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Control

- A brief History

- Foundations: Concept of Signals and Systems

- Representation: Input-Output and State-Space
- Concepts of Feedback and Feedforward

- Stability vs Performance: a trade-off

- Control Techniques: PID, Optimal, Nonlinear.

Robotics

- Kinematics, Dynamics and Control
- Machine Intelligence
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A brief History

Main sources:

©IEEE

IEEE Control Systems Magazine, 16(3) 1996 — Dedicated to the History of Control

IFAC D%C-D Control Resources

INTERNATIONAL FEDERATION
OF AUTOMATIC CONTROL

The IFAC Control Resources (ICR) Publications — History of Control
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A brief History
From an engineering perspective

= Probably the oldest application of control:
Maintaining the'liquid level(in a wine barrel), independently of the consumption

- The Water Clock — Ktesibios, 270 A.C.
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A brief History

From an engineering perspective

- James Watt, in 1788, developed. a system to regulate rotational speed.: Fly-Ball

governor, or Watt s reqgulator

B

Rotacao

Polia de ligagao
ao motor

Valvula
borboleta

——

Entrada «— | +Vapor

no motor
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A brief History
From an engineering perspective

Sensores

ROBOTICS
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A brief History
From an engineering perspective

- J. Maxwell, 1868: “On Governors — First systematic mathematical analysis of the
stapility of the fly-vall .governor: roots of the characteristic polynomial must have
neqgative real parts

- E.J. Routh, 1877: Routn-Hurwitz polynomial stability criterion

- H. Nyquist, 1932: Nyquist Stability Criterion — Frequency response

- Callender et. al, 1936: Concept of the classical PID controller (Proportinal-Integral-
Derivative)

- H. Bode, 1945: Based on Nyquist, developed methodologies for the design of
amplification systems through feedback — Bell Labs

ROBOTICS




A brief History
From an engineering perspective

- W. Evans, 1948: Root Locus Vethod - navigation and control of aeronautical
Systems.

- N. Wiener, 1948: Cybernetics: or the Control and Communication in the Animal and
the Vlachine

- R. Kalman, 1950-60: Shift from classical control based on transfer function
representation to modern control based on state-space representation. The space
exploration era and the digital era.

- 1960-1980: Based on State-Space representation: Optimal Control, Robust Control
and Predictive Control. Based on transfer function representation: Adaptive Control
and Stochastic Control.
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A brief History
From)an'engineering perspective

- 1980-2000: Development of Non-Linear control systems using Lyapunoy. stability

theonry. Artificiol neural -networks. Fuzzy.systems. Impedance Control
(PCs in 1983, Matlab in 1984)

- 2000~: Control'of distributed and networked. systems, hybrid systems, smart
materials, biological systems, learning systems, etc...
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Example - Hydroponics
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Foundations: Concept off Signals and Systems

Perturbation Signals
d(

Input Signals

Output Signals
u(t) System

U

Linear, time invariant, single input - single output system: LTI-SISO

n>m to be causal

Transfer Function: b by ST s+ by
(EJJERNERSIIN U(s) s +a,_ 18" 1+ - -+ a;8+ ag

escarda.tech
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Foundations: Concept off Signals and Systems

Perturbation Signals
d(

Input Signals

Output Signals
u(t) System

U

Linear, time invariant, multi-input multi-output system: LTI-MIMO

Transfer Matrix:

State Space ( ( ) com: A = RﬂXﬂ-, e B c Rnx-m
representation:aenes com: C € RP*", e D € RP*™
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Foundations: Concept off Signals and Systems

o oF ™ot G(s)=N(s)/D(s
U0 1t B 4 gy (t) = b S 4 bou(t) (5)=N(s)/D(s)

dtn . T r
Differential Equation Transfer Function
£-1

choice of direct Canonical Forms

state
vector

z(t)= Az(t) + Bu(t)
y(t)=Cz(t) + Du(t)
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Foundations: Concept off Signals and Systems
Noenlinear Systems

Perturbation Signals
d(v)

Input Signals
u()

Geyer and Herr, IEEE Trans Neural Syst Rehabil Eng, 2010

ROBOTICS

Output Signals
()

Carvalho and Martins, CONTROLO 2018
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Foundations: Concept off Signals and Systems
Noenlinear Systems

Perturbation Signals
d(v)

Input Signals
u()

Output Signals
()




Concepts off Feedback and Feedforward

Feedforward Control: compute control based on knowledge of physics

inverse model

position

time

Feedback Control: generate commands based on error signals

§.

