&, (S)
K_L
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Si gnal Di agram of R
Control |

(19
50 Ao
&, (S)
K, -

Joint

Mechanism
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59

% : 188 1
o - H-H

G(8)

K

1CK-1

r

0 (9)
&.(S)
g.(s)

&.(S)

(to conti

A
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Thi s 1 s the Signal FI ow Di agr a

V(S
L@_,Gm(s) 0u(9
i ()
e

How to make it to become LTI systems?
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A Background Knowledge: Multiplication of Diagonal Matrices
Also Results In Diagonal Matrix.

Lo o
&, O 0 & . U &, O 0o
é u é L u é u
_e0 Kk 00  Biy=6" b, — ‘u _e0 ko o 0y

r A A N rT A

é... .. N é v é... .. N
é 0 5 iU é N
a0 0 K i &0 0 14 g0 0 K i

B
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Necessary and Sufficient Condition of Making a Robot to Become
an ldeal Dynamic System: The Reduction Ratios Are Big Enough!

Treat it as disturbance

d(s)/
1 1 1

&.(S)
&.(s)

An Important Property of Ideal Dynamic System:

' MIMO =Sum of SISOs !
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School of Mechanical & Aerospace Engineering

Summary of Lecture 2

u Laplace Transforms |
| Industrie 4.0
O

u Transfer Functions

J
3\\;
u Signal Flow Diagram TE

uSIl gnal FI ow Diagram of R

‘
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Outline of Module 4

u Design of Control Systems
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 4 .
MA4825 Robotics

Lecture 3

Design of Control Systems

#

Xie Ming, PhD (France) -

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

u Basics of Systems

u Basics of Control Systems

u Design Solutions
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Outline of Lecture 3

u Basics of Systems

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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What Is a system?

u A system consists of a set of elements or
modules, which act and interact together
for the purpose of achieving some
common goals.

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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What is the best system in the world?

u  Answer:

u  Static Systems!

u Any system, in which the input and output relationship is independent of
time, is a static system.

Input —{ Systems ]—> Output

U No transient responses
U Steady-state responses

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



School of Mechanical & Aerospace Engineering

Example of Static Systems

u  Digital to Analogue Conversion (DAC) Systems

Vi, o Logic switch
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Example of Static Systems

u  Sensing Systems

Relative Humidity
& Temperature Barometric
Pressure

) Distance
9

Temperature

4
3 A
oo}
¢ ¢\
2 .

Light Color Irradiance
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Example of Static Systems

v Communication Systems

Enterprise
(Ethernet)

Analyzer

[nstruments

Device Level

(RS-485, CAN) I
£ —h DF/ASE =
- -++-.f : | | I |.||I|: ::
;Z“;;;L :E:I) Starters Valves
T é V
= V Dirives =
Simple binany

Analog sensors

& actuators censors & acfuators
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Property of Static Systems

u A static system only has steady-state
responsesand steady-state errors.

e
A

=

Desired Error
> I
Output

> time

Unit Step Function, y(t)
15 T r r
| I— 5
() S S S L —
O s CARELELLISES SRRRRREERE
-0.5 i
-1 0 1 2 3 4 3
Time, (s)

Output
M[ Systems ]7—p>
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What are dynamic systems?

u Any system, in which the input and output relationship
IS not independent of time, Is a dynamic system.

Input —{ Systems J—> Output

U Transient responses
U Steady-state responses

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Property of Dynamic Systems

u A dynamic system has both transient and steady-state responses.

T T T _ T T — U = 6
L 2

—U = 2

08
0.6
04
02
o .
02}
0o
OG-

—U = 1
- = =Step

(=Y
o
.
-
-
-
-
B4
-
s
’

’

’

-
H
~N

e
)

Step Response

e
FS

~
~
[ .
/
d
’
’
’
1
/

0.5 15 35
Time

Desired < '”ﬂ{ Systems ]th_pyt
Output :
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How to judge the performance of
a dynamic system?

u  Three performance indicators:

u Stablllty lf) & Maximum

' Respanse Unit-step input avershoot A L ent = A/B
u Response time B .I.
Nl S e e s T ey TP -
u Response accuracy ] s —— . S w— /-F\ — I ——
() S——— | | f
' i i Steady-stae
[ 1 1 error
o | =
0.50 f~=====~~ i I I
ey S :
' Lo I I
VAR i
o A i f
L Pe——— ff——
Rise time ¢,
I-‘. Settling time t, :—I

Typical unit-step response of a control system.
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How to make a dynamic system to
approach the best system?

Static Systems Dynamic Systems
u  Stability u  Stability

u 100% u  100% (possible)
u  Response Time u  Response Time

u Os u 0 s (not possible)
u Response Accuracy u Response Accuracy

u  100% u  100% (possible)
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What are the ideal dynamic
systems in the world?

u Answer:
u Linear time -invariant (LTI) systems!

u What are the properties of linear time -
Invariant (LTI) systems?
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Property 1 of Ideal Dynamic Systems

u  Time Invariance

< .-

Relationship is independent of date and time
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Property 2 of Ideal Dynamic Systems

u  Homogeneity

O

wEi Qo ORI Qo .
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Property 3 of Ideal Dynamic Systems

u  Superposition

X (1) + % (t)>-y1_(t))+ Y, (t)

MIMO = Sum of SISOs

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 3

u Basics of Control Systems
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What Is the purpose of controlling
a dynamic system?

