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QOutline

» Module 1: Robot’s Advanced Body
» Module 2: Robot’s Advanced Perception
» Module 3: Robot’s Advanced Planning

» Module 4: Robot’s Advanced Control
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About NTU
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Remember NTU’s Vision ...

Drive Global Impact

Transform Education

Operational
Excellence

Build Talent & Leadership Bench Strength

House of Talent
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Remember NTU’s Mission ...

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
improve the world ...
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About You
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Remember your mission as MAE
undergraduates ...

»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.

User’s
Instructions : :
Planning Digital || Perception
Modules Workspace Modules
Autonomy T
Control Sﬁsntcelénrs Actual
Modules Control Workspace
Automation
Sensory
Modules
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About Course
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Why to study this course?

» Toward Using Robot Power to Create Wealth ...

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 Manufacturing

20xx

1784 1870 1969 Today
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How to study this
course?

» To put yourselves into the
mindset of designers of robots
as products:

» Who are the users?
» What are the needs of users?

» What are your robots which
could meet the needs of your
users or buyers?

» What are the solutions
behind the design of your
robots?

Market Demands or Needs

|

Product Specifications

{

Design Specifications

{

Conceptual Design

\

Selection of Materials/Components/Devices

{

Embodiment Design
Prototyping

Optimizing
'

Production

Marketing
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What to
Learn?

Roadmap of Learning:

Perception of Photometry
Perception of 2D Geometry

Robot’s

Key Take-aways Advanced

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?

Perception of 3D Geometry

) Perception
Mechanical Systems

Control Systems
Programming Systems

Key Take-aways

Robot’s Robot’s
Advanced Advanced
Body Planning

Task Planni
Key Take-aways ask Planning

One Machine

Three Benefits
Four Pillars

B wnN =

Two Capabilities

Action Planning
Motion Planning

Robot’s
Advanced

Dynamics under Control
Control in Joint Space
Control in Task Space

Key Take-aways

Control
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How to Apply?

Talking Task Space Joint Space
Seeing
. Reading
«  Thinking [(x,%,%) ] ~
+  Learning (s 3 7) Inverse Kinematics (91,91,51) |
Robot Intelligence (2,2,%) / \ (92,92,92)
) o Kinemati
@ RobotMind | | %00 ematics . S
(6’y,9y,9y) How to simulate motions? (9 enagn )J
How to program motions? | (9 ¢ 4.) | Forward Kinematics
Application
Domains Robot Control | |
How to simulate motions? (9 9 0)
Robot Dynamics " Des.lred
- . - Motions
(01391991) T «— |
. . P 1
(6,,60,,6,) < ¥ Control - |«
______ < Actuator |« Amplifier |* P
T Algorithms [ <
1(6,,0,.,0,) |
Robot Body |
__ > Sensors @, éz’ ’ éi) How to control motions?

How to perform motions?
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Terminology Alert

» Advanced Robotics is about the study of advanced
robots which could perform tasks in some intelligent
ways.

» Advanced Robot is a machine which has

» two capabilities (automatic control and autonomous
control),

» three benefits and

» four pillars.
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Today’s Lectures ...

» Module 4: Robot’s Advanced Control

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



NANY. ANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 4
MA4825

Robot’s Advanced Control

#

Xie Ming, PhD (France) ~

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

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



School of Mechanical & Aerospace Engineering

Outline of Module 4

» Dynamics under Control

» Signal Flow Diagram

» Design of Control Systems

» Control in Joint-Space

» Control in Task-Space
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Outline of Module 4

» Dynamics under Control
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Dynamics under Control

#
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Outline of Lecture 1 ¢ i@’z

» Three Relationship Between Motion and Energy
» Dynamic Equations of Motion at Link Joints

» Dynamic Equations of Motion at Torque Joints
» Dynamic Equations of Motion at Power Joints

» Dynamic Equations of Motion at Controllers
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Outline of Lecture 1 $

,i‘\.@m

» Three Relationship Between Motion and Energy
» Dynamic Equations of Motion at Link Joints

» Dynamic Equations of Motion at Torque Joints
» Dynamic Equations of Motion at Power Joints

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

Desired
» What are the details of input energies? Motion
<
Controller
» What are the details of output energies? Actual
Motion
M I MO Power
Amplifier
lva,i X ia,i
1)
(kz,,)x (=) X
k. Speed g “ Actuator = Sensor
Reducer
Robotic Joint
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Robot’s Dynamics Includes Three
Relationships Between Motion and Energy ...

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

» Motions are related to electrical energy at power joints

Relationship 3
Relationship 2
Relationship 1 l
A
, Mechanical Mechanical Electrical
Motion Energy Energy Energy
(Link Joints Torque Joint Power Joints
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QOutline of Lecture 1

» Three Relationship Between Motion and Energy

» Dynamic Equations of Motion at Link Joints

» Dynamic Equations of Motion at Torque Joints

» Dynamic Equations of Motion at Power Joints

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

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

» Motions are related to electrical energy at power joints

Relationship 3
Relationship 2
Relationship 1 l
A
_ Mechanical Mechanical Electrical
Motion Energy Energy Energy.
(Link Joints Torque Joint Power Joints
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Background Knowledge:
Newton’s Second Law

Net Force = Acting Force — 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

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

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

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

» When a robot’s tool-tip has an interaction force with a work-piece
or an environment, there should be the additional torques applied
to the robot’s joints in order to produce this interaction force.

Oy

. ‘J)
e =
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The vector of torques at robot’s link
joints:

The vector of robot’s link joint
angles:
q1
dz
=1 ...
an

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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The Jacobian matrix of a robot :

Linear Velocity Oe J dg
= = o —
Angular Velocity @, dt

Additional torque to produce interaction force :

T =J oF

interaction
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External Force due to Viscous Friction

» 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.

.
dt
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External Force due to Angular Motion

» 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 object’s center of mass.

2 2
Fazmv—:m(r.w) zm.]".(—
r r dt
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External Force due to Radial Motion

» 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

» 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 F. What is the relationship
between the input force and
the vertical position of
vertical link?
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Solution

» Analysis: Y

The mass of the last link and its payload: M

The output force acting on the last link :

The vertical position of the last link : g

The viscous friction coefficient between the joint and the link : &
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Solution (continued)

» Free body diagram:

I Acting Force

Frictional Force l

Gravitational Force
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Solution (continued)

» Equation:

Net force acting on the link : n

Fo-FkY Mg
dt

Equation of motion (Newton's Second Law):

2
Fo=F k% peg-m®4
dt dt
2
Md—+kdq+M-g:F
e’ " dr
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Example of Robot Arm at Rest (Statics)

» 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?

0,7,
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SOEON  Titeraction =J*+F

» Torque at joint 2 when link 1 is horizontal:

If 6, =0, we have

T, =m,g x%cos(ﬁz)
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( )
Zg

Tunteraction =J 0 F s

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

If 8, # 0, the torque at joint 2 should be:

L,

T2=m1g><0+m2g><2

cos( 8, + 61)
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Solution (continued)
m;g
interaction =J S F| = (1)

» Torque at joint 1 when link 1 is horizontal:

If 6, =0, we have

0= m1g><151+m2g>< { +%2COS(‘92)}
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Solution (continued)

mig
= (imso)
Tinceraction =J* 0 F 1= (1]
» Torque at joint 1 when link 1 is not horizontal:
If 6, # 0, the torqueat joint I shouldbe:
T, =mg X %1 cos(6,) +m,g x{l, cos(b,)+ %2 cos(6, +6,)}
mig
= (imsg)
myg
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Solution (continued)

(Mg
Tinteraction =J S| = (1)

» Relationship between Input and Output without Error Control Loops:

VD

\/ N%
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Solution (continued)

» Relationship between Input and Output with Error Control Loops:

T=J'F { Sensors }
4 N\
T1,desired ‘1
—(X)—| Controller
~ o eactual
s N >
T2 desired
—@ —| Controller
N S )
T=]J'F Sensors  |<
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Example of Example of Robot Arm at Rest (Statics)

» 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. Assume that
the mass of the screw driver is negligible. How to produce the desired
force F acting on the screw driver?
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SN tyin =1+ F

» Desired torque at joint 2 when link 1 is horizontal

If 8; = 0, we have

[
T, = Myg X EZCOS(HZ) + f X [, cos(6,)

(0,7,
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Solution (continued) m.g

f

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

If 8; # 0, the torque at joint 2 should be:

[
T, =myg X0+ m,g XEZCOS(QZ +60;)+ f X1, cos(6, + 6;)
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Solution (continued)
mJyg
()
f

» Desired torque at joint 1 when link 1 is horizontal |

Desired Force f T§

If 6, = 0, we have

L
Tq =m1g><§+
Lz
ngX{ll + —

> cos(60,)} +

f X{ly +1,cos(6,)}
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Solution (continued)

myg
s ()
f

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

If 8; # 0, the torque at joint 1 should be:
Ly
2

l
Ezcos(ez + 60} + f X {lycos(01) + 1, cos(6,+ 601)}

Ty =myg X —cos(6;) +m,g X {l; cos(6,) +
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Solution (continued) -

f

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

| I
/ Desired Force f* | \

Tl,desired
_ 0 actual
T : .
2,desired f desired
—
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Solution (continued)

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

T=J'F { Sensors ]<
~ R r / Desired Force f ?l \
T1,desired - é
—(X)—| Controller —
N~ / Hactual
4 N >
T2, desired f tual
26| Controller —
N S )
T=]J'F Sensors  |<
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Example of Articulated Robot Manipulator

» 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 robot’s link joints?
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Answer

B(q)j=1-J'F—-C(q,9)qg—2g(q)

q : Vector of generalized coordinates

Kinetic
B(g) : Matrix of Inertia Resistance

C(g,q) : Matrix of Centrifugal and Coriolis forces.

