Midterm Review

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

Major Objectives of the Course

Modeling (Chapters 2, 3, 5)

* Input/output representations + interconnection rules

¢ Theory and algorithms for reduced order modeling + model reduction
Analysis (Chapters 4, 6, 7, 8)

» Stability of feedback systems,

¢ Performance of input/output systems
Synthesis (Chapters 8,9)

» Constructive tools for design of feedback systems

Systems Modeling

» Modeling of Electrical Networks
* Kirchoff's Voltage Law
* Kirchoff's Current Law
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» Modeling of Mechanical Systems (Linear + Rotational)
* F=ma

* Conservation of Momentum (Linear and/or Angular) }
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¢ Conservation of Energy
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Laplace & Inverse Lapace Transforms

Integral Transforms 1 [ ¢(4)] = /OO_O F(B)e stdt
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» time domain <-> frequency domain
 differential equation <-> algebraic equation

Strategy for solving Linear Differential Equations:
1. Convert egn in terms of f(t) to egn in terms of F(s)
2. Solve for F(s).
3. Convert back via Partial Fraction Expansion.




Transfer Functions

Given: c(t) — output, r(t) — input
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* Relates output to input
e G(s) == Transfer Function == output/input
 Furthermore, given G(s) and R(s), C(s) = G(s)R(s)

« Then c(t) = L7 [G(s) * input]

State Space Representation

x = Ax+ Bu
y = Cx+Du

« State Variables = order of the original differential equation
» Dimension of the state space = # of state variables

» Non-zero initial conditions

 Multiple inputs and outputs

* Nonlinear systems

Similarity Transformations

 Similar systems have the same transfer functions

» Transformations can be achieved WITHOUT transfer
functions or signal flow graphs

« Given the system x = Ax+ Bu
y = Cx+Du

* Assume, x = Pz , then the above system can be rewritten

as . 1 1
z = P "APz+ P "Bu

y = CPx+Du

* Pis the transformation matrix

Matrix Diagonalization

Av; = N\v;
Eigenvalues

« Given an nxn square matrix A, A is diagonalizable if and only
if A has n linearly independent eigenvectors.

P lAP=A
A =PAP 1

« If A is symmetric, then P is orthogonal

* A little careful ...




Linearization

Suppose given, , we obtain the solution
Consider — u(t) = () + us(t)
To = o+ o5

Assume, that =(t) = Z(t) + z5(t)

Mason’s Gain Formula/Rule

The transfer function from a source to a sink node
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« k - forward path

e p = number of forward paths

* T, = k" forward-path gain

e D= 1-Sindividual loop gains + S nontouching-loop gains

taken 2 at a time - S nontouching-loop gains taken 3 at a
time + S nontouching-loop gains taken 4 at a time ...

* D,=D- Sloop gain terms in D that touch the k" forward-path
gain

Characterizing First — Order Systems
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Given G(s) = % with R(s) = 1/s «|
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Amplitude

Then ¢(t) = a(l—e %)

Time (sccond)
» Time Constant:
* time for e to decay 37% of its initial value, T, = 1/a
* Rise Time:
» Time for the signal to go from 0.1 to 0.9 of its final value, T, = 2.2/a
« Settling Time:
* Time for the signal to reach & stay w/in 2% of its final value, T, = 4/a

Second — Order Systems Summary

Given, G(s) = and R(s) = 1/s

1
(s24+bs+c)
Solution is one of the following:

1. r, andr, are real & distinct => Overdamped Response
e Two Poles @ -s,, -S,

2. r; and r, are real & repeated => Critically Damped
Response
¢ Two Poles @ -s

3. r; and r, are both imaginary => Undamped Response
¢ Two Imaginary Poles @ jw

4. r, and r, are complex conjugates => Underdamped
Response
¢ Two Complex Poles @ -s jw




Characterizing 2 " Order Systems

Solution of State Equation

Given with x(0) = x,

Then starting with

Multiply both sides by eAt, we get

Integrating both sides, we obtain

A
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Routh-Hurwitz

« Provides stability information without requiring to explicitly
solve for poles

* Trivial for analysis
* Provides bounds for design
» 2 Steps:
¢ Step 1: Generate Routh table
* Step 2: Interpret the Routh table following Routh-Hurwitz criterion

Steady-State Errors

» More often, we are given




Root Locus

* Root Locus: a method of presenting graphical information
about a system’s behavior when the controller is working
* Common tool for design of closed loop systems
* Allows us to sketch out system behavior for a range of K
* Rules (negative feedback systems):
* Number of branches = close loop poles
* Root Locus is symmetric about the real axis

* The root locus segments lie on the real axis to the left of an odd
number of open loop poles and zeros

The root locus begins (0 gain) at the poles and ends ( gain) at the
zeros (finite and infinite) of G(s)H(s)

Asymptotes

Break-out & Break-in Points

Transient Response Design via Gain Adjustment

« Design Procedure for Higher Order Systems
1. Sketchthe RL
2. Assume 2" order system w/ no zeros
3. Find K to meet transient response specs
4

. Verify positions of higher order poles to make sure assumptions
are valid

5. If assumptions do not hold, simulate system numerically

Compensator Configurations

» Cascade

» Feedback

PID Controller Design

Evaluate uncomp sys to get determine desired transient
Design PD controller

Simulate to check

Redesign if necessary

Design PI controller to yield desired steady-state error
Determine K_1,K 2,and K_3

Simulate to check

Redesign if necessary
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PID Controller Design

Evaluate uncomp sys to get determine desired transient
Design PD controller

Simulate to check

Redesign if necessary

Design PI controller to yield desired steady-state error
Determine K_1, K 2, and K_3

Simulate to check

Redesign if necessary

Feedback Compensation

« Disadvantage: More complicated

< Advantage: Faster response

* Sometimes physical system characteristics does not allow us to use
cascade compensators

* Often does not require additional amplification
¢ Two Approaches

Approach 1

Approach 2

« Design a minor loop’s transient response separately from the
closed-loop system response.
» Example 3:
e z=0.8for minor
¢ z=0.6 for closed-loop