u To achieve the desired transient responses and steady-state
responses in terms of:

cit) Maximum
Respunse Unit-step input overshont A Decrement = A/B
I
u  Stability: 100% (possible) ¥y S S W /T\hi
1y E—— ""i """""""""""""""" -
i Steady-state
: i (r@:ﬁ;]
u Response time: as fast as possible e s
Lirme |
» |
u  Response accuracy: 100% (possible .,
0= fmlu {f =t
Rise time ¢,
I-—‘- Seatling time ¢, -'-I

Typical unit-step response of a control system.
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Example of Stability

2 o £=0.0
£=0.1
£=03
£=05
=07
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Example of Response Time

et & Maximum

Response Unit-step input anverghoot A
e e
1.00
095 F=========== =
090 p====m—em——— : |
1 i
! : ' Steady-state
i i ] &rror
i : : (f =+ o)
1 1 ]
L] ! I
il iy A :
lime Lo : :
1 1 1 ]
w Sy :
1 [ I I
| L 1 ]
| i I I
1 [ I I
| L 1 ]
g I i ” L
o s - o
Rise time t,
I - Settling nme ¢, - I

Typical unit-step response of a control system.
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Example of Response Accuracy

| Edo
"/
Actual

Output 18

School of Mechanical & Aerospace Engineering

I Eg6®)

| Bigai EYi)

Desired

/ Output

\

Transfer Function of
Closed-loop System

at)
o)
o)
at)
o)
o)
ct)
St

LT
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How to achieve the desired responses
from a given dynamic system?

u Two Steps:

u To construct a system with error control loop

u To design the control law inside the error control loop

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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What is a system with error control loop?

u  Any system, which responds to errors that is the difference between
desired output and actual output, is a system with  error control loop.

u A system with error control loop has three basic building blocks:

Desired Sub-system Sub-system
OUtPUt Errors S OUtpUt
ystem under
—42 ——> Controller Control —
N
Sub-system

Y

Sensors }—
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Example of Motion Control Systems

u  Any system, which responds to errors between desired output and
actual output, is a system with error control loop.

Desired Sub-system Sub-system
Output Errors S OUtpUt
ystem under .

—>@—> Controller Control

A Positons i A Positons

A Velocities A Velocities

A Forces Sub-system A Forces

A Torques A

Y

Torques
Sensors }—

A System with Error Control Loop
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Properties of Systems with Error
Control Loops ¢&

u  Outputs of such systems strongly depend on errors
between desired outputs and actual outputs.

u  Outputs of such systems weakly depend on the
dynamic constraints of the internal processes.

u  Outputs of such systems weakly depend on the static
attributes of the internal processes.
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School of Mechanical & Aerospace Engineering

How t o desi gn aontrob b
systems?

u There are two methodologies:
u Apply Design Methods in Time Domain

u Apply Design Methods in Frequency Domain

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 3
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Dynamics of Singlewheeled Robot

u  Equation of Dynamic Behaviors: State Vector

{Fnet — mﬂﬁ W= Fnet W= Fnet — UJ
} [ m J [ m
v

aX

X =g g— e
—%- —
TR AL

#= U

~N
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Dynamics of Singlewheeled Robot

v Equation of Dynamic Behaviors: State-Vector Equations

a¥o a0 1gaxo aogd

= = D O+
3 H oHEY
¥ = AX + Bu

Y =CX
|

J

o

L @ )]

X

Y=(1 0)

O
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Dynamics of Omniwheeled Robot

u  Equations of Dynamic Behaviours: State Vector

AR A

oy BEE IR
Gy~ §IV+\

£1g Hip

WY ® 0w &

/\Y %)Xg

_4p.G 41 0 0 Ogh,s

EEB o1 ol

38
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Dynamics of Omniwheeled Robot

u  Equation of Dynamic Behaviors:

g 0!

ad0_a O

dhg O

e B o
Y

0
0
0
0

0@EpP. @ 30

EE 0 ¢ oo

era#ngraé O%x

1%, 2 2@ e
g & |0

Ok = ¢

State-vector Equations

¥ = AX + Bu
Y =CX

iy
.3
%Xg_al 0 0 Ogeebho
%, 0 é% 01 o%yg

%
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Two Domail ns f or Us

Time Domain Frequency Domain
» QW i) P
I Q
W) 0 o Q
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Use of El genval ues a
®w Qump WO Q

This is called
Diagonalization!

W 0w 0 w O w

N

v
O O @ :
v

w w 0 w

AV = \v
Av — AIv =0

(44 = ,\‘\[)\7 — 0
det(A—)N\I) =0
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Design Methods in Time Domain

u  Use of State-vector Equations:

“¥=pAx+Bu ;| ¥=AX- BKCX|—{¥=(A- BKC)X = A'X]

Y =CX Stability Criterion [ N ’ -‘V - ]

U=-KY Wo woee Q
\ % J =§ ‘Q Qe v
Dynamics under Control 2A_ T * AAOOOG 6006 m

y . _C _)8 _ _ T
[ Design of K
Y¢=0 V | [ #=ax+Bu | Y
4 u=K9f(0-Y)=-KTY -
) Y =CX
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Design Method 1 in Frequency Domain

u  Use of Routh-Hurwitz Criterion

.y O I Wi W i
l ~y 7 ol T =
a) Y VI w | W | E
Routh Array
i (oo o | € The system is stable if the
i ® O (o | é number of change of signs
i A In the first column is zero.
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Example

A feedback control system has a characteristic equation
S+(1+K)*+10s+(5+15K)=0

The parameter K must be positive. What is the maximum value K can assume before the
system becomes unstable ? When K is equal to the maximum value, the system
oscillates. Determine the frequency of oscillation.
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Solution

u  Routh Array:

s®+(1+K)s® +10s+ (5+15K) =0
s 1 10
& 14K 5+15K 1+K >0
g 55K 5. 5K >0 »
1+ K 3
s 5+15K 5+1K >0 3
If K Is positive,
Then:
1>K>0
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Solution™ continued):

u  When K =1, the Routh Array is:

s®+(1+K)s® +10s+ (5+15K) =0

s’ 1 10 .