2(q) : Vector of gravitational effect

7 : Vector of generalized forces acting at the link joints

B(9)§+C(q,9)qg+g(q)=7t—-J'F
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QOutline of Lecture 1

» Three Relationship Between Motion and Energy

» Dynamic Equations of Motion at Link Joints

» Dynamic Equations of Motion at Torque Joints

» Dynamic Equations of Motion at Power Joints

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

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

» Motions are related to electrical energy at power joints

Relationship 3
Relationship 2
Relationship 1 l
A
_ 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)

Torque

Joint
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Torque vector and motion vector
at input of link joints

7 q,
[P q,
T = and ¢g =
Desired
T, q, ~ Motion
Controller B
Actual
Motion
2
MIM O Power
Amplifier
va i X la,i

Ct)m ’
(krm) X k ) Speed T XDy,
Reducer 4= Actuator Sensor
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Torque vector and motion vector
at input of torque joints

z-m,l qm,l
| T2 d BEC®
T, = and ¢, =
Desired
Motion
Tm,n Qm n -
Controller B
Actual
Motion
4
MIM O Power
Amplifier
va i X la,i

Ct)m ’
(krm) X k ) Speed T XDy,
Reducer 4= Actuator Sensor
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Property 1 of Torque
Joints

.=k

I r,i

o7, ., i=L2,..,n

/\

K, =

MIMO

Speed

Reducer

— =K, 07,

Actuator

-1
— —_ ()
T, =K, et
Desired
) Motion
Controller:
Actual
Motion
&
Power
Amplifier

Sensor
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—~ 0 0
Property 2 of b
. S0 — .0 _ -1
Torque Joints e kT T g =K, eq,
i / 0 0 ki
g, =—eq, ., i=12,...n ] ]
kri , r 7
: NG [Fa 0 0
.- 0 k, .. O
| qm :Kr.q
00 .. k,,,,_ Desired
) Motion
Controller :
‘ Actual
Motion
w
MIMO ot

Speed m m
Reducer

Sensor

Actuator
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If we define

30 0[]0 1 2

301 2
B(q):Bdiag_l_AB » ;:2204(”103

0 0 5112 3 0

. Desired
( '(q q) :( ' ) Motion
d Controller :
Actual
Motion
4
MIMO Power
Amplifier

(0]
(kt,)*x(=")
k. Speed [ m” m
Reducer

Actuator Sensor
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Then we have
B(q)g+C(q,q9)g+g(q)=7

q=K,"q, B(g) = Byyg + AB
=K1, C(q,¢)=C

\4

[B,.. +AB]eK e +CK g, +g(K 'q,)=K7,

iag

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

» Prove the following equation and explain its physical meanings:

Tm = Kr_leiagKr_lém +d

with :

d=K'ABK G, +K."CK; ¢, +K ' 'g(K."q,,)
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Solution

[B

diag

+AB]eK e +CK 'q, +g(K 'q,)=K,

g

Buwo K G,y +ABK, G, +CK g, + (K} q,) =K, T,
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Solution (continued)

Buiwo K G +ABK, G, + CK ', + 2(K} q,) =K, T,

g

K7, =B K, G, +ABK, G, +CK,'q, +g(K,'q,)
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Solution (continued)

KTy =B Ky Gy + ABK G, + CK G, + g(K;'q,,)

g

= K, BuigK, G + K, 'ABK, G, + K 'CK g, + K (K )

Um
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Solution (continued)

0 =K' Buigg K4, + KT ABK G, + K CK g, + K g(K )

\ _/
YT

d
= Kr_leiagKr_IQm +d

m

Tm

with ;

d=K,'ABK G, +K;'CK,'q, +K 'g(Kq,)
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Example

» Prove the following equation and explain its physical meanings:

g =K B, K (r,—d)

diag

with :
d=K'ABK '§, +K'CK g, +K'g(K 'q,)
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Solution
Tm — Kr_leiagKr_lqm T d
with :

d=K'ABK G, +K 'CK 4, +K g(Kq,)

g

K 'lg,=1,—d

[Kr_leiag

with :
d=K'ABK.'§,+K CK 4, +K g(Kq,)
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Solution (continued)

[K r_ IB diag
with :

d=K 'ABK G, +K'CK g, +K 'g(K'q,)

g

K 'T'(z,—d)

K'g =17 —d

qm — [Kr_leiag

with :
d=K;'ABK.'§, +K,'CK 4, +K 'g(Kq,)
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Solution (continued)

Qm [Kr_lelagK_l] 1(Tm _d)
with :

d=K'ABK'§, +K 'CK g, +K 'g(Kq,)

JLABC)y ' =C"'B 4"

K (z,—d)

j =K B,

diag
with :

d=K'ABK 4, +K 'CK 4, +K 'g(K'q,)
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Outline of Lecture 1 $ i@’z

» Three Relationship Between Motion and Energy

» Dynamic Equations of Motion at Link Joints

» Dynamic Equations of Motion at Torque Joints

» Dynamic Equations of Motion at Power Joints

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

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

» Motions are related to electrical energy at power joints

Relationship 3
Relationship 2
Relationship 1 l
_ 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

Power | Power

Ampliﬁer S ource
a)mi 1\) i Xi i
(K T ) X ) C w 2
i Torque = " Power
Joint Joint
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An electrical motor is an electro-
mechanical device
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Equivalent diagram of electrical
motor

Power . Power

Amplifier Source
o 1\) Xy
(kr,irm,i)x(k’) v ai ” ta,i
i Torque m . Power

Joint
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Equation of Power Joints

Electro-motif force

\

b
T kv,iqm,i

Ji

la,i

dt

v =R

a,l a,il T La l

a,i ,

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

z-m,i :kt,i .ia,i » ; 1 » dia,i 1 dT

“k, ™M dr ko dt

l,1

m,l

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

di._l dr .

dt k dt

t,i

v =R i .+L .

a,i a,i’a,i a,i lqml_>69<—fml- :kti o/
2 2

dt
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Next question: What is the relationship between energy
and control signal at controllers (i.e., mind and brain)?

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

» 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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QOutline of Lecture 1

» Three Relationship Between Motion and Energy

» Dynamic Equations of Motion at Link Joints

» Dynamic Equations of Motion at Torque Joints

» Dynamic Equations of Motion at Power Joints

» 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 (i.e., mind and brain) ...

ler
Signal to Power Amplification kontrd

\ l Ve,i

Power ) Power

Amplifier Source
C()m i 1va,i X ia,i
(kr,iz-m,i)x(k : ) T X@. .
- Torque ™ " Power
Joint Joint
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Example of Equation of Power Amplifier

V2 . V1 — Vy :
Ve = R lr = Vgi =Vf — Re X1
FER AR TR Mai =y Re Xy
v l:lRl vy R{ -
Vei =V2™W [ Y V.
| n a,i
= E
R R
vai:_f(v2_vl):_fvci<
’ Rl Rl ’
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Dynamic Equations at Controllers

Ra I La ] dz—m I k .
Yy .= : T . -+ : : + q )
a,i Kt’l- m,i Kt’l- dt v,idm,i
S f o
y =——(\V,—V,)=——V . g
a,i Rl ( 2 1) Rl C,i \J
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Summary of Transforming Signal Flow (Mind
and Brain) to Energy Flow (Body) ...

VC,Z' va,i z-m,i @0, — T —>
Signals Electrical Mechanical Motions Motions
Energy Energy
IControIIer
lvc,i
Power | Power
Amplifier Source
@, ; 11/ XTI
(hy 7 )X (5 o
2 Torque " "'  Power
Joint Joint
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Summary of Lecture 1 gfﬁh‘

» Three Relationship Between Motion and Energy
» Dynamic Equations of Motion at Link Joints

» Dynamic Equations of Motion at Torque Joints
» Dynamic Equations of Motion at Power Joints

» Dynamic Equations of Motion at Controllers
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Outline of Module 4

>

» Signal Flow Diagram
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TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 4 _
MA4825 Robotics

Lecture 2

Sighal Flow Diagram

Xie Ming, PhD (France) -

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

#
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QOutline of Lecture 2

» Laplace Transforms
Industr|e4 0

» Transfer Functions / -
N
g :

ey .
) O

» Signal Flow Diagram o

» Signal Flow Diagram of Robot’s Dynamics
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QOutline of Lecture 2

» Laplace Transforms | |
Industrie 4.0
O.

» Transfer Functions

» Signal Flow Diagram

» Signal Flow Diagram of Robot’s Dynamics
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What is Laplace Transform?

» 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(¢) Laplace Transform : L] ] S - Domain : F(s)

f(t)=— F(s)e"ds

2my LI |
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Laplace Transform

f(t): afunction of time t such that f(t) = 0fort< 0
s: a complex variable (i.e.real +j X imaginary)
L[ ]: an operational symbol indicating Laplace Transformation.
F (s): Laplace transform of f(t).

Forward process of Laplace transform:

LIF(O)] = F(s) = jo F(6) » e5tde

Inverse process of Laplace transform:

L YF(s)] = f(t) = = C+jooF(S) o eStds
21 J o — joo
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Forward

—

Time Domain : f(¢) Laplace Transform : L] ] S - Domain : F'(s)

Inverse

e

Time Domain : f(2) Inverse Laplace Transform : L' S - Domain : F'(s)
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Basic Functions and Their Laplace
Transforms

Time Domain Frequency Domain
» Unit pulse f(t) = 6(t) » F(s)=1
» Unitstep f(t) = 1(¢t) b F(s) = %
» Ramp f(t) =Aet > F(s)=i2

S
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What is vector “s” in Laplace Transform?