Combined: compute feedforward, correct with feedback

inverse model

Mclintyre, 2011

al! ROBOTICS

olTIEC

q

IST engenharie mecdnica



Concepts off Feedback and Feedforward

b c
Null field, NF Divergent field, DF

loh . b

Initial After After-
trials learning effects

Burdet et al, Nature, 2001
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Stability vs Performance: a trade-off in feedback control

(s) = 1+ G.(s)Gp(s) (s)+ 1+ G.(s)Gp(s)
=T(s) =S(s)

Complementary
Sensitivity Function

Complementary.

e : Sensitivity Function
Sensitivity Function y

T(s)+S(s) =1

al! ROBOTICS




Stability vs Performance: a trade-off in feedback control

Y(s) = 1+ G.(s)Gp(s) (s) + 1+ Ge(s)Gp(s)
—— — —— ——

=T(s) =S(s)

CleleleMICINIAN T'(s) ~ 1
Good Disturbance Rejection:

Good Noise Rejection:

altas frequéncias ®
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Controliechnigues: PID(Proportional, Integral, Derivative)
HeW, terdesign the gains??

- Ziegler Nichols Methods (Reaction Curve or Critical Gain)
- Root-Locus Methods
- Approximations to PD — Lead Compensator or Pl — Lag Compensator
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Control Technigues: Optimall Control
linear QuadraticiRegulator LQR = discrete time state feeaback

Subject to the constraints:

Tpy1 = ApZi + By

Results the optimal control law

with Kalman gains: St = Qu + AL (Si)y + BeRy'BY) Ay

Ky = (Ry + Bl Sps1By) ' Bl Spi1 Ay

ROBOTICS
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Controel llechniques: Viodel Predictive Control

PASSADO FUTURO

Minimize the cost function:

H.
| Gss = rias 12+ XD N Dy |
j=1

k—1k k+1

referéncia comando
Optimizador
e
predictor Observador_

Observador

com base no
modelo interno estimador do estado
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Contrel echnigues: Nonlinear Position Control—Inverse Dynamics
Lyelatigle Sielallievi ElZe) sy

STABILIZING 2 ) 7
LINEAR CONTROL | K

NONLINEAR COMPENSATION
AND DECOUPLING

a
X
e
q

Siciliano et al, 2009

ROBOTICS



Controel hechnigues: Nonlinear Interaction Control — Impedance Control

X(s) 1
Feedback LG VEN MEAdmittance Causality: =
Controllers Controllers F (S) Ms? + Bs + K
Imped o F(s) 9
Position / mpecanse Model-based lnglolelple=lCEURE el —— = Ms“ + Bs + K
force control F = M+ B+ Ko control X (S )
Force Position Damping Stiffness Repetitive
control control Control Control Control

Impedance
Law

Dynamics ' Rigid Robot

Passive Subsystem | - Dynamics

Passive
Environment

A. Albu-Schaffer et al, IEEE RA Magazine,
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ROBOLICS:

In science, robotics is commonly defined as the science studying the intelligent connection between
PErception andaction.

Actuation System Manipulation
(servomotors, drives and transmissions) apparatus

Control System
—_— CONTROL ACTUATORS

Locomotion
apparatus

Sensory System
(proprioceptive and exteroceptive sensors)

Robotics: interdisciplinary field of mechanics, control, computers and electronics
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ROBOLICS:

Robotics invoelves kinematics, dynamics and control.