@ 14K 5+15K ST+2s°+10s+20=0
5-5K S 1 10 ausiary Potynomiats
1+K s 220 :

s’ 5+15K < 0 0

SO

Characteristic Equation = Polynomials x Auxiliary Polynomials
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Solution™ continued):

Characteristic Equation = Polynomials x Auxiliary Polynomials

v When K =1, the auxiliary polynomial dPS
equationis: U i Ci C Tl TT d( ) =4s+0=0
S
s’ +2s”+10s+20=0 [6 | c;' g n]
s 1 10
¢ 220 ¥
ss 4 0 s=°j+/10

S0 20 *

o aa aneaene ~1o VP T v r e e
| OAET EGQOEEMRAA «/ OAE] % ADE WP OAAT O
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Design Method 2 in Frequency Domain

u  Use of Specifications in Time Domain

IM
A
i w. |/|/d:|/|/nl-z
o RE
] & ’
Z =C0sQ)
. 1 VP -
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Typical Outputs

I o) 5o

£=0.1
£=03
£=05
£=0.7
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Design Specifications in Time Domain

u  Maximum Overshoot: M = e—p 2y1- 72
P

u  Time of Maximum Overshoot: (0)

c

Settling Time with 2% of Error Band: 0O

Settling Time with 5% of Error Band: 0

c
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Example

Consider the closed-loop system given by

C(s) o’

n

R(s) s°+ 2w, s+ o]

Determine the values of £ and @, so that the system responds to a step input with
approximately 5% overshoot and with a 2% settling time of 2 sec.
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Solution

u  Overshoot of 5%:

M =e? 4 =005 8 - p 4.1- 2% =10g,(0.05 =- 2.9957

2.9957

z%=( )2(1- z?) B z=0.69

u 2% Settling Time of 2 seconds:

4
t,=—=2 5 w,===_——=28986rad/s
zZ W 0.69
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Example

DC Motor Load (Inertia + friction)

r«"‘r":ﬁ
I
\l‘w.‘ o ]

Referring to the system shown below, determine the values of K and k& such that the
system has a damping ratio C of 0.7 and an undamped natural frequency , of 4 rad/sec.

R(s) C(s)
—C~ 5 | T T
A

L

Typical Closed-loop Error Control System for Motors
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Solution

R(s) Cls)
—~ s L -
Y |

s+2+ Kk S
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Solution (continued)

R(s) E(s) K ] C(s)
— > > 2 - >
_% s+2+ Kk s
K1
C(s) _ s+2+Kks _ K _ K
R(s) 14 K 1 (s+2+Kk)s+K s*+(2+Kk)s+K
s+2+Kk s

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

K 1
C(s) _ s+2+Kks _ K _ K
R(S) 14, K 1 (s+2+Kk)s+K s +(2+Kk)s+K
s+2+Kk s
K=4=16 W2 = K
(2 W2 _2507%4-2 - 27 w=2+Kk
K 16
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Design Method 3 in Frequency Domain

u  Use of PID Transfer Function (i.e., PID Control Laws):

— ~d |
em,i — qm,i - qm,i PID Transfer Fun;:)tlon
@00 0 0 i
"l kp ﬂem,i
qd- Vci Joint D i _bé#fn,i
_,_’<m| 2 >— - e ! oint Dynamics _
-.lkl ﬂnem,,d’[ Under Control ki
A d Om,i
Emi
e dt Any Robot = N Joints
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Example

Consider the following system with controller K(s), input R(s), and disturbance D(s).

D(s)
2 o] ko) —+:?i,_> I )
_ I s(s+2)

1. Suppose that K(s) is a proportional controller, i.e. K(s) = K. For which value of K the
response to unit-ramp input has a steady-state error of 0.17

2. If we want the response to unit-ramp input to have zero steady-state error, what form should
the controller K (s) take?

3. If we want the response to unit-step disturbance to be zero at steady-state, what form should
the controller K (s) take?
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Solution

1 C(s)
—R—| K(s) >

_IIA s(s+2)

u  Transfer Functions of Closed-loop Control System:

K
C(s) _ s(s+2) _ K
Rs) 14 K s°+2s+K
S(s+2)
2
E(s) _1. C(s) _1. K _ S°+2s

R(S) R(S) =~ S+2s+K s2+2s+K

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

R(s) 1 C(s)
_:T_) - T g
u a) Steady-state Error to Unit -ramp Input:
1
R(S) ==
S
Q| HIOI | HIE S E,p | B
o o l ClL vl 1 °© U I
2
—=0.1
K
K =20
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Solution N _’

| C(s)
— QR K() RX—> >
_IIA s(s+2)
u b) Steady-state Error to be zero:
ok 1 Eioi 1 BHig——— g% ] Bl
0 o | ¢ci oi i °U i

In this case, the controller should include an integrator.