» Sisa vectorinS plane: Im?gmary
S =.(l)\

“Real

\ S=G-|-j(0
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What is S-Plane? Euler Equation:

e’ = cos(wt)+ jsin(wr)

Real
» Real Axis: >ea

» Imaginary Axis:

» Complex Plane: R)eal

» Complex Numbers or Vectors: ,§ = G+]a)
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Property 1 of Laplace Transform

@ Forward . sX(s)
dt
d_zx Forward : SZX(S)
dt’
d"x Forward . "X (s)
dt"
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Property 2 of Laplace Transform

Forward

f f(t)dt = %1:(5)

Forward 1
f f f(t)dtdt - = F(s)

Forward 1
] f f f(t)dtdtdt © 5F)
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Property 3 of Laplace Transform

Unit step f(¢) =1(¢) a
1 S
F(s)= < s+a

v

Displacement in Frequency Domain

Exponential Function: f(t) = e~
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Property 4 of Laplace Transform

I F(s) = L[f(t)] Formula
J=1 F(a):% §>0 A
B E n n!
! e L[t ] =
[ A n+l
D
£(t) = cos(at) F(s) = #’02 5>0 E
() = sinh(at) o) = oty s> o F LI f(®)]=F(s)
£(t) = cosh(at) F(s) = - . — s> ] G
R RN S SEIREG Y N P -
V| () = tret F(s) = —e— s>a H | €——
! (s — @)D : I f(He ™
= : e "|=F(s+a
£(t) = et sin(bt) KO- GarrE |t I [f ( ) ] ( )
£(£) = e cos(bt) Flo)=7; (83}2 = s>a J
F(t) = e sinh(bt) o) = ;;g — s—a> K
F(t) = e* cosh(bt) F(s) = % s—a> b L
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Property 5 of Laplace Transform

_ J
Sine f(t) = A ¢ sin( wt) Fﬁ) 2 (s +]a) S —ja))
Aew I Aw
F(s) = S2 4+ w? Fls) = (s+jw)(s —jw)
F(s) == - + -
Cosine f(t) = Ae®cos(wt) T2 +jw s —jw)
Aes As
F(s)= —> =
()= s*+ o’ FO) = e H G —jw
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One More Example of Laplace Transform

f(t)=e " sin(wt) LLf ()] =F(s)
®
= (s+a)’ +o° Lf e "1=F(s+a)
f(H)=e“cos(art) .
S+a S
F(s)=
) (s+a)* + o’ S+a

v
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Initial Value Theorem

lim y(#) = hms oY (s)

t—0

Desired Sub-system Sub-system

Output i Output
—>(p 2} Controller H Sysar:t:.‘:lder ifﬁ
| Sub-system
( Sensors }—
L

W
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Final Value Theorem

hm y(t) =lms e Y(s)

s—>(

Desired Sub-system Sub-system

Output Output
P [Controller H SySEiTt:.‘:lder |7—>
| Sub-system
( Sensors }—
L
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QOutline of Lecture 2

» Laplace Transforms | |
Industrie 4.0
O.

» Transfer Functions

» Signal Flow Diagram

» Signal Flow Diagram of Robot’s Dynamics
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What is transfer function?
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Definition of Transfer Function

» 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) (S>)

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)?
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Solution:
SOy Ay
dt dt };7
/\ E Flywheel
Jo+Bow=r1 U ) )
. E\B

JsQ(s)+ BQ(s)=T(s)

Q(s) 1
T'(s) 10+100s
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School of Mechanical & Aerospace Engineering

Solution (continued): aw |
T(s) 10+100s
» (b)
7(t) = 100 N.m l) f\ @/
0 o
T(S)=@
S
(s) = 100 1. B

10+100S ) S s+01 s s+0.1

w(t) =10-10e™"

lima(t) =1im10—-10e™" =10rad/sec

t—o0 t—o0
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Transfer Function of Systems with
Error Control Loop ...

Output(s) Forward Branch (s) G1(5)G,(s)
Input(s)  1—Closed Loop (s) 1+ G1(s)G,(s)H(s)

E C Y
X© ) G1(s) ) G2(s) ©)

F(s) H(s)
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QOutline of Lecture 2

» Laplace Transforms | |
Industrie 4.0
O.

» Transfer Functions

» Sighal Flow Diagram

» Signal Flow Diagram of Robot’s Dynamics
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What is a signal flow diagram of a
control system?

» A signal flow diagram (or Block Diagram) refers to a control
system’s a flow of signals in frequency domain or Laplace
transforms, which are interconnected by transfer functions.

X E C Y
) ©) G1(s) —>(S) G2(s) (Sz

F(s)

A

H(s)
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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,
% G, sz oz, G Gy fy
=]
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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(5s) C(s)
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Solution (continued):

C(s)
H,
G?
R(s) C(s)
H,
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Solution (continued):

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

H,
RO o [~ y C(s)
S - 5 - s
_‘®“E 1+ G,H, s >
S4
1,

S1 32
R(S A 6 @ G, +E;}£f Gy Cgs)

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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QOutline of Lecture 2

» Laplace Transforms |
Industrie 4.0
O

» Transfer Functions

» Signal Flow Diagram

» Signal Flow Diagram of Robot’s Dynamics
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Robot’s Control Systems: MIMO

Link Torque

- ;;‘ Joint ] Joint
e Z
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Sighal Flow Diagram of Robot
Dynamics at Torque Joints ...

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

4, =K,B
with ;
d=K;'ABK; "4, +K,'CK;'q,, + K, ¢(K,"q,,)

v K (T, —d)
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Solution

» Step 1: Do Laplace transform

G, =K.B
with :
d=K'ABK'G, +K'CK ¢, + K. 'g(K'q,)

U

$2qm(s) = KrBaiagKr (Tm(s) — d(s))

c;iingr (Tm — d)

with:

d(s) = K; 'ABK; 's%qu(s) + K7 'CK; P sqm + K ' g (S)Kr H g (S)
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24 () = KrBaiagKr (T (s) — d(s))

with
d(s) = Ky 'ABK; 's%qu(s) + K7 'CK; P sqm + K P g (S)Kr tqum (S)

1
4m() = — KrBaiagKr (tm (s) — d(s))

with
d(s) = Ky 'ABK; 's%qu(s) + K7 'CK 7 sqm + Kt g (S)Kr g ()
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Solution (continued)

» Step 2: Draw signal diagram

1
Am(s) = S—zKrBEilagKr(Tm(S) —d(s))

with
d(s) = K, 'ABK; 's?q(s) + K7 'CKy P sqm + K P g(S)Kr tqm(s)

d(S) S2X qm (s)  SXqm (5)

m 1 | 2u(s)
7,,(s) KBIKLl I#_

(to continue ...)
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d(s) = Ky '"ABK; 1s%qu (s) + K 'CK  squm + K tg(S)Kr g ()

S X G (5)
§% X @ (5)
1 1 q,,(s)
| | .

(to continue ...)

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



School of Mechanical & Aerospace Engineering

g (K
r r

.

K 'ABK
T () K5 - I |
O
q,,(5)
()
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Sighal Flow Diagram of Robot
Dynamics at Controllers ...

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

R R . R L, a”[m,l.JrR1 ;
K,, 7 R K, dt R, 777
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Solution

» Step 1: Do Laplace transform

Rl Ra ] Rl La [ dz—m ] Rl .
Vei= 7 7 Tui T ’ —+ v.idm.i
R, K, ™ R, K, d R

A
i=1,23.....n
R R, R L R,
v, (8)=—-—r, () + =57, (s)+—k, 59, ,(5)
R, K,, R, K,, R,
i=12.3,....n
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R, R R, L R

vc,i (S) — mz m,i ,iSqm,i (S)
R K f Kt’l. .

i=1,23,....n

(5)= (Ras | Ribas o0 o BR )
\% S S)T S : A S
c,i R K R K m,i Rf qm,z
i =123,....n

(to continue ...)
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( ) (RlRai + RlLai ) ( )+levi . ( )
Vei\8)= ’ —S)T,; (S —q,,; S

RfKt’l. RfKt’l. .
i=1,23,...n

U

()= s o o2 B g B
v (s)———=¢q .(s)}= : ~s)r, (s
C,i Rf Qm,z RfKt’i B m,i
i=123,..,n

(to continue ...)
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levi 1 RlRai Lai
Define: K, = ’ Define : = ’ Define: 7T ,=—
’ R, K,, RK, " R,
\ s s s
)~ Rhasg (o= B Ll
V. (S)— : (S)y = : ~S)t (S
C,i Rf Qm,z RfKt’i Ra’i m,i
i=123,...,n

|

{vc,i (s)— Ke,iqm,i (s)} = KL (I+ Tm,iS)Tm,i (s)

m,i

i=123,...,n (to continue ...)
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0,(5) =Koy, (50} == (4T, 9)7,,5)

m,i

i=123,...,n

Define : L1 A+T, .s)
Gm,i(S) Km,i ’

T (5)= Gm,i (s) {vc,i (5)— Ke,iqm,i (5)}

i=123,...,n

(to continue ...)
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Tm,l(S)
Define: 7, (s) = T (5) Gm,(l)(s) . 0( ) 8
ma(8) ..
r0) D GO=l T
O 0 Gm,n(S)

7,.()=G, (). (5)-K, 4, (s)}

i=123,...,n

(to continue ...)
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K, 0 .. 0
0O K, .. 0
Define: K, = ’
0 0 K,,
T (S) — Gm,i (S) {Vc,i (S) _Ke,iqm,i (S)}
\
i=123,...,n G, (5)
Define: ¢, (s) = In2(5)
V., (s .
c,l( ) qm,n (S)
J' vc 2 (S)
Define: v (s)=|
Veu(S)

(to continue ...)
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T (S) — Gm,i (S) {vc,i (S) - Ke,iqm,i (S)}

i=123,...,n

N
7,(8) =G, (s) ()~ K.q,(s);
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Solution (continued)

» Step 2: Draw signal diagram

7,(8) =G, (s) ()~ K.q,(s);

7, ($)

—%"c(” G, (5)] "
q,,(5)
K I«

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Sighal Diagram of Robot’s Dynamics at
Controllers ...