Kinematics
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IST engenharie mecdnica



ROBOLICS:

Robotics invoelves kinematics, dynamics and control.

lracking error

re = (x — x,)cosb, + (y — y,)sin b,
= —(z — x,)sin b, + (y — yr) cos 0,
=0 — 97’7
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controltiechnigues: PIDAProportional, lntegral, DerVative)

i 1L ROBOTICS
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EletricIVietorsi(tne sounad o silence)
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Intelligent Systems:

SWViochinelearningisimperject—Tnoss Why s ideal foragriculture.”
Elliot Grant, Mineral.ai
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Intellig

sVigeninelearningisimperect =nats wny ItS iaeal joragriculture.=

Elliot Grant, Mineral.ai:
flower count: 129
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NeuraliNetwork frameworks

ﬁ Deeplearning4j

PyTorch

.

ROBOTICS

"::' Chainer
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Rebotics:

\Viachine Intellisence involves Robotics and Al
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Rebotics:

\Viachine Intellisence involves Robotics and Al

s
4

o)=Yl g[ef] Sistemas Roboticos Ecoeficientes e Colaborativos para uma Agricultura Inovadora,
4 EARMERS BlleEEYERS IS g E\VE]

Al'enabled autonomous navigation in agricultural'environments

N Y o

’ N '»‘ ‘“"', LY
iy P .‘" L vy_

(PN (I8 AT N e

olTIEC

IST engenharic mecdnica




A +1 o )
ROROUICS:

\Viachine Intelligence involves Robotics and Al

es e Colaboratives para uma Agricultura Inovadora,
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Agriculture RepoticsiChallenges:

Farm_\
Robotics_\
Challenge
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Trajectory Planning

Goal: To generate the reference inputs to the motion control system
which ensures that the manipulator executes the planned
trajectories.

Trajectory planning in the joint space

Trajectory planning in the operational space

Point-to-point motion

Motion through a sequence of points

Path x Trajectory

The locus of points in the joint space, or
in the operational space , which the
manipulator has to follow in the
execution of the assigned motion

A path on which a timing law is specified.

Iﬁ DES Roboética de Manipulag¢ao

Prof. Jorge M. M. Martins



Trajectory planning in the joint space
Point-to-point motion — Polynomial trajectory profiles

Knowing the initial(¢;.4; ) and final (qf,éf,tf) joint positions and velocities determine
the coefficients of the cubic polynomial:

q(t) = ast® + ast? + ait + ag

For the velocities and accelerations results
i(t) = 3ast® + 2ast + a3

q(t) = 6agt + 2as.
and the trajectory coefficients are obtained by solving the boundary equations:

ap = qi

ay = g

ast} + ast} + arty + ap = qf
Bast; + 2asty + a1 = gy

|Ji DEM Robética de Manipulacao
: Prof. Jorge M. M. Martins




Trajectory planning in the joint space
Point-to-point motion — Polynomial trajectory profiles

q(t) = ast® + ast® + ait + ag

Qz‘:0=Qf=7f,tf=1,and(j,;=qf=0

02 04 06 038 02 04 06 08 1 02 04 06 08 1
[s] [s] [s]

Robética de Manipulag¢ao
Prof. Jorge M. M. Martins




Trajectory planning in the joint space
Point-to-point motion — Polynomial trajectory profile

Knowing the initial (¢;.4;.4; ) and final (¢,.4,.d,.¢, ) joint positions, velocities and
accelerations determine the coefficients of the fifth order polynomial:

q(t) = ast’ + aqt? + ast® + aot® + aqt + ag

The same steps as for the cubic polynomial hold.

Higher order polynomials may be considered ....

Iﬁ DEM Robética de Manipulacao

Prof. Jorge M. M. Martins




Trajectory planning in the joint space
Point-to-point motion — Blended Polynomial trajectory profiles

When one wishes to easily verify the velocities and accelerations of the trajectory
against the maximum allowed by the manipulator, blended polynomials are preferred:

Knowing the initial (¢;)and final (Qfatf)jOint positions and the transition velocity (4.)
determine the three blended polynomials:

¢i + 5Gct* 0<t<t,
qi + Qth(t — tc/‘Z) te <t < lLf — e with
ar — Loty — )2 tp—t, <t <ty

!ﬁ 2= Robotica de Manipulagao

Prof. Jorge M. M. Martins



Trajectory planning in the joint space
Motion through a sequence of points

In many practical applications, it is necessary to describe the path with a number of
points greater than two:

The problem is now to generate a trajectory where N points, termed path points ,
have to be reached by the manipulator at certain instants of time.