Hence, the controller should be in the following form (or a similar form):

K(9) =K, + K2 = (K,s+K )
S S

Q) | Edl
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D(s)

Solution (continued)  guu el T

R—>| K() H—HR—

s(s+2)
u  ¢) Transfer Function between D(s) and C(s): ‘[ .
~ N d Ve l
() | BE—— Tt
1 U( ) © U I U
C(s) _ s(s+2) _ 1 ﬁ
D(s) 14 K(8)  s*+2s+K(9)
S(s+2) K(s):Kl+%:(Kls+K2)%
Steady-state Response to Unit-step Input of D(s): ﬁ
R T O = AL S ¥ L K(s) = K, +-2
o | ClL VI 1 °© U I S

Hence, K(s) must include an integrator in order to make the response to be zero.
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Design Method 4 in Frequency Domain

u  Use of PhaseCompensation Transfer Function (i.e., Phase Compensator):

Equation of Root Locus

0 i v "Oi , , ,
o — Ol v | T
Yl p L Ol
When K varies from 0 to infinity, we have:
p U ql ) n Locus = Path Imaginary
s =jw
Yi G i
Desired 0 —— TI \
Output D I s=-0 s=o
©n 14 C i \ \ > Real
2 )—[oa) O 1 >
A s {A
Actual 1 <
Output ql ) Oi O i

Locus = Path
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How to Determine Equation of
Root Locus?

g3+blgk+|<5 | =0
5' 4G +| ’ How do rools move a5 K goss i wer
S+ Hs’ +k5 +] Co we need to Pu-l— T cOrrcoL orm

) Grovpall K terms M - <S) S
|

3 LN
2) Divide b'j e k +€ S 53 A+ ) & 3 gt + | ©

Equation of Root Locus 1+ K ﬂG(S) p— O
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# MATLAB R2020a - academic use

ﬂ (& S

on me DIFERY oo BEEHitE

WA SRHA v v HiE TR D EsTER ~ ~
p"43 TE

® of O Qawe & O3 R

@ E © g & ¢3 X
Simulink | 7o LD RERE oo e (O ERHE
[ BRas v ~ il Parallel  ~ v [Z TH MATLAB
(A% SIMULINK 78 R

e R R IR (g

& HalA

» C: » Users » Ming Xie » Documents » MATLAB »

EIEESS ® wfTED ® I

[ B
# Examples

a calib_2D_vision.m

#| imagel1.JPG

| image2.jpg

= image3.jpg

= image4.JPG

#) line _fitting.m

# line_fitting2020.m

1= pattern_cognition.m

#) playvideo.m

a plot_2dgaussian.m

# plot_gaussian.m

#) practice1_readimage.m
a practice2_changecolor.m

practice3_createemptyimage.m
#) practice4 h_edge.m
practice4 v_edge.m
#) rgb2lab.m
#) Tutorial 7.m

T MATLAB? iS58 E X HREN AR, X g
>> clear all

Jx»

FRES 4

IEEXHUEEFAES

=1
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# MATLAB R2020a - academic use
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#| imagel1.JPG

| image2.jpg

= image3.jpg

= image4.JPG

#) line _fitting.m

# line_fitting2020.m

1= pattern_cognition.m

#) playvideo.m

a plot_2dgaussian.m

# plot_gaussian.m

#) practice1_readimage.m
a practice2_changecolor.m

practice3_createemptyimage.m
#) practice4 h_edge.m
practice4 v_edge.m
#) rgb2lab.m
#) Tutorial 7.m

T MATLAB? iS58 E X HREN AR, X g
>> clear all

Jx»

FRES 4

IEEXHUEEFAES

=1
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Design Specification in Frequency Domain:

u Locations of desired roots of error control loop systems.

IM
N
O
: q RE
Z W
Z =C0sQ)
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Yi

I I Desired
Design Options  ossie
™ r C i
¢ 0G) U — O 1 >
u  Option 1: without phase 1
compensator
S~ 7 n roe , Actual <
C(l) O l O l Output 1 h
Y
Desired
Output
u  Option 2: with phase T 4 ) Ci
compensator: X o@) b n > O 1 >
N
di) Oi Oi
Actual 1 <
Output
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Example

Consider the model foran Acv  control system shown in Figure 1.
a) Determine the unit step time response of the feedback system, for G.(s) =1 and K = 1.

b) Design the following types of G.(s) to give a pair of dominant closed loop poles at s = —11j1
(1) Proportional-Derivative controller
(i1)  Lead compensator

e Gis) K €

()

Figure 1

¢) What improvement will the compensator bring to the system unit-step response?
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Solution H’(%g% oo | ] o,

u a) Unit-step Response when Ge(s) =1 and K =1

Step Response

K
G.(s) =
S

e M
RO 1G9 T TKIGO |
14

l 81.2

2 4|

cs) 1 _ 1 O
RS s*+1 (s+j)s- ) o8

=2 =

(=T CE N
T T
e

i

10 20 30 40 50 60 70 80 90
Time (seconds)
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Solution

u

b(i) Design of PD Controller:

C(s) _

K
G.(s) 2
S

School of Mechanical & Aerospace Engineering

KT(k, +k;9)

Gc (S) = kl + kZS

RO 1r69 KTy Skt
Zz =cos@5) =0.707 o

w, =12 +1> =1.4142

K, =

k,=27 w=230.707 1.4142=2

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

ﬂ@i Gu(s) X
52
K=1 G.(5)=2+2s

>> TF=(2*%5+42)/ (s72+2*35+2)

s™"2 + 2 5 + 2

Continuous-time transfer function.