7, ($)
v (s) G (s)—>

~

Joint

Mechanism
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K 'ABK'

N 1 1
&

q,,(5)

q,,(5)

G, (S)
V(s 7,,(s)
() G ()
K L 4n(5) (to continue ...)
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This is the Signal Flow Diagram of Robot’'s Dynamics
under Control ...

v.(s)
—»@—»Gm () 4, (s)
i 0, (5)
G, ()

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.
1

) ) — 0 ... 0 ) .
k, 0 .. 0 by 1 k, 0 .. 0
0O k£, .. O 1 |0 — ... 0 0O k£, .. O
Kr = r.2 Bdiag - b22 Kr = r.2
L 0 O kr,n_ O O bl | O O kr,n_

kr 1
: o ... O
bll
k?,
- 0 a 0
KrBdiingr b22
0 0 —
B bnn _
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Necessary and Sufficient Condition of Making a Robot to Become
an Ideal Dynamic System: The Reduction Ratios Are Big Enough!

Treat it as disturbance

/

d(s)
_ 1 1
0, (5)
(5)

An Important Property of Ideal Dynamic System:

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Summary of Lecture 2

» Laplace Transforms
Industr|e4 0

» Transfer Functions / -
N
g :

ey .
) O

» Signal Flow Diagram o

» Signal Flow Diagram of Robot’s Dynamics

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

>

» Design of Control Systems

>

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



NANY. ANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

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

» Basics of Systems

» Basics of Control Systems

» Design Solutions
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Outline of Lecture 3

» Basics of Systems

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is a system?

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

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

» Answer:

» Static Systems!

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

Input —{ Systems ]—> Output

» No transient responses
» Steady-state responses

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Static Systems

» Digital to Analogue Conversion (DAC) Systems

>Vom Vout = BxVin TC

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Static Systems

» Sensing Systems

Relative Humidity
& Temperature Barometric
Pressure

) Distance
9

Temperature

4
3 A
oo}
¢ ¢\
2 .

Light Color Irradiance

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Static Systems

» Communication Systems

Enterprise
(Ethernet)

Analyzer
[nstruments

Device Level

(RS-485, CAN) I
] DPfAS
I/F
Sensor Level Start
(4-20mA, AS-i) arers !
T vV
a V Dirives =
Simple binany

Analog sensors

& actuators censors & acfuators

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Property of Static Systems

» A static system only has steady-state
responses and steady-state errors.

e

Unit Step Function, y(t)
A 15 : : :
| I— 5
o i S oo i S
0 A
-0.5 i
-1 0 1 2 3 4 3
Time, (s)

> time

Desired /< Error I”ﬂ{ Systems ]ﬂlt_pyt
Output 7
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What are dynamic systems?

» Any system, in which the input and output relationship
is not independent of time, is a dynamic system.

Input —{ Systems J—> Output

» Transient responses
» Steady-state responses

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

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

1 . , . : , . —mU = 6

—U = 2

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

—U = 1
\
1.6 3 == =Step

-
H
~N

e
)

Step Response

e
FS

~
~
[ .
/
d
’
’
’
1

0.5 15 35
Time

DeSired>+ M[ Systems ]ﬂ]t_p)Ut
Output 7
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How to judge the performance of
a dynamic system?

» Three performance indicators:

> Stab]llty lf) & ]'«-l.sucLmuln::l
Reasg . - DVERS I
) poaze Unit-step input C ent= AR
» Response time B .I.
[T/ TSP A ) VIR /-F\ ------------------ -
» Response accurac 1.00 . . S ff———
P Y e e B = f
' i i Steady-stae
] 1 I arnir
‘ | E (=)
(11| N— i I I
ey S :
e A :
AR |
i {1 ] -
o — = 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
» Stability » Stability

» 100% » 100% (possible)
» Response Time » Response Time

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

» 100% » 100% (possible)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What are the ideal dynamic
systems in the world?

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

» What are the properties of linear time-
invariant (LTI) systems?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Property 1 of Ideal Dynamic Systems

» Time Invariance

-

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

» Homogeneity

O

a ¢ sin(wt)

b e sin(wt + @)
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Property 3 of Ideal Dynamic Systems

» Superposition

x, () + x, (ﬂ)-MJr Y, (1)

MIMO = Sum of SISOs
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Outline of Lecture 3

>

» Basics of Control Systems

>
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What is the purpose of controlling
a dynamic system?

» 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
P, . 105 fmmmmpfmm e A --------------;,---4--
» Stability: 100% (possible) e S e e /?\ e o i
i Steady-state
: i (r@:ﬁ;]
» Response time: as fast as possible e
Lirme |
” ;
» Response accuracy: 100% (possible) 010 |-
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
Respanse Unit-step input overshoot A
A e = == ===
1.00
ng ------------
NG p=mmmm == ! !
i i
! : ' Steady-state
i i I &rrar
L] ! I
i i i |:J- - -a-cl]
1 1 I
L] ! I
0.50 -"f}:-alifn — i !
time o : |
i 1 1 I
LY A l :
i i i i
! L ! I
| ] I I
i i i i
! L ! I
0.10 P L : \
D i | | IJT;-“ L -'I':;II :._ t
Rise time t,
I - Settling nme ¢, - I

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

lim ¢

t—>oo/

Actual
Output

Desired
Output
(t) =limse(C(s) =lims e G(s) * R(s)
s—0 s—0 \
Transfer Function of
Closed-loop System
18 :
at) ——
16 | $§ -
ot) ——
14 } o) ——
o) —
12 | b
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How to achieve the desired responses
from a given dynamic system?

» Two Steps:

» To construct a system with error control loop

» To design the control law inside the error control loop

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

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

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

Desired Sub-system Sub-system
Output Errors S Output
rror ystem under
—%g_ ——> Controller Control —>
Sub-system

Y

Sensors }—

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Motion Control Systems

» 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

OUtpUt Error Svst d
PR 5| Controller |- Srtemunder |~
. x * Positons

Positons yy
Velocities Velocities
Forces Sub-system * Forces

Torques + Torques
{ Sensors }—

A System with Error Control Loop
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Properties of Systems with Error
Control Loops ...

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

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

» Outputs of such systems weakly depend on the static
attributes of the internal processes.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to design a robot’s motion control
systems?

» There are two methodologies:
» Apply Desigh Methods in Time Domain

» Apply Design Methods in Frequency Domain

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

>

» Design of Control Systems
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Dynamics of Single-wheeled Robot

» Equation of Dynamic Behaviors: State Vector

F F
. oo S net . net __
{Fnet—mox H X = - X = =u

)
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Dynamics of Single-wheeled Robot

» Equation of Dynamic Behaviors: State-Vector Equations

o —
| o 12

y=(1 o)@j
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Dynamics of Omni-wheeled Robot

» Equations of Dynamic Behaviours: State Vector
.o — . + ux
[px] [ux)/ D, 0 ONp, 1
: 0 1 0
e Pyl
p,) \0 OAp,) \1)”
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Dynamics of Omni-wheeled Robot

» Equation of Dynamic Behaviors: State-vector Equations

[ :
p.) (01 0 0)p) (0 0

p’x_o 0 0 0 px+1 O(ule$ X:AX_I_BM
p,l 1000 1]p, | [0 Ofu, B

p,) Lo o0 olp) (01 V=CX
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Two Domains for Us to Do Design ...

Time Domain Frequency Domain
x = kx —
Y(s) s—k
x(t) = ekt y(t) = ekt

> More In next slide
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Use of Eigenvalues and Eigenvectors ...
x=kx wmp x(t)=elt

X

This is called
AX A=V xDxV™1 Diagonalization!
| Ay

«

X =VDV~1x

<
>

V1X)=Dx (V1 X)

v

V-1xX(t) =eP*t

AV = \v
Av — AIv =0

<

(A— ANV =0 [e—
X(t) =V xePXt det(A — \I) = 0

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Desigh Methods in Time Domain

» Use of State-vector Equations:

(X =AX+Bu Y| X=AX-BKCX }5{X =(4-BKC)X = A'X |
r=Cx Stability Criterion [ N D(ANt ]
y=—KY Xt)=V(A) Xe

- /| VA3eig(4d) v

Dynamics under Control Re(,l) <0 * det(Al —A+ BKC) =0

y Cla=2)..aa=1)=0
[ Design of K
Y¢=0 V 1 [ fcaxsmu | Y
+ u=Ke(0-Y)=-KeY - -
) Y=CX
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Design Method 1 in Frequency Domain

» Use of Routh-Hurwitz Criterion

oty CO) 26 _ Z(s)
)= R(s) P(s) a,s"+a,_(s"1+--+a,
Routh Array
s |9 |9n—2|ng| .- The system is stable if the
s 1| an1| ans| ans| ... number of change of signs
sn2 A in the first column is zero.

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



School of Mechanical & Aerospace Engineering

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.