!ﬁ 2= ] Robotica de Manipulagao

Prof. Jorge M. M. Martins



Trajectory planning in the joint space
Motion through a sequence of points

The solution is to choose N-I cubic polynomials continuous at the path points

The following situations can be considered:
|. Interpolating polynomials with imposed velocities at path points;
2. Interpolating polynomials with continuous accelerations at path points (splines)

!ﬁ 2l ] Robotica de Manipulagao

Prof. Jorge M. M. Martins



Trajectory planning in the joint space
Motion through a sequence of points

Interpolating polynomials with imposed velocities at path points;

[rad/s"2]

Robética de Manipulag¢ao
Prof. Jorge M. M. Martins




Trajectory planning in the joint space
Motion through a sequence of points

2. Interpolating polynomials with continuous accelerations at path points (splines)

!ﬁ 2l ] Robotica de Manipulagao
' Prof. Jorge M. M. Martins




Trajectory planning in the joint space
Motion through a sequence of points

Approximating linear polynomials with parabolic blends

[rad/s"2]

4k —4k—1
Atg_1
Qkk+1 — Qk—1k
At

Robética de Manipulag¢ao
Prof. Jorge M. M. Martins




Trajectory planning in the operational space
Analytical trajectories — parametric curves

Parametric description of trajectories in space
* Motion Primitives — geometric features of the path
* Time Primitives — timing law on the path

p = f(s)
s —Arc Length

Robética de Manipulag¢ao
Prof. Jorge M. M. Martins




Trajectory planning in the operational space
Analytical trajectories — Rectilinear path

p(0) = p, and p(|[p, — p;l|) = p;

Timing law for manipulator end
effector position

p — édpe
€

: = st
ds ’

For a rectilinear path it is not
possible to define the path _ 5
reference frame uniquely. fes lps — pill

S

lpy —pill

(py —pi) = st

(Pf —p;) = st.

Pe

!ﬁ 2l : Robética de Manipulacao
' Prof. Jorge M. M. Martins




Trajectory planning in the operational space

Analytical trajectories — Circular path
the unit vector of the circle axis 7,
the position vector d of a point along the circle axis,
the position vector p; of a point on the circle.

c — center of the circle

c=d -+ (5Tr)r

P — radius of the circle
p = llp, — |
Circle reference frame

Parametric representation

peos (s/p)
psin (s/p)

Robética de Manipulag¢ao
Prof. Jorge M. M. Martins




Trajectory planning in the operational space
Analytical trajectories — Circular path
the unit vector of the circle axis 7,

the position vector d of a point along the circle axis,
the position vector p; of a point on the circle.

Parametric representation

Robética de Manipulag¢ao
Prof. Jorge M. M. Martins




Trajectory planning in the operational space
Analytical trajectories — Circular path
the unit vector of the circle axis 7,

the position vector d of a point along the circle axis,
the position vector p; of a point on the circle.

Timing Law

scos (s/p)

—ssin (s/p)
0

—5%sin (s/p)/p + 5cos (s/p)

—s%cos (s/p)/p — ssin(s/p)
0

Robética de Manipulag¢ao
Prof. Jorge M. M. Martins




Trajectory planning in the operational space
Analytical trajectories — Orientation

Euler Angles

Linear segment

e = P; + (b7 — &)

H</>f—¢z'|!

6, — . P19

g

|ps — &l

. =

. =

(¢ f—¢i)§

IJi DES : Robética de Manipulacao

Prof. Jorge M. M. Martins




Trajectory planning in the operational space
Analytical trajectories — Orientation

Angle and AXxis
Given R, and R, at ¢, :

9y = cos ! (1'11 + 192 + 133 — 1)

2

Fon — "
1 32 23
13 — 1'31
I'or — 712

r= A
2sinvy

The matrix R'(z) with R'(0)=7 and R'(, )= R, can be interpreted as the matrix
R (©(c).r") ,a single joint problem, where it suffices to assign a timing law to
9(t): 9(0)=0and® (¢, )=9, with constant ¢’

|Ji DEM Robética de Manipulacao
: Prof. Jorge M. M. Martins
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