>> step (TF)

1.4

Amplitude

1
cis P s

- )
R(S) 1+(2+25)3_12 S° +2s+2

Step Response

0 1 2 &
Time (seconds)
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\4

Solution H@g% o | [x] o

u  b(ii) Design of Phase Compensator: G.(s) = S+z7 “j
C S+ p \
K o
1+G,(s) 5 =0 N
3
$+K—2=0 3+ pS +Ks+Kz=0
= +ps +Ks+Kz=
S*+p = st > IM
‘ A
Py
S’ + ps +Ks+Kz =(s+ p,)(s+1+ j)(s+1- j) R
: W | =wyl- 2°
$ e RE
z
53+ pSZ+KS+KZzSS+(2+ po)52+(2+2p0)5+2p0 Z =cos@)
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S+ ps +Ks+Kz=s’+(2+ p,)s’ +(2+2p,)s+2p,

K=2+2p, I
P, =0.5K - 1 S—

B :
p=2+p,=05K +1 ! °

Kz=2p,=K- 2
z=1- 2/K

R(s)

= @{F{E}
8

]

G.(9) = s+z s+1- 2/K
’ s+p s+05K+1
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' e Gis) Kl o,
Solution gi% ;
u  c) Improvement by Phase Compensator: G ( ) s+1- 2/K
S) =
: s+0.5K +1
K(S+1_ 2/ K) Step Response
C(s) _ s’(s+0.5K +1) b =30 |
. K(s+1- 2/K 12| |
R(S) 1+ 2( ) K=2
S (S+ O.5K +1) N A —
‘ § 0.8 /ﬂ
:
Eo6l |
C(S) — K(S+l' 2/ K) < f‘J K:2.0 >> K30=(K*s+K-2) / (573+(0.5*K+1) *s*2+K*s+K-2)
R(s) s*+(0.5K +1)s*+Ks+(K - 2) 04" f/ a0 -
0.2
00 5I ‘IIO 1I5

Time (seconds)
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Another Useful Tool: Final Value Theorem

Steady-state Output |O Edb o | o EiIFw i

v N\

Steady-state Error io EQD o |O E IFO i

Desired Sub-system Sub-system .
OUtpUt = System under Output ¢
Controller Control —>
X l
“ Sub-system
GV ( h
Sensors [

J
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Caution: Error from Sensor Cannot Be
Compensated by Error Control Loop!

When o) (O O Yo

we have [X0) &0 YO

Desired E . Sub-system Sub-system "o
Output O Controll System under Oit)pUt WO
X r>®—> ontrolier Control

® o, Ve Sub-system
Wwo Yo w

Sensors

J
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Remaili ni ng Questions

u How i's robot brainds control signal

u  Under what condition will a robotic arm behave like an ideal
dynamic system?

X (t) + X, (t)>-y1_(t))+ Y, (1)

MIMO = Sum of SISOs

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Summary of Lecture 3

u Basics of Systems

u Basics of Control Systems

u Design Solutions

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Outline of Module 4

u Control in Joint -Space
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 4 .
MA4825 Robotics

Lecture 4

Control In Joint -Space

#

Xie Ming, PhD (France) -

http://personal.ntu.edu.sg/mmxie
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Outline of Lecture 4
u Joint Space
u Control Input

u Control Feedback

u Control with Known Dynamics

u Control with Unknown Dynamics

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 4

u Joint Space

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Robot 0s Contr ol Sy s

u  Hardware Detalils

Link

S | «:" Joint
N 3

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Robot 0s Contr ol Sy s

u  Software Detalls

dx. %% o ; .
Sy U Inverse Kinematics g(ql,cﬁ,%)g
Robot Az #44 3 02,8
é u

Mind 49.4.8)\ S U
N Gt )"
8,484

Forward Kinematics

</Iotion Executio> 9

— |
~ Robot Control |
(4.8
Robot Dynamicg¢———
é(qz’ﬂﬁﬁg)u; : : v Control  |e—_ |«
é U < Link Joints l«—| Power Joints|+ Alorithms
e u gorithms [* <
&an. . &)a
Robot Body
| »  Sensors
| (@.4.8)
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Definition of Joint Space

u  The space, which is defined by the linear or angular positions of

link joints, is the so -called Joint Space. Joint

5. 5) o a Space
(.3, 5) / Inverse Kinematics (6,,6,,6,)

Robot (2.2, (gzaézaéz)
Crase o eea) <
._’ Mind o -
(By’gy’e)’) (gnagnagn)
1(6.,0.,6)) |

s Forward Kinematics
g |
]  Robot Control |
S
IS -
= (6,.0,.6;)
Robot Dynamics &=
(6.6,.6) ) —
(0,.0,.6,) D : : v Control |« |«
...... « Link Joints |« Power Joints | -
. Algorithms <
(gn Ed 9}1 2 9]1 )
Robot Body
H »  Sensors —
L] (91 ’ Hi E 91)
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Outline of Lecture 4

u Control Input

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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What are the controllable variables in

joint space?

Motion
< .
Planning

Motion Execution

(05.0,.8) | =—

< Link Joints

A

6..6..6,)

n>"n>-n

Y

Sensors

(6,.0..6))

[(x,%,%) ] ..
(v.3.7) Inverse Kinematics (6,.6,.6,)
(2,2,2) / (6,.6,.6,)
0.0.0) |« A
6,.6,.6)) \ 0,.6,.6,)

1(0.,0.,6,) | Forward Kinematics

|
Robot Dynamics &————
T
. Control «— |
Power Joints |* B
Algorithms | <
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Controllable Variables in Joint Space

(x,%,%) - - s
(5,3 7) Inverse Kinematics (6, ‘?1: Hl)
Motion (z.2.2) (6,.0,,6,)
_ — 0.0.0) | . A ..
Planning oo L
(6,.9,.6)) (6,.0,.6,)
Forward Kinematics

(6..6..6.)

u Positions

6,6,,0,)
Robot Dynamics ¢«
-— 1
; : Control  |«— |«
1H1 Link Joints |«— Power Joints [+— )
u VelOCItleS Algorithms [ o |

> Sensors

(0,,0,.6)

u Forces/Torgques (related to accelerations)
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Next Question: How to determine desired
output of Controllable Variables in Joint Space?