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

» Routh Array:

s +(1+K)s>+10s+(5+15K)=0

s 1 10

2 14K 5+15K 1+K >0

g 2Ky 5-5K >0

1+ K
SO 5115K 5+15K >0 ‘
If K is positive,

Then:
1>K>0

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

» When K = 1, the Routh Array is:

s +(1+K)s>+10s+(5+15K)=0
5’ 1 10

2 14K 5415K s> +25*+10s+20=0
g 5-SK 87 110 avdiiary Potynomiai
1+ K s> 220 |
SO 5+15K Sl O O
SO

Characteristic Equation = Polynomials x Auxiliary Polynomials

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

Characteristic Equation = Polynomials x Auxiliary Polynomials

» When K =1, the auxiliary polynomial dP(
s)
equation is: P, (s) =252+20=0 7
S

%
[Pa(s) = 252 4+ 20 = 0]
s 2 .20 ¥
s 40 s =+j/10
s 20 *

o _ w 10
Oscillation frequence is: f = . = . « Oscillation with: w = V10 rad/s

=45+0=0

s°+2s*+10s+20=0

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



School of Mechanical & Aerospace Engineering

Design Method 2 in Frequency Domain

» Use of Specifications in Time Domain

c(s) _ w3
R(s) s2420wps+w2 ”/\{l
_ S
- s2+20wps+wn)2-(Cwn)2+w} N P
. RE
w% co,
¢ =cos(0)

" (5 + {02 + (w1 = 07)?
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Typical Outputs

K0 e =00

£=0.1
£=03
£=05
£=0.7

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Design Specifications in Time Domain

» Maximum Overshoot: M = ™I
p
T f M 0] h t t
» Time of Maximum Overshoot: —
p
Wn/ 1- CZ
N . 4
» Settling Time with 2% of Error Band: ty = ——
Swy
3
» Settling Time with 5% of Error Band: tg = —
Swy

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

» Overshoot of 5%:

M, =e ™V 20,05 B — 2 /1= =log, (0.05) =—2.9957

p

2.9957

& =( y(1-¢*) B ¢ =0.69

» 2% Settling Time of 2 seconds:

4
t=—=2 » Q) =£=i=2.8986rad/s
o, ¢ 0.69

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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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)
—~| A e T T
A

L

Typical Closed-loop Error Control System for Motors
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Solution

R(s) Cls)
—L s s T

K
Cs)_ s+2 _ K
R(s) 1, Kk s+2+Kk
/ S +
R(s) E(s) K ° 1 C(s)
> > > —
) s+2+ Kk s

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

R(s) EX(s) K 1 Cls)
— > > N - >
) s+2+ Kk s
K o1
C(s) _ s+2+Kks _ K _ K
R(s) (1, K 1 (s+2+Kk)s+K s"+Q2+Kk)s+K
s+2+ Kk s
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Solution (continued)

K 1
Cs) _ s+2+Kks _ K _ K
R(s) (, K 1 (s+2+Kk)s+K s"+Q2+Kk)s+K
s+2+Kk s
K=4"=16 a),f=K
L 20,-2 _2x0.7x4-2 2w =2+ Kk
K 16
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Design Method 3 in Frequency Domain

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

PID Transfer Function

_d
em,i o qm,i _qm,i

"4

1
Go(s) =kp + ki; + kys

A

Under Control

¢! 1 Joint Dynamics .
y —> i
b

d . V.
Dt (Bt ki o eyt

Any Robot = N Joints

1 =12,

7

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

B

R(s)
— >R K@

_l|~ s(s+2)

» Transfer Functions of Closed-loop Control System:

C(s)

K
C(s)  s(s+2) K
R(s) 1, K s°+2s+K
s(s+2)
E(S)_I_C(S)_l_ K B s*+2s

R(s) - R(s) 24254 K  $2+42s+K
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Solution (continued) L]

R(s) 1 C(s)
_:T_) = MM >
» a) Steady-state Error to Unit-ramp Input:
1
R(S) =
S
 lim s B(s) = I s?+2s 1_1_ 2
e() = 50 () = 550" s2+4+2s+K(s) s? SE%K(S)
2
—=0.1
K
K =20
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Solution N _’

| C(s)
——>R—>| K(s) RK—> >
_l|~ s(s+2)
» b) Steady-state Error to be zero:
. . s?+2s 1 _ 2
) = = o — —
e(*) = 550 (s) = 50" " 52 + 25 + K(s) s? SIE)%K(S)

In this case, the controller should include an integrator.

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

K,
K(s)=K,+—=(K;s +K2)—
S

— lim 2 _
e() = lim 2%,
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D(s)

Solution (continued) g .|~ «

KGs) —p—

s(s+2)
» c) Transfer Function between D(s) and C(s): ‘[
c(o0) = lim
| ( ) s—0 K]_S + KZ
C(s) s(s+2) 1 ﬁ
D(s) . K@) s*+25+K(s)
s(s+2) K(s)=K +22 = (KS+K2)—
Steady-state Response to Unit-step Input of D(s): ﬁ
1 1 1 K,
c(e0) = lims * s2+25s+K(s) s 1sl—r>r(§1{(s) K(S)_Kl_l_?

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

» Use of Phase-Compensation Transfer Function (i.e., Phase Compensator):

Equation of Root Locus

Cls) _ KX Gs) P(s) + K X Z(s) = 0

R(s) 1+K xG(s)

When K varies from 0 to infinity, we have:

1+KXG(s)=0

Locus = Path Imaginary
R(s) Z(s) \
Desied 1 + K X —— = ()
Output P (S) s —o s—o
s+ z C(S) \ \ > Real
4 GC(S)=KS+p Gp(S) >
N s=—jw
Actual
1 <
Output Locus = Path G (S ) — GC (S ) Gp (S )

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



How to Determine Equation of
Root Locus?

c’+yYs +Kks + | =O
5' ' +G + | ’ How do rools move a5 K goss i
S+ Hs’ +k5 +] Co we need to Pu-l— T cOrrcoL orm

) Grovpell K terms SHis £ + (s)=©
\

3 A
. 0 - S + L‘ l ___(S_)———- -
2) Divide b'j non - K terms S A6+ " i (3 -

Equation of Root Locus 1—|— K [ G(S) — O

204
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# MATLAB R2020a - academic use —
FR APP

E df O qesee & 0 2R Ff wantm | Gy g Ome g (g Bux

R WE WR NF g SA GE DITERT e BEORE g g O RERE g gy OERES

o

A SEBE v v HiE TR 2 BSTER v v G Emes v v il Parallel >~ v [E TH MATLAB
X1 TR K53 SIMULINK MR &R L
& T\ » C: » Users » Ming Xie » Documents » MATLAB » v},C
EIEESS ® &SFED ® IfEX G
O &% FHIE MATLAB? IS IE B AR, X|lom. @
#  Examples >> clear all
#) calib_2D vision.m fx 5>

#| 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

FRES 4

IEEXHUEEFAES
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# MATLAB R2020a - academic use —
FR APP

E df O qesee & 0 2R Ff wantm | Gy g Ome g (g Bux

R WE WR NF g SA GE DITERT e BEORE g g O RERE g gy OERES

o

A SEBE v v HiE TR 2 BSTER v v G Emes v v il Parallel >~ v [E TH MATLAB
X1 TR K53 SIMULINK MR &R L
& T\ » C: » Users » Ming Xie » Documents » MATLAB » v},C
EIEESS ® &SFED ® IfEX G
O &% FHIE MATLAB? IS IE B AR, X|lom. @
#  Examples >> clear all
#) calib_2D vision.m fx 5>

#| 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

FRES 4

IEEXHUEEFAES
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Design Specification in Frequency Domain:

» Locations of desired roots of error control loop systems.

?.( ...............
E ) a)d =a)n 1_52
¢ RE
(o,
¢ =cos()
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. . R(s)
Design Options  oesre
C(s)
= Ge(s) =k = Gp(s) >
» Option 1: without phase 1
compensator
Actual .
G(s) = G, (S)Gp (s) Oﬁi:it 1 -
R(s)
Desired

Output

» Option 2: with phase oty C(s)
compensator: X Ge(s) = K — . Gp (S) >

G(s) = Gc(s)Gp(s)

A4

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example

Consider the model foran Agv  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

) G K 9,

()

Figure 1

¢) What improvement will the compensator bring to the system unit-step response?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution H’(%g% o | 2] o,

3]

» a) Unit-step Response when Gc(s) =1 and K = 1:

K , | | | Sltep Relsponse | | |
R I
1.4
l 81.2
&o0sl
Cs) 1 1 0
R(s) s*+1 (s+/)(s—)) 061

=2 =

(=T CE N
T T
e

i

10 20 30 40 50 60 70 80 90
Time (seconds)
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: e Gels) K o) |
Solution % .

3]

» b(i) Design of PD Controller: G.(s)=k +k,s j
K \'ilt\-_-“'J
Co) . e Kelhrky) Kk ths o~
R(s) 1+GC(S)£2 s* + K o (k, +k,s) s? +h,s+k, -1 o
S
¢ =cos(45°)=0.707 B M

o, =1’ +1> =1.4142

—1G.(s)=2+2s

i @ @, =0,1-¢"
ky =0, =2 o RE
£,
k, =2(@, =2x0.707x14142=2 £ =cos®

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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R(s) G K c) 1
: cs) a4

o 2
R(s) 1+(2+2s)l2 S*+2s5+2
S

|

K=1 |G.(s)=2+2s

Step Response
1.4 | |

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

Amplitude

s™"2 + 2 5 + 2

Continuous-time transfer function.

