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Review of last lecture

Complex variables
« Differential equations
— Linearization of nonlinear differential equations

— Solving linear ODE with classical method and Laplace
transform

Review of last lecture

» Complex variables
— Definition of poles and zeros

Question: What are the zeros and poles of the
following functions?
(s+2)
s(s+1)(s* +3)”
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Review of last lecture

Complex variables
Differential equations

+ Laplace transform
— Partial fraction expansion of a rational function

Exercise: Find partial fraction expansions of the
following functions:

(s+2) 1
s(s+1)(s+3)% 7 s(s* +2s5+5)

Review of last lecture

Complex variables
Differential equations

 Laplace transform

— Partial fraction expansion of a rational function

— Final value theorem
lim f(¢) =lim sF(s)
t00 50
The final-value theorem is valid only if sF(s) does not have any
poles on the jw axis and in the right half of the s-plane.

Examples:

- 5 -«
A= 5(52 +5+2)’ FZ(S) S+

Review of last lecture

Complex variables
Differential equations

 Laplace transform

— Partial fraction expansion of a rational function
Final value theorem

- Differential theorem Note that in the text book

Y-k (s)- F(0
L[(h} SF(s)= £(0°),

where  £(0") = lim f (1), t >0

LB{} =$"F() =" F(07) == O,

i = - (0"
LL{J sF(s)=f(07),

where f(O‘)=lin01f(t), t<0.




Review of last lecture

Complex variables
Differential equations

* Laplace transform

— Partial fraction expansion of a rational function
Final value theorem
Differential theorem

— Integral theorem

L[-“\:f(r)dr} _F(s)

S
— Shifting theorems

LLf (= ty)u(t —1,)] = e F(s)
L f(0)]=F(s+a)

Review of last lecture

Complex variables
Differential equations

 Laplace transform
— Partial fraction expansion of a rational function
Final value theorem
Differential theorem
— Integral theorem
— Shifting theorems

— Theorem of convolution integral

LIR@FEG)=[ f0-Df@dr=[ f@f0-Ddr

About Lab 1
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* Feedback and feedforward

About Lab 1

Feedback and feedforward

» Why use feedforward controller?

Feedback controller does not react to a disturbance before a control error has already
occurred

A simple “drop-and-hold” experiment

— Feedforward control configuration measures the
disturbance directly and takes control action to eliminate
its impact on the process output

Disturbance

Feedforward
controller

Process
Manipulated

Controlled
input

output 11

About Lab 1
Feedback and feedforward
» Why use feedforward controller?

— Feedback controller does not react to a disturbance before
a control error has already occurred

— A simple “drop-and-hold” experiment

About Lab 1

About feedback and feedforward
Why use feedforward controller?

Disadvantages of using feedforward controller

— It requires the identification of all possible disturbances
and their direct measurement

— Not all changes in the parameters of a process can be
compensated by a feedforward controller

— Feedforward control requires a very good model of the
process

» Combined feedforward-feedback control




Outline of this lecture

» System modeling
» Block diagrams and signal flow graphs

System modeling

* Why we need system modeling?
— The first step in feedback control system design

— We need models to predict the effects of control

actions (in dynamical system the effects of actions do
not occur immediately)

System modeling

Why we need system modeling?
+ Definition of mathematical model
— Mathematical relationships that relate the output of a
system to its input
— It should be understood that no mathematical model
of a physical system is exact

— We generally strive to develop a model that is

adequate for the problem at hand without making the
model overly complex

« Examples in statistical physics and biology

System modeling

+ Definition of mathematical model
— Mathematical relationships that relate the output of a system to its input
It should be understood that no mathematical model of a physical system is
exact

We generally strive to develop a model that is adequate for the problem at hand
without making the model overly complex

— Example: Hodgkin-Huxley model

1 =mhGy, (E —Ey,) +n*Gy(E~E¢)+G, (E~E, )
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System modeling

« Definition of mathematical model
s that relate the output of a sy
at no mathematical model of
:\;;W%“E\Kvu:m:\ that is adequz

m toits input
ystem is exact
> for the problem at hand without

— Example:

Hodgkin-Huxley model
1=m'hGy,(E~Ey,)+
n*G(E-E)+G (E-E,)

System modeling

Definition of mathematical model

2 oo n
We generally to develop a model that is
making the model overly complex

— Example

— Models in control engineering = differential equations
of dynamical systems

» Two views: internal view and external view

he output of

to its input
ohy: ystem is exact
e for the problem at hand without

ult) ———sysem|—— 500




System modeling

Definition of mathematical model
+ Definition of linear and time-invariant system
— A system is linear if superposition applies

(1| System |——= 3,1
() Sysem [ 30

!
Kyt (0) + kytt(£) ———] System F—— k(1) + koy(0)

‘ Question: Is y(f) = u(t) + 2 a linear system? ‘

System modeling

Definition of mathematical model
+ Definition of linear and time-invariant system
— A system is linear if superposition applies
— A system is time-invariant if its parameters are
stationary with respect to time during the system
operation
* An example of time-variant system
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System modeling

Definition of mathematical model
Definition of linear and time-invariant system

» Transfer functions

el — 0

d"y(1) va,, d y:t) +ota, dy(t) +ayy(1)=h, d"u(t) et du(t)
dr" dr" dt dr" dt

u(t) —

+byu(t)

