E58 Control Theory
Spring 2008

Professor: Ani Hsieh
Time: 8:30-9:45am Tues, Thurs
Location: Hicks 310

Why Study Control Theory?

Because we would like to affect the behavior of a system

Tornado Boeing 777

« Highly nonlinear, complicated dynamics!
« Both are capable of transporting goods and pemy#e long distances

BUT

« One is controlled, and the other is not.
« Control is “the hidden technology that you meetmgwday”
« It heavily relies on the notion of “feedback”

e

How do we affect the behavior of a system?

Input; Stimulus;
Disturbance

Output; Response;

Black Box Actual Response

(System or Plant)

1. Understand the Black Box
¢ Via Modeling
2. Evaluate the Performance of the Black Box
¢ Transient Response
¢ Steady-State Response
e Stability
¢ Other Design Considerations

3. Take the necessary steps to change the behavior of the system to get
the desired response

Control Theory
is very similar to
Signal Processing

Boeing 777
Thrust,
Ailerons, Fly from
Rudder, AtoB
Wind, etc.

Boeing 777

1. Describe the dynamics of the Boeing 777
« Differential equations
2. Understand the performance of the Boeing 777
* Response of the system subject to various user selected inputs
¢ Understand how the system evolves over time (i.e. Dynamics!)
* Requires: Good understanding of Differential Equations + Linear Algebra +
Differential Geometry
3. Do proper design to enable the Boeing 777 to fly given control over the
engines, control surfaces, and some knowledge of the weather




A Brief Historical Perspective

Oldest control system:
Clypsedra or water clock

Greek, ~ 300 B.C.

How is this different from
the Boeing 777?

Feedback

Merriam Webster:

) System 1
the return to the input of a part of the
output of a machine, system, or
process (as for producing changes in
an electronic circuit that improve
performance or in an automatic System 2
control device that provide self-
corrective action) [1920]

Feedback = mutual
interconnection of two (or
more) systems

o o)

«System 1 affects system 2 Closed - Loop
*System 2 affects system 1
*Cause and effect is tricky;

Closed - Loop

systems are mutually dependent

e

Example of a Feedback System

“Flyball” Governor (1788) Balls fly out

. as speed
* Regulate speed of steam engine increases,
Reduce effects of variations in load
(disturbance rejection)
Major advance of industrial
revolution

Inttp://www. heeg.def

Valve closes,
slowing engine

RteamEngine.html

Other Examples of Feedback Systems

Biological Systems
* Physiological regulation (homeostasis)
* Bio-molecular regulatory networks

Environmental Systems
* Microbial ecosystems

¢ Global carbon cycle

Financial Systems
* Markets and exchanges




Elements in a Feedback Loop

Actuate
Gas Pedal

Sense
Vehicle Speed

Compute
Control “Law”

Goals
 Stability: hold steady speed

* Performance: system responds rapidly to changes (0 to 35 in x
seconds)

* Robustness: system tolerates perturbations in dynamics (mass,

drag, etc)

poare o

A modern Feedback Control System

noise external disturbances noise

Output
-

Actuatory—m| System [ —m| Sensors

D/A jw—— Computer =—{ A/D

operator input

Two Main Principles of Control

Robustness to Uncertainty through Feedback
* High performance in the presence of uncertainty

* Key idea: accurate sensing to compare actual to desired, correction
through computation and actuation

Design of Dynamics through Feedback
* Allows the dynamics of a system to be modified

* Key idea: interconnection gives closed loop that modifies natural
behavior

Example #2: Cruise Control

Stability/performance

* Steady state velocity
approaches desired velocity

* Smooth response; no
overshoot or oscillations

Disturbance rejection
« Effect of disturbances (hills)
mv=- bw Unginet Wi .
_ Robustness
l'{t,\ngine_ k(vdes- \b

¢ Results should NOT depend
on the specific values of b,
m, or k for k sufficiently large




Example #3: Insect Flight
SENSING

neural
superposition
eyes

Specialize X
“power” ( two wmgs)
uscles

ACTUATION

ore information:

* M. D. Dickinson, Solving the
mystery of insect flight,
COMPUTATION Scientific American, June 2001.

~500,000 neurons

e

Example #4: Control and Coordination of Many Compon ents

Multi-Robot Manipulation via Caging
in Environments with Obstacles

an Fink, M. Ani H:

September 14, 2007

Courtesy of Boston Dynamics
http://www.youtube.com/watch?v=mpBG-nSRcrQ

e

Magic of Feedback

* Feedback
* Used to obtain some desired output response

* Based on the difference between the desired and actual output
response

« Performance of a feedback system

* Determined based on system response to a set of controlled input
signals

« Advantages of feedback: System will be robust to
uncertainty
« Disadvantages of feedback:

® |t can cause instability
¢ It makes the design more complicated

« We will use theory of differential equations, linear algebra
and complex variables to analyze feedback systems.

Major Objectives of the Course

Modeling

* Input/output representations + interconnection rules

¢ Theory and algorithms for reduced order modeling + model reduction
Analysis

 Stability of feedback systems,

* Performance of input/output systems

Synthesis
* Constructive tools for design of feedback systems

* Constructive tools for signal processing and estimation (Kalman
filters)




Summary

Feedback control is EVERYWHERE, you just haveoiokl for it
et

Welcome to E58 Control Theory!

Course administration
* Course website:
www.swarthmore.edu/NatSci/mhsieh1/Courses/E58
¢ Textbook:
Main Text: Control Systems Engineering 5t Ed by Norman Nise
Careful: There are typos!

Supplemental Text: Fundamentals of Linear State Space Systems by John
S. Bay

Grading:
* Homeworks 15%, Labs/Projects 30%, Participation 5%, Exams 50%
2 Exams no Final for this course

Homeworks are due every Tuesday at the beginning of class. No
exceptions!

Labs are due @ 11:59 pm the day before the start of the next lab

All Lab and Project reports must be submitted in PDF format. This
must be a single PDF file, submitted via e-mail, and the file size must
be no more than 3MBs. No exceptions!

Late submissions WILL NOT be accepted!

e

Modeling of Electrical Networks

Conservation Laws
1. Kirchoff's Voltage Law

Sum of voltages around a closed path is zero.
2. Kirchoff's Current Law

Sum of current into a node equals zero.

Examples: Electrical Networks

Example #1

Example #2

+
v(r) L C —~ ve

i(n) is(t)




Modeling of Mechanical Systems

Conservation Laws

1. Newton’s Second Law / D’Alembert’s Principle
F=ma

2. Conservation of Linear/Angular Momentum
dl/dt=FordH/dt=T

3. Conservation of Energy
(Potential + Kinetic)_{initial} = (Potential+Kinetic)_{final}

An Example of a Rotational Mechanical System