>> step (TF)

Time (seconds)
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R(s)

o Gils) K Ce)
Solution H%i% s :

» Db(ii) Design of Phase Compensator: s+ 1
e : G.(5)=>"=

3]

s+p
1+Gc(s)£2:O
s

¢ ’ i

) S+ Z
s“+K =0 3 2 _
St p m s"+ps +Ks+Kz=0 "
‘ AN
P
s’ +ps’ +Ks+ Kz =(s+ p, (s +1+ j)(s +1— ) R
i @, @, = o,\1-¢*
‘ i 0 RE
g,
s° +ps2 +Ks+Kz=5" +(2+pO)S2 +(2+2p,)s+2p, £ = cos(0)
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SS+ps’ +Ks+Kz=5"+(2+p,)s* +(2+2p,)s+2p,

K=2+2p, I

P, =0.5K -1 P
aN

p=2+p,=05K+1 ! °

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

R(s)

_,@7 Gils) K €®
S

]

G (s) = s+z s+1-2/K
‘ s+p s+05K+1

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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. R(s) Gi(s K Cs)
Solution H@ S el e e

» ¢) Improvement by Phase Compensator: G (s) s+1-2/K
S)=
‘ s+0.5K +1
K(S +1-2/ K) Step Response
C(s)  s°(s+0.5K+1) o K=3.0 |
B K(s+1-2/K 1.2}
R(s) 1+ 2 (s ) =2.
S (S + O.SK + 1) T S e —
‘ gos; /ﬂ
:
Eoe6l |
C(S) — K(S + 1 - Z/K) < I,‘» K=20 >> K30= (K*s+K=2) / (s"3+(0.5*K+1) ¥ 2+K*s+K~-2)
R(s) s> +(0.5K +1)s* + Ks + (K —2) 041 / 50 -
021 | 63+ 2.5 572 4 35 + 1
00 5 ‘IIO 15

Time (seconds)
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Another Useful Tool: Final Value Theorem

Steady-state Output  lim y () = lim s e Y (s)
t—0o s—0

Steady-state Error  lim e (t) = llm seE(s)

t—o0 -0
Desired Sub-system Sub-system
Output E(S) System under Output Y(s)
Controller Control —
X(S)
| Sub-system
Y(s A
() ( Sensors [

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

When E@W)=Xt)—-Y({t)+AY =0

we have Y (t) = X(t) £ AY

Desired Sub-system Sub-system
Output E(t) System under Output Y (t)
—>®—> Controller Control —
X(t)
Sub-system
Y(t) + AY ( )
Sensors <

J

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Remaining Questions ...

» How is robot brain’s control signal related to desired motion?

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

X, (1) +x, (f)>-y1_(f))+ ,(t)

MIMQO = Sum of SISOs

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

» Basics of Systems

» Basics of Control Systems

» Design Solutions

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

>

» Control in Joint-Space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 4 _
MA4825 Robotics

Lecture 4

Control in Joint-Space

#

Xie Ming, PhD (France) -

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

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



School of Mechanical & Aerospace Engineering

Outline of Lecture 4
» Joint Space
» Control Input

» Control Feedback

» Control with Known Dynamics

» Control with Unknown Dynamics

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 4
» Joint Space
» Control Input

» Control Feedback

» Control with Known Dynamics

» Control with Unknown Dynamics

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Robot’s Control Systems

» Hardware Details

Link Torque

- ;;‘ Joint ] Joint
e Z

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Robot’s Control Systems

» Software Details 58 ]
(v.3.5) Inverse Kinematics 6,,6,,6,)
Robot (z,2,2) / \ (6,.6,,6,)
. 0.0.) | . S ..
Mind ©,.6,.6,) \ / (6,.6,.6,)
1(0.,0.,0.) |

Forward Kinematics

</Iotion Executio> e

[ Robot Control |

(01- s éi ’ 91)

Robot Dynamics ¢«
(01 5 01 ) 01 ) - <
(92 s 92 ’ 02 ) < ) . v Control - )

...... < Link Joints |«—| Power Joints | )
) 60 Algorithms [* p
_(071 ’ Hn > en )_
Robot Body
»  Sensors .

N (6.,6.,6,)

1271

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of Joint Space

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

link joints, is the so-called Joint Space. Joint
[, x5,%) ] o a Space
(. 3. 5) Inverse Kinematics (6,,6,,0))
Robot (2..%) / (6,,6,.6,)
I S T R R
Mind ©.6.0) \ / (0,.6,.0,)
1(6.,0.,6)) | Forward Kinematics

 Robot Control l |

Motion Execution

(01' > éi > 91 )
Robot Dynamics &=

(01 :gl :él) r «—
(0,,0,,0,) | ¢ v
Link Joints

A

Control «—

A

Power Joints

A A

A

(9n79‘ﬂ79—1’1)

A

Algorithms [*

Robot Body

Sensors

A 4

(giagiséi)
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QOutline of Lecture 4

>
» Control Input

>
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What are the controllable variables in
joint space?

[EXX o
(v.3.7) Inverse Kinematics (6,.6,.6,)
Motion (2,2, / (6,.65,6,)
Cras) S R - R
Planning - -
(6,.6,,6,) 0,.0,.0,)
S 1(0.,0.,6,) | Forward Kinematics
£
Q
o |
<
0 |
S
© -
= (Hiagjagj)
Robot Dynamics &————
(6,,0,,0,) - v Control  |e—— |«
...... « Link Joints |«— Power Joints [ _
@.6.6) Algorithms | <
n?"n>"n
|| »  Sensors —
| (0;.0;,0;)

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



School of Mechanical & Aerospace Engineering

Controllable Variables in Joint Space

(y ¥, y) e Kinematic (61, 91:%)

Motion (6.0,.6,)
. — (5’ 6, 9) ......

Planning "

(6,.9,.6)) (9 0,.6,)

(6..9..6.) F orward Kinematic

» Positions

(91"'9:':‘9[')

Robot Dynamics &———

Control —

Link Joints |«— Power Joints [+—]

Algorithms |[* «-— |

» Velocities

(0,,0,.6)

» Forces/Torques (related to accelerations)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Next Question: How to determine desired
output of Controllable Variables in Joint Space?

. (y ¥, y) Inverse Kinematic (61.61.6,)
Answer: ot / (92 0,.6,)
Planning [ (0 o 9) -
s

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

» For Robot Manipulators:

6,66,
Robot Dynamics &———
» Use of Inverse e
° ° (60,,6,,0,) :_ «
Kinematics T tfoms e powerfoms Jo— ™+
(H,,,é,,,ﬁ ) Algorithms «-— |

(0,,0,.6)

» For Robot Mobile Base:

» Use of Inverse
Kinematics

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example 1: Inverse Kinematics of Robot
Manipulator with Two Links ...

» A SCARA robot has four links. The first two links are revolute links. What
should be the angles of joint 1 and joint 2 if the tool tip’s coordinates are

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

Z
. Link 1 Link 3
Link 2
B-- A
& w M Link4
s j :Y Tool

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



School of Mechanical & Aerospace Engineering

Solution

» Home positions of the first two links:

S
rd
[ J

Link 1’s length: [4
Link 2's length: [,
Joint 1's angle: g,
Joint 2’'s angle: 6,

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

» Input of coordinates (x(t), y(t),

Z(t)) at O3:

Y
A

y4 y . /

$L Link 1 Link 3 0 //

Link 2 2 0, [, 0
? o Bt Link 4 3
E/— j\ — >Y Tool
‘X/ (x(t), }’(t)» Z(t))

> X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution (continued) 2422
a = arccos( L
» Output of angles of link 1 and link 2: 2l1 l2
= 2 +1% —13
() =F+o f3 = arccos( ! 2)
2141
v 0,(t) =—nm+a 24
. ) o = arccos( N )

[ =x(£)2 + y(t)?
o __-
T (x(),y(@®), 2(1)) y(t)

= arctan(——
.y @ (x(t)

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

£ Al 8

L<R

Pay attention to these variables and their meanings:

* Angular velocities of two wheels.

* Angular velocity of mobile robot.

» Circular velocities of two wheels due to wheels’ angular velocities.

« Circular velocities at two wheels, which create robot’s angular velocity.

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

» Equations of Wheels:

. . . AR
7, =1, =mr o,

v

Rotational Inerlia

Z _ —G
T @ v

I =2/5 MRZ

I=1/12 MLZ

Gf@ G@ 1= 25 MRZ + MR2 ]/'l

I=1/77 MRZ I= MRZ

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



School of Mechanical & Aerospace Engineering

Solution (continued)

» Equations of Mobile Robot: Forward Kinematics
Y, v, a) Robot rotates about Z axis passing through A:
1 1
WR =—-V; — =V
R L l L r

b) Robot rotates about Z axis passing through B:

VR = E(vl + ;)

>Xw

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

_ 4] _UR (%% VR
“R+L/2 R ||UF

"R—-1/2 R

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

» Equations of Mobile Robot:

Y, . = Vr VR
! RTR+L/2 R
0o = [Z% . UR
R“R—-L/2 R
W, (

1
Inverse Kinematics v = P (2vg + L X wg)

4] _ Uy
Cl)l = w‘r -
n 125

v, == (2vp — L X wp)
\ 2

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

» Desired Output of Robot’s Error Control Systems:

( Input to Control Loops v
1 W
v = E(ZUR + L X wg) Wy = 7 Yw Control
4 :> ! A
v, == (2vg — L X wg) | Vr
k 2 (,()-r -
T :
| X
- Y
Results from Motion Planning 1))
(.
x = vgrcos( )
] 7 = vrsin(¢) o e,
. 1% — —_
¢=w _ R V =nw; Vr =Wy
R R

yd
[gpd } Desired Trajectories in Task Space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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QOutline of Lecture 4

>

» Control Feedback
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What are the observable variables
in joint space?