System modeling

Definition of mathematical model
Definition of linear and time-invariant system

» Transfer functions

ult) ———{Syem|—— 300

A0,y OO, Oy O A0
ar ar i ar dr

Laplace transform
(with zero initial conditions)

(s” +a, " tas+ a”)Y(s) = (hmx’" +otbs+ h(,)U(s)

YO) _ = bt tothsth Gy is called a
U(s) SiRa, st keetasta, o nsfer function
UGsy——| G0 | 1)

System modeling

Definition of mathematical model
Definition of linear and time-invariant system

» Transfer functions

— The transfer function is defined only for a linear time-
invariant system (not for nonlinear systems)

— The transfer function between a pair of input and output
variables is the ratio of the Laplace transform of the output
to the Laplace transform of the input (alternatively, the
transfer function between an input variable and an output
variable of a system is defined as the Laplace transform of
the impulse response)

Uy G | o)

System modeling

Definition of mathematical model
Definition of linear and time-invariant system
* Transfer functions
The transfer function is defined only for a linear time-invariant system

The transfer function between a pair of input and output variables is the ratio of
the Laplace transform of the output to the Laplace transform of the input

— Allinitial conditions of the system are set to zero

— The transfer function is independent of the input of the
system

— The transfer function of a continuous-data system is
expressed only as a function of the complex variable s. It is
not a function of the real variable, time, or any other
variable that is used as the independent variable

U(s —’ Y(s) 24




System modeling

Definition of mathematical model

Definition of linear and time-invariant system
Transfer functions

+ Examples
— Electrical circuits
e D () .Atjl
C
(1) w(t) L w(t) I
=i i L
v(t) = i(t)R =L ;:) v(t)—EIDz(r)dr
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System modeling

Definition of mathematical model
Definition of linear and time-invariant system

Transfer functions
+ Examples
— Electrical circuits
PN O] e D

v(r) @

——!

System modeling

Definition of mathematical model
Definition of linear and time-invariant system
Transfer functions

+ Examples

— Electrical circuits

— Mechanical translational systems

§(U] -] fo !
X,(1) X(1)

d*x(1) [! 1) _ds (1)} B f(l):K[x]U)i&U)] K
foy=u X fi=p S0
ar 't dt
-l o
x(1) x,(1) 00
[ f0) fn)
Mass Damping (friction) Spring
System modeling
Definit f mathematical model
DZf:Q:I:gQ 21 \r;v;are:nzi ‘ﬁiv;wzvimam system VU)
Transfer functions (l)
14
« Examples
Electrical circuits R
— Mechanical translational systems
— Analogous systems "L(tz L
=
V, 1
Go=eWa 1
V(s) LCs”+RCs+1
gX©_ 1
F(s) Ms +Bs+K
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=i di(t _ L

v(t) =i(t)R vt) = L% (1) —E.[n:(r)dr
V(s) -R V(s) =L V(s) =L
1(s) I(s) I(s) sC

1
v(t) V(1) :
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System modeling

Definition of mathematical model
Definition of linear and time-invariant system
Transfer functions

» Examples

Electrical circuits

— Mechanical translational systems
? g

| Lo py-BE -k
HJB dr’ d

Xo. 1
l - Gls) F(s) Ms>+Bs+K
x(1)

ofa i

cal muscle model. In this a musdle s being stinl e when the
catchis relsased Becauss thers is less weight in the basket than the foroe thatis being prodused by the musdle, the

wsele shattens tapidly by an aomnt and then gradually by a ciffercat amavet, From the changesinthe length and
tersicn in the aasdls 3 musde model is produred. [From T4 MeMdon(1984])




Block diagrams

+ The transfer function relationship C(s) = G(s) E(s) can
be graphically denoted through a block diagram

» Summing junction in a block diagram

E—— 60—
C(s) = G,(s) E\(s)+
Ey(s) —-m CGs) Gu(s) Exts)
G;(s) Ex(s)
E3(S)—’ Gs(S
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E(s)

C(s)

Block diagrams

« The transfer function relationship can be graphically denoted through a block diagram
Summing junction in a block diagram

+ Example: R(s)— E(s) W
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Block diagrams

« The transfer function relationship can be graphically denoted through a block diagram
Summing junction in a block diagram

+ Example:

R(s)— C(s)

E(s) = R(s) - H(s)C(s)
C(s) = G(s)E(s)

-_ G R T(s) — ¢
C(s) 1+ GOHE R(s) (s) (5)
b %
_Cs)_ G '
T(s)= = 7
R(s) 1+G(s)H(s) S

Block diagrams

« The transfer function relationship can be graphically denoted through a block diagram
Summing junction in a block diagram
Example

+ Finding system transfer functions involves
solving simultaneously algebra equations
— by eliminating variables
— by Cramer’s rules
— by inverse matrix procedures
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Signal flow graphs

» A signal flow graph is also used to denote
graphically the transfer function relationship
— Each signal is represented by a node
— Each transfer function is represented by a branch

B 6w Y ke [ Gs) | cw)
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Signal flow graphs

« Asignal flow graph is also used to denote graphically the transfer function

relationship

+ A signal flow graph and a block diagram contain

exactly the same information (there is no
advantage to one over the other; there is only
personal preference)
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