Answer: 0’ 4 y) verse Knematie (6.6
’ Motion (6,.0,,6,)
_ - (9 6, 9) ______
Planning L
(6,.6,,6)) (H .0,.0,)
S

(6..6..6.) Frdenmt

u For Robot Manipulators:

(0,,6,.6,)

Robot Dynamics &———
u Use of Inverse @iy
. . (0,,6,.6,) | +— «
KI n e m atl CS 22 : « Link Joints |«— Power Joints [+— Con_tml :_
(H,,,é,,,ﬁ ) Algorithms |° «-— |

L > OrS —
(6,.6,.6))

u For Robot Mobile Base:

u  Use of Inverse
Kinematics

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



School of Mechanical & Aerospace Engineering

Example 1: Inverse Kinematics of Robot
Mani pul ator with Two

u A SCARA robot has four links. The first two links are revolute links. What
should be the angles of joint 1 and

at (x(t), y(t), z(1))?

/
L Link1 Link 3
Link 2
B---A L
" e Link 4

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

u  Home positions of the first two links:

o o o I
(G G el

H
N - O O

o O =T ™
— =5 5

>0 O X XN
— —
N
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Solution (continued)

u Input of coordinates (x(t), y(t),

z(t)) at O3:
0
A
Z J - S
4 Link1 Link 3 o )
U/ __
Link 2 a
B---A LJ
't\ o Link 4 CX
E/_ j . Tool WAL MRV \
S Y (OG0
X "

> W
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Solution (continued)

| AOA ‘
u Output of angles of link 1 and link 2: cad
— (¢ SR o VR o R o
@ 1 = i AOA ‘
caa
_((‘)) 14 ‘
o [0 a
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Example 2: Inverse Kinematics of Mobile Robot with
Two Differential -Drive Wheels

How to transform desired motion in task space into desired motion in joint
space? (Forward Kinematics + Inverse Kinematics)

u

L<R

Pay attention to these variables and their meanings:
A Angular velocities of two wheels.

A Angular velocity of mobile robot.
A Circular velocities of two wheels duetowh eel s angul ar vel

A Circular velocities at two wheels, which creater obot 6s angul ar

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

School of Mechanical & Aerospace Engineering

Wheels:
/

Rotational Inerlia

L
L
=112 M2 =13 m2

I=1/77 MRZ

9|
|
) )

I =2/5 MRZ

I =25 MRZ + MRZ

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

u  Equations of Mobile Robot: Forward Kinematics
Y a) Robot rotates about Z axis passing through A:
\ w
P. P,
] ~U U
U U

b) Robot rotates about Z axis passing through B:

P

u —U U
C

>XW

c) Circular velocities at wheels, will create the
same circular velocity of robot:

¥ U ¥ U
1 Y O0f¢ Y | Y 0f¢ Y

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

u  Equations of Mobile Robot:

Y, U U
1 , Y OFc Y
U U
ax Y 0f¢ Y
g:
WR

Inverse Kinematics U

0 ]
[

|C
—

\

C
N|IONIDT

N

C

C

—1

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



School of Mechanical & Aerospace Engineering

Solution (continued)

u Desired Output of Robotdés Error Cont

( Input to Control Loops )

w0 1 ‘| v Control

cw 07 0

ﬁ ¥

Results from Motion Planning
(. Vo~ e 2

w L AI %

%o
xddr

(0]
@Desired Trajectories in Task Space

N|IONI|D
~
Cdd
=

|
v

Qo
X

W E 8L’
1-0: O OO

O

v
Y

He;

o Q

[ G B
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Outline of Lecture 4

u Control Feedback
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What are the observable variables
In joint space?

[(x,%,%)

(v, 3 ) Inverse Kinematics (6,,6,.6,)
Robot (z.2.2) / (6,.6,.6,)
A G A - R
Mind .
‘\ (9}1 3 gn b 9)1 )
Forward Kinematics

6,.0..6))

yrryr Ty

1(0..0..0,)

[ Robot Control | |

Motion Execution

(6,.6,,0;)

Robot Dynamics

(6:.0,0) N |

o ;
(6,,6,.65) < - : * Control | |«

...... « Link Joints l«—| Power Joints |4 ' j

L Algorithms <

(01’1 2 gn > Hﬂ)
Robot Body
n »  Sensors —
L] (91‘ >0ia 91‘) <=
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Observable Variables in Joint Space

(y 5, y) Inverse Kinematic: (6, 9191)
Motion (92 0,.6)
@ _ — (0 0. 9) ......
Planning L
n
C
0
3
2

6,.6,.8,)
(6..6..6.) Frdenmt

u Positions

6,66,

Robot Dynamics &———

(6.6,.6,) o -—
L i
(0,.6,.6,) < _ R + Control -— |
______ « Link Joints |«— Power Joints [+— B
6.6 6 Algorithms |° «-— |
n>-n>

u Velocities

> Sensors

(0,,0,.6)

u Forces/Torques (related to accelerations)
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Example of Joint Space Control
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How to construct the error control
systems in robots?

u There are two control schemes:

u Control with Known Dynamics

u Control with Unknown Dynamics

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 4

u Control with Known Dynamics

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Control with Known Dynamics

u  Step 1. We can determine desired motions from desired tasks.