[CEE ) : N
(v, 3 ) Inverse Kinematics (4, 6-?1, 91)
Robot (252.5-2-) (02792192)
@ | .o v
._' Mind - .
(By’gy’e}') (gnagnagn)
c 1(6.,0.,0,) | Forward Kinematics
3 |
0  Robot Control |
S
° .
E (91 > 81' ) 9[ )
Robot Dynamics
(.00 - -
. . !
(6,,6,.65) < - : T Control | |«
...... « Link Joints l«—| Power Joints |4 ' j
L Algorithms <
(01’1 3 gn > Hﬂ)
Robot Body
N »  Sensors —
| (6,.6,,6,) <=
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Observable Variables in Joint Space

(y ¥, y) ¢ Kinematic (6,6,,6))

Motion (6,.0,,6,)
. — (5’ 6, 9) ......

Planning L

(6,.6,,6)) (19 .6,.6,)

(6..6..6.) Frdenmt

» Positions

(0,,6,.6,)

Robot Dynamics &———

Control —

Link Joints |«— Power Joints [+—]

Algorithms |[* «-— |

» Velocities

> Sensors

(0,,0,.6)

» Forces/Torques (related to accelerations)
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Example of Joint Space Control

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



School of Mechanical & Aerospace Engineering

How to construct the error control
systems in robots?

» There are two control schemes:
»Control with Known Dynamics

»Control with Unknown Dynamics

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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QOutline of Lecture 4

>

» Control with Known Dynamics

>
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Control with Known Dynamics

» Step 1: We can determine desired motions from desired tasks.

oo d
Task _ —
| Motion , q°d
H m
Planning J
>
D
(x,%.%) oL
0, 7. 7) Inverse Kinematics (6,,6,,6)
Motion (z.2.2) (6,,0,,65)
Cras) N O
Planning - T
4,.6,.6,) 4,.0,.6,)
5 (6..6..6.) Forward Kinematics
._:%
% |
w |
s
B -
= ] (6,.6,.6;)
Robot Dynamics ¢————
(6,6,6) . |
. . 1
(0,.0,,6,) < _ R * Control — |
______ - Link Joints \«— Power Joints [+—] B
A Algorithms |[* -
(0,.6,.6,) gonfhms
L | > Sensors —
L] (6,.6..6))
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Control with Known Dynamics
(continued)

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

v =K, 'B, K G, +d*
with :

d'=K'ABK 4!+ K 'CK'q" +K 'g(K'q")

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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t“=K'B, K '§'+d’

r diag
with :
d'=K'ABK'§’+K'CK'¢" +K'g(K'q?)
wd
n_, | K 'ABK !
J d
dm | | Klck! d
d
In_, |K,71g(Kr"lqm)
wd d

g @ Fm
- Kr_leiagKr_l
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Control with Known Dynamics
(continued)

» Step 3: We can determine desired control signals from desired torque.
d . d - d
7°n(s) =G, (s) 1V e (8) =K 4" n(s)]

7 (8)+ K .G n(s)

1
G, (s)

vl (s) =

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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1
G, (s)

ve (5) = 7, (s)+ K. 4, (s)
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Control with Known Dynamics
(continued)

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

desired motions at the mput .
—| T, (s)

- d \
| K—IABK—I qm Ke

da’

| K'ck!

|K,71g(K§1qm)

od Tm
Kr_lezagK_l (Si)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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%6111 -1 -1 cd > V.
' | K, ABK, 9m—> Feed Forward[—
g’ — d° P
- | K:'CK: - /
q,ii | PERTE Model-Based Prediction
— of Control Signal

L

d
. ’Z'm
qm_b Kr_lelagK_l .@_j
d
Tnl—1/G,,(s)
- d
In — K,

¥
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Control with Known Dynamics
(continued)

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

Virtual Robot

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

Gu(9)

G, (s)f—

9m— Feed Forward

O ——
dm

Model-Based Prediction

of Control Signal Actual Robot
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Virtual Robot

G, (s)— q,(5)

9m —| Feed Forward
O

qm
Model-Based Prediction
of Control Signal

O

()

Gu(s)

dm y .
q’g N Feed Forward Under Control _r Zm
m m

Model-Based Prediction
of Control Signal

Actual Robot
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Control with Known Dynamics
(continued)

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

Desired Feed Forward _

Output y Compensation
Actual
Output
) Dynamics under
Controller Control —_1— )
y Feedback |

Sensor

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Types of Sensory Feedback

wd
Am N J ;
g4 __)Feed Forward | Yc | Ye___| Robot Dynamics _::q'm
ge— Compensation Under Control [ (I qm
m m
q., < | Position
| Sensor
< | Velocity |‘
| Sensor
é 1 4 |  Acceleration |‘
| Sensor
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X LR
Alss e ——

- ? =
| ; N vy
" 4 \ . 15>
4 -
~d ®) l) 4 A .;,

> M o) 0:08/213
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QOutline of Lecture 4

>

» Control with Unknown Dynamics
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Robot’s Dynamics under Control

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)

~ 1 1

,,(5)

q,,(5)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Decoupling Dynamics at Torque Joints
d(s)

() @ 4 (5)

= 1 1
EF H E
,,(5)
,(5)

d;(s)

9, (5)

qm,i (s)

Qm,i(‘g)
i=123,...,n

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to Control a Robot Arm with
Unknown Dynamics?

» Step 1: We start with the independent unknown dynamics at torque
joints.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to Control a Robot Arm with
Unknown Dynamics? (continued)

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

“ 2 G,,

(s) b—

ke,i qm,i

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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qu(S)

qu(S)

qu(S)

—’®_’ Gm,i (S )

k H q.m,i

e,l

i=12,...n
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How to Control a Robot Arm with
Unknown Dynamics? (continued)

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

<
ke,i
Vc,i kl% dmi| 1 1 dm,i
G (S) — p| — > — p—
m,i b s Vg | s
ii 9m,i
DCMotor  Load (Inertia + friction) l — 1,2,...”

T ' )0

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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1 Joint Dynamics | ___ qm i
Under Control | q ’
m,i

i=12,...,n

DCMotor  Load (Inertia + friction)

=>=105) ), (Power Joints)
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Control with Unknown Dynamics
(continued)

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

(Power Joints) .
Desired dm,i

Errors V.. — >

Oﬂ,@_, PID Control i, Joint Dynamics |__ q .

Law Under Control | s

Y Dim,i
i=12...,n

DC Motor Load (Inertia + friction)

=105 ), MIMO = Sum of SISOs

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example: Position Error Control

d
e .= . — . 1
mi = Dmi ™~ D Ge(s) =k + ki~ + ks
PID Controller’s Transfer Function
.>| kp °c, ;

q .
q;l;i -’lk' 0_[8 dt Veii Joint Dynamics _,qz’ll
! m,1 Under Control > g ’

m,i

ol k0 —2! (Power Joints)

dif)CMotor Load (Inertia + friction) i — 1,2,. oo n

-) J B )
T4 N 0

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



School of Mechanical & Aerospace Engineering

Example: Velocity Error Control

_ . 1
em,i ~Ymi —9mi Gc(5)=kp+ki§+kds

PID Controller’s Transfer Function

- d AV '
Am.i k ¢! 1 Joint Dynamics ;

.ole .dt > i

'l ! '[ m.,! Under Control !

>
ry m,i
o &, o dey,; (Power Joints)
dt
J)CMotor Load(fnerﬁﬁfricﬁon) l’ — 1’2,. - n

=] LB )
T 0
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Example of Position Error Control without Inner
Velocity Error Control Loop ...

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) Ky _ 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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Position Error Control without Inner
Velocity Error Control Loop (continued) ...

Second-Order Systems _ ’l [i— 2

R(s) + K C(s) i Cs) %
_? S(JS+B) R(S) = JS2 LR

C(s) _ KIlJ 7 t. =
RGs) s> +BINs+KIJ K B p A -2
+—+ 7 Se— a)n 1 — (

B*-4JK <0 = Complex conjugate poles

B*-4JK>0 = Real poles 4
Undamped natural frequency — 1 | (wn
Damping ratio <
Attenuation < 3
C(s) = 0’,2, t —_—
s — T —

R(s) s*+2¢lw,s+0}

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

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

tr=”—'B ﬁ=tan"&=tan“l - =1.10rad

w, o 0.456x3.53
_ z—1.10 DC Motor Load (Inertia + friction)
o=Cw, = ——=0.65scc >
, - 5
Settling time:
4 4

*~ o, 0.456x3.53

=2.48sec (2% criterion)

—————_~=1.86sec (5% criterion)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Summary of Lecture 4
» Joint Space
» Control Input

» Control Feedback

» Control with Known Dynamics

» Control with Unknown Dynamics

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

>

» Control in Task-Space
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TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

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
» Task Space
» Control Input

» Control Feedback

» Control of Unconstrained Motion

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

» Control Feedback

» Control of Unconstrained Motion

» Control of Constrained Motion

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



School of Mechanical & Aerospace Engineering

Robot’s Control Systems

» Hardware Details

Link Torque

- ;;‘ Joint ] Joint
e Z
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Robot’s Control Systems

» Software Details i)
3 5) Inverse Kinematics 6,,6,,6,)
Robot (z,2,2) / \ (6,.6,,6,)
: ©0.0.) | w. A ..
Mind 9,.9,.6)) \ / (6,.,6,.6,) |
(0.,0.,0)) |

Forward Kinematics

</Iotion Executio> e

[ Robot Control |

(01- s éi ’ 91)

Robot Dynamics ¢«
(01 5 01 ) 01 ) - <
(92 s 92 ’ 02 ) < ) . v Control - )

...... < Link Joints |«—| Power Joints | )
) 60 Algorithms [* p
_(071 ’ Hn > en )_
Robot Body
»  Sensors .