Task _ —’#ﬁ
___ | Motion | _, A
Planning q

— U

(6,.6,.9,) @,.6,.6)

n>-n>"n

(x,%,%) - - [
(s ) Inverse Kinematics 4, ?1, 491)
Motion (z.2.) (6,.6,.6,)
Cras) N O
Planning
Forward Kinematics
|
|

5 (6..6..6.)
%
%
[
c
8
k<] -
= ] (6,.6,.6;)
Robot Dynamics ¢————
(61.6,6) . |
. . 1
(0,.0,,6,) < _ R * Control — |
______ - Link Joints \«— Power Joints [+—] B
P Algorithms |° -— |
©,.6,.6,) gontms
L | > Sensors —
L | (6,.6,,6,)
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Control with Known Dynamics
(continued)

u  Step 2: We can determine desired torques from desired motions.

trcril = Kr-leiagKr-laﬁl + dd
with :

d? = K 'DBK ¥ + K 'CK '¢f + K *g(K 'q°)

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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t¢=K'B, K¢ +d°

diag
with :
d? = K'DBK ¢ + K 'CK ¢ + K 'g(K 'q%)
Gfﬂ_» | K 'DBK
d

qgl | | Kr-1CKr-1 d

o

UL |K;19(K;1qm)

|
T

Kr- 1BdiagKr- .
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Control with Known Dynamics
(continued)

u  Step 3: We can determine desired control signals from desired torque.
tm(s) =G, (SHV c(5) - K m(s)}

Vdc(S) — G 1(3) l‘dm(S) + Kqum(S)

m

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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L 199 +K (9
s

Ve (S) =

m
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Control with Known Dynamics
(continued)

u  Step 4: In other words, we can determine desired control signals from

desired motions at the input. 4 T
Fim '\ T (9)

I
(ﬁm4>| K
—»q#“ |K;1DBK;1 e |
d
d
qgl | Kr-1CKr-1
o
an, |K;1g(K;1qm)

d
i fm
Kr- 1BdiagKr- .
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i — — v
— | K;'DBK;* A —s Feed Forward——
£ d’ [

m | K;ick;? \- /

Model-Based Prediction
of Control Signal

T (kiKY

Kr- 1BdiagKr- 8
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Control with Known Dynamics
(continued)

u  Step 5: Then, we can use such desired control signals to produce
feedforward compensation.

Virtual Robot

b

—
A —s Feed Forward

d
m

q,,(s)
4,,(s)

Gu(9)

G, (s)f—

Model-Based Prediction

of Control Signal Actual Robot
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Virtual Robot

b

—
A —s Feed Forward

O ——
m

G, (s)— q,(5)

()

Gu(s)

Model-Based Prediction
of Control Signal

O

oh__ :
Ve Ve Robot D cs —
q‘d_> — > ynamics
r; . Feed Forward , Under Control : gm
m

Model-Based Prediction
of Control Signal

3

Actual Robot
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Control with Known Dynamics
(continued)

u  Step 6: Finally, we can come out the design of the error control system
with feedforward compensation.

s Forward y couldbeq, dfor ¢

Desired ,,d
Output y Compensation
Actual
Output
Dy Dynamics under
Controller control F— Y
Y Feedback |,

Sensor
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Types of Sensory Feedback
i,

— d
¢ Feed Forward] Ve Ve Robot Dynamics >
m= : > —— &,
d —j COmpensatio Under Control |l q
m
O < | Position |<
| Sensor
| Velocity |<
‘#m< | Sensor

; i3 |  Acceleration |<

| Sensor
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Outline of Lecture 4

u Control with Unknown Dynamics
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Robot 0s Dynami cs

VS T (s
(5) 8 G (s 4. (s)
A q-m(s)
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If reduction ratios are big enough,

Treat it as disturbance

/

d(s)

&.(S)
8.(s)
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Decoupling Dynamics at Torque Joints
d(s)

[a(8)F <> o 1 1
%,
&.(5)
85.(s)

qm,i (S)
#m,i (S)
& (S)
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How to Control a Robot Arm with
Unknown Dynamics?

u  Step 1: We start with the independent unknown dynamics at torque
joints.
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How to Control a Robot Arm with
Unknown Dynamics? (continued)

u  Step 2: Then, we get the independent unknown dynamics at power
joints.

’—’®_’ Gm,i (S) —’

ke’i #m,i
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qm,i (S)
#m,i (S)
& (S)

’—’®_’ Gm,i (S)

ke’i #m,i

i — 1’2 n DC Motor  Load (Inertia + friction)
’lll ‘_‘" a —
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How to Control a Robot Arm with
Unknown Dynamics? (continued)

u  Step 3: Subsequently, we have the independent unknown dynamics under
control at power joints.

I(e,i )
V. 2 B, i
= G, (s) il e e
, b s |&,| s
DC Motor  Load (Inertia + fiction) |:1’2,n

\ji‘:\' Ld‘ o7 )
& TY 7
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| Joint Dynamics —’qui
Under Control —
m, |

1=12,....n

DC Motor Load (Inertia + friction)

f N

=), (Power Joints)
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Control with Unknown Dynamics
(continued)

u  Step 4: Finally, we construct the independent error control systems at
power joints.