B (6:,6,,6,)

1271

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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School of Mechanical & Aerospace Engineering

» The space, which is defined by the linear and angular positions of end-

effector, is the so-called Task Space. Task
o Space
(x,x,%) o
(. 3. ) Inverse Kinematics (6,.6,, 9.1)
Robot (z.2,2) (6,,6,,6,)
Crose ) s ea)
._’ Mind - -
6,.6,.6) (6,.6,.6,)
S 1(6.,0.,6.,) | Forward Kinematics
3 |
10  Robot Control |
S
° -
= (Hiﬂgiﬂgf)
Robot Dynamics ¢
(01.6,.0) - -
(92,92,52) < A Control |« |«
______ p Link Joints |« Power Joints |+ oo
L Algorithms [° <
6,.6,.6,)
Robot Body
»  Sensors —
L] (Hiagiagi)
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Example of Controlling Human-Robot
Interaction in Task Space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Lecture 5
» Task Space
» Control Input

» Control Feedback

» Control of Unconstrained Motion

» Control of Constrained Motion

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What are the controllable
variables in task space?

(n%E) ] -
(v 5. 5) Inverse Kinematics (4, ,Q] ,6."1)
Robot (Z’Z°_2) ) (6,.65.6,)
@ - —> (91' > ex 2 Bx ) ......
._’ Mind - R
6,.6,.6,) (6,.6,.6,)
5 1(6..6..6,) Forward Kinematics
g
— |
0 ~ Robot Control |
S
© .
= (0:,0,,0,)
Robot Dynamics &
(6] ’ 91 E 91 ) I «—
- . 1
(6,,6,,6,) * Control «
< . . «— |
...... “ Link Joints l«— Power Joints [ J
- Algorithms <
(8?? 3 gﬂ 2 Hn )
Robot Body
»  Sensors

(6,,6,.6))
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How to Measure Controllable Variables in
Task Space Which Include:

» Positions of End-Effector
» Velocities of End-Effector

» Forces/Torques (related to accelerations)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Use of Relationship between Task Space and
Joint Space: Forward Kinematics of Arm

x(t) =1 cos(@l(t)) + l,cos[0,(t) + 6,(t)]
y(t) =14 sin(91 (t)) + 1,sin[0(t) + 0,(t)]

.
/

0, 0, L )
3

(x(8), y(t), z(t))
> X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Use of Relationship between Task Space and Joint
Space: Forward Kinematics of Mobile Base

Y, v, a) Robot rotates about Z axis passing through A:
1 1
WR =—-V; — =V
R L l L r

b) Robot rotates about Z axis passing through B:

VR = E(vl + ;)

>Xw

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

_ 4] _UR (%% VR
“R+L/2 R ||UF

"R—-1/2 R

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Use of Relationship between Task Space
and Joint Space: Motion Kinematics

Task-space P = J e q Joint-space

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Use of Relationship between Task
Space and Joint Space: Robot Statics

Task-space

Joint-space
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Outline of Lecture 5
» Task Space
» Control Input

» Control Feedback

» Control of Unconstrained Motion

» Control of Constrained Motion
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What are the observable variables
in task space?

[(x.%.%) o
3, 3, ) Inverse Kinematics (0,,6,,6,)
Motion (2,29 / (92,92,52)
- — (9x7 gx’ gx) ......
Planning - T
(9)”0.}"9)’) (Hnagn:\gn)
S 1(6..6.,6.) | Forward Kinematics
%
e |
x
= |
S
° -
= (6,.6,.6,)
Robot Dynamics ————
(6,.6,.6)) r — |
S5 < i
(6,,0,.0;) | * Control  |«— |«
...... « Link Jomts |« Power Joints |+ ~
6..6.0) Algorithms | <
nnTn
L | > Sensors —
L] (6,.6..6;)
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Observable Variables in Task Space

» Positions of End-Effector
» Velocities of End-Effector

» Forces/Torques (related to accelerations)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to achieve sensory feedback
in Task Space?

—_

» Joint Position Sensors + Forward Kinematics

— Indirect

) . ] ] ] Measurement
» Joint Velocity Sensors + Motion Kinematics

PR

» Vision System

—  Direct
Measurement

» Force Sensors

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Solution of Using “Sensors + Forward
Kinematics”

Tm . _>6m

v, G (s) |—| Power Joint q,
Dynamics | >
m

Forward
Kinematics
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Example of Pick-and-Place Control
in Task Space
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School of Mechanical & Aerospace Engineering

Solution of Using “Sensors + Motion
Kinematics”

Tm o qm :
v, G (s) | Power Joint —>qm>
Dynamics L,
g,
I
[
K, ¢=-=-==-====
P < Motion
Kinematics
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Solution of Using Vision Systems

Tm — () pl| 1 p
Ve G, (s) > RObO? Idrek o — >
Dynamics |+ : S
Am
K, |
(p: P) Vision [
System |e

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example 1:

Year 2008
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Example 2:
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Example 3:

» A vehicle is following a moving target. The Y
vehicle’s vision system can measure the A
distances to points A and B of the moving target.
What should be the trajectories of the vehicle?

» Answer:

» Equation of velocity:
v(t,)+Av 1fd>D_

V(tk+1) - v(tk) 1f Dmin > d > Dmax
v(t,)-Av 1fd<D,_

» Equation of steering:
Ot )+A0 ifd,—d,<-¢
0(t,,,)=10(t,) if|d,—d,|<e
0(t,)-A0 ifd, —d,>+¢ > X

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Experimental Result at NTU

4

- -y
L —

K
-,..1 ....

s
- —
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Solution of Using Force/Torque Sensors

Sensed Force/Torque

F

T = ]t X F 4 Force/Torque |
Sensor
_ Actual Force/Torque
CTm=Kr1.]t.F . F q
" (J’)‘I.Kr 1
F=(0)T"eK oty B
v Robot —q"i
C .
Gm(S) — 0 O. —|—qu
Dynamics >
g,
I
l
K f¢#-=-=====-

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



School of Mechanical & Aerospace Engineering

Robot Design with Incorporated
Force/Torque Sensors

6-Axis F/T Sensor

(a) Loch Humanoid Robot (b) Loch ‘s Biped (c) F/T Sensor in Foot

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example 1:
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Example 2:
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Outline of Lecture 5
» Task Space
» Control Input

» Control Feedback

» Control of Unconstrained Motion

» Control of Constrained Motion
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Definition of Unconstrained Motion

» When a robot’s tool tip has no contact with its environment during
motions, it performs unconstrained motions.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Robot’s Dynamics under Control in Task
Space for Unconstrained Motion Will Be:

dn
v, G,(s) |— Robot — I Je K b= P
Dynamics — :

D

| ; 1

| p=JeK e dm
K, Joem=-=-===-
y Ideal Dynamic |

Systems

MIMO = Sum of SISOs
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Design of Error Control System ...

p:J.Kr_l.q.m |:> q.m:KrOJ_l.p

Error in Joint Space

D :

\ v r, . b

—| PID _,(Eb G () Robot [—g4, g

Ag Dynamics [1— TR
& | I

K J7 [k oo |

4_@\ MIMO = Sum of SISOs
- d Error in Task Space
p .

[ 5

Vision
System

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



School of Mechanical & Aerospace Engineering

Principle of Year 1997 /Ap

Human-like b
A'X I
X-Eye A7 |0 e
Coordination AZ A"V
in Task Space SO
] 1.1
J Sl Ly
(Ftiage at tume

Frame at time
(t=0)

Xie M., Fang Yuhui and Lai Tingfeng, 2025, New Solution to 3D Projection
in Human-like Binocular Vision, International Journal of Humanoid Robotics.
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https://doi.org/10.1142/S0219843624500087
http://www.editorialmanager.com/ijhr
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Experimental Verification Achieved in Year
2007 with the use of Monkey ...
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Outline of Lecture 5
» Task Space
» Control Input

» Control Feedback

» Control of Unconstrained Motion

» Control of Constrained Motion
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Definition of Constrained Motion

» When a robot’s tool tip has contact with its environment during
motions, it performs constrained motions.
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Example of Robot Performing Constrained
Motions
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Robot’s Dynamics under Control in Task
Space for Constrained Motion Will Be:

T

nel (J) oK,

Robot [—gq,,

. F—3J K. | P
Dynamics |—» I

c G, (s) g

MIMQO = Sum of SISOs

r =K 'eJ'eF ) F=(J')"eK er

m

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Design of Error Control System ... [, —k-1.jt.p

- 4\

Torque Control Loop Force/Torque
Error in Task Space Sensor
Fd X, KleJt Error in Joint Space F
Um > (Jt)_l ¢ Kr
Error in Joint Space .
\ Robot |— p
(11010 _
o Gm(S)—'P . _I_qn‘J.Krl ——
Ag, Dynamics |—
| D
(K J |
, Ke Qs == = == == s mm s o= s
T’@ Error in Task Space
p 0
1 P Motion

Velocity Control Loop | Kinematics

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



Example 1 of Robot Performing Constrained Motions
in Task Space

Year 2008




Example 2 of Robot Performing
Constrained Motion in Task Space

320



School of Mechanical & Aerospace Engineering

Summary of Lecture 5
» Task Space
» Control Input

» Control Feedback

» Control of Unconstrained Motion

» Control of Constrained Motion
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Summary of Module 4

» Dynamics under Control

» Signal Flow Diagram

» Design of Control Systems

» Control in Joint-Space

» Control in Task-Space
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“Ask not what your country can do for you — ask what you can do for
your country,” - John F. Kennedy

“Do not think that you are needy — think that you are needed in the
world”, - Manis Friedman

“Study will make you knowledgeable, resourceful, and hence more
needed”, - Xie Ming

Thank You for Listening!
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