(Power Joints)

Desired Errors V.. afn,i

Oﬂ(@_. PID Control | %' | j0int Dynamics |, G

Law Under Control | ~

) qm,i
1=12,...Nn

DC Motor Load (Inertia + friction)

=105 ), MIMO = Sum of SISOs
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Example: Position Error Control
—~d |
em,i _qm,i qm,l "0(i) 0O TQiE 0]
PI' D Controll erdés Tran
"l kp ﬂem| %
d V. o ,i
Ui QZ) ~ C!1 Joint Dynamics |, ¢ .
= -.l ki ﬂrem’idt Under Control > qth
qm,i
> Ky ﬂ% (Power Joints)

DCMotor  Load (Inertia + friction) I — I 2
& 1 yu=umy

- )
T4 N 0
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Example: Velocity Error Control

G, :Gﬁ,i } (#m,i "0@() Q P 0

14

PI'D Controlleroés Tran

..| Ky T€m;

qr?w,i (29 Ve, Joint Dynamics gfn,i
'lki ﬂnem’idt Under Control : !

yy qm,i
L K .ﬂdqﬂi (Power Joints)
7 dt
DCMox Loadqnerﬁa+ﬁicﬁon) I — ]_’2, o ’n

- A )
T4 N 0
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Example of Position Error Control without Inner
Vel ocity Error Contr ol L 0 C

DC Motor Load (Inertia + friction)

T D=Tm), e = ek

Torque-balance equation: 7'=J0+BO=K;i = Js’O(s)+ BsO(s)=K,I(s)

ot)_ K _ K
I(s) Js*+Bs (Js+B)s

Closed-loop system:
Amplifier  Motor + Load

R(s) + I(s)| Kr O(s)=C(s)
_? ot s(Js+ B) f "

K
C(S)= Js® + Bs =— K K=K K,
R(s) 14 K Js“+Bs+K

Js? + Bs
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Example of Position Error Control without Inner

Vel ocity Error Contr ol L 0 C
Second-Order Systems M —eP 122
Y
R(s) + K Ce),
_i St i 28 s +Il§s+K
C(s) _ K 7 \ )

R(s) s*+(B/J)s+K/J K B
FoEar) T

B*-4JK <0 = Complex conjugate poles

B*-4JK>0 = Real poles T
Let § =, and g =2¢w, =20 0O -
Undamped natural frequency — 1 | _—l'
Damping ratio <
Attenuation <
o
C(s o; >
( )_ n 5 O

R(s) s*+2%lw,s+0
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| Example of Position Error Control with Inner Velocity Error Control Loop |

C(s)

R(s) 17 E(s) N\ 1 (s)’ K [Q(s)

N s Js+ B
C(s) o, K

R(s) s*+2Lws+o; 3

L
s

o)

t,

Assume that J = 1 kg'm? and B = 1 N-m/(rad/sec). The desired performance is
specified as M, = 0.2 and 7, = 1 sec for the unit-step response.

Determine K and Xj,. Also, find the rise time and settling time.

M, e g0 = 5 o161 = £r=026251-¢%) = ¢ =0.456

2
@

t,="-=1 = w,=314 = o,=———4 _=353rad/sec

1-¢2
DC Motor Load (Inertia + friction)

p w,
w,,=\/§=«/f = K=0?=12.5Nm (I ==<1075) ),

_2JJK¢-B_ 24125x0.456 -1

A2

=Mﬁ =0.178 sec

2{w, Ky
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Example of Position Error Control with Inner Velocity Error Control Loop

R(s)+ E(s)+~1 (s)’ K |Q@s)|1]| C(s)
= —% Js+ B ‘ -
C(s) _ a)j Kh —

R(s) s +2Lw s+’

@ |

I

o, =3.53 rad/sec ¢ =0.456 K =12.5Nm K, =0.178sec

Rise time:

p=E=F B=tan P =tan' — " —1.10rad

W, o 0.456x3.53
= DC Motor Load (Inertia + friction)
I R
z | -7
T 0
Settling time:
t, = 4 = s =2.48sec (2% criterion)
Cow, 0.456x3.53

—————_~=1.86sec (5% criterion)
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Summary of Lecture 4
u Joint Space
u Control Input

u Control Feedback

u Control with Known Dynamics

u Control with Unknown Dynamics
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Outline of Module 4

u Control In Task-Space
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TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 4 .
MA4825 Robotics

Lecture 5

Control In Task -Space

#

Xie Ming, PhD (France) -

http://personal.ntu.edu.sg/mmxie
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Outline of Lecture 5
u Task Space
u Control Input

u Control Feedback

u Control of Unconstrained Motion

u Control of Constrained Motion
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Outline of Lecture 5
u Task Space
u Control Input

u Control Feedback

u Control of Unconstrained Motion

u Control of Constrained Motion
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Robot 0s Contr ol Sy s

u  Hardware Detalils

Link

S | «:" Joint
N 3
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Robot 0s Contr ol Sy s

u  Software Details

dx %% o : :
Sy U Inverse Kinematics g(ql,cﬁ,cﬁ) E)
Robot Az #44 3 02,8
é u

Mind 49.4.8)\ S )
N Gt )"
8,484

Forward Kinematics

</Iotion Executio> 9

— |
~ Robot Control |
(4.8
Robot Dynamicg¢———
é(qz’ﬂﬁﬁg)u; : : v Control  |e—_ |«
é U < Link Joints l«—| Power Joints|+ Aldorithms
e u gorithms [* <
&an. . &)a
Robot Body
| »  Sensors
| (@.4.8)
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Definition of Task Space

u  The space, which is defined by the linear and angular positions of end -
effector, is the so -called Task Space Task

@ Space
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