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Dynamic system

Input signal —>-—> output signal



* How is a “dynamic system” different from a
usual function?
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Terminology

continuous-time / discrete-time
deterministic / probabilistic
memoryless / with memory

causal / noncausal

time-invariant / time-varying
finite-dimensional / infinite-dimensional
linear / nonlinear

stable / unstable
controllable / noncontrollable
observable / nonobservable
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State-space model

ult] *m—’ ylt]

Output and new state are determined by the
current state and the input.

x[t + 1] = F(x[t], u[t])
y[t] = G(x[t] ult])
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* x|t] can be
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Continuous delay

u(t) —>-—’ y ()

y(t) =u(t—1)
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x|t + 1] = F(x[t], ult])
y[t] = G(x[t], u[t])
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y=hx*xu
Fourier transform
$ Laplace transform
Z-transform

y=nh- 1
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BIBO-stability

* A dynamic system is BIBO-stable, if any
bounded input sequence excites a bounded
output sequence.
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BIBO-stability

* A dynamic system is BIBO-stable, if any
bounded input sequence excites a bounded
output sequence.

If the impulse response is absolutely summable,
> hlt]] < o
the sys%em is BIBO-stable.

If all poles of the transfer function h(z) lie
inside the unit circle, the system is BIBO-stable.
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System modeling

* At least four ways to represent linear systems:



System modeling

* At least four ways to represent linear systems:

— State space x[t + 1] = Ax|t] + Bu|t]
y[t] = Cx|t] + Du|t]
— Impulse response

y=hxu

— Transfer function R
y(z) = h(2)u(2)
— Recursive equation
yli]l = aquli] + ajuli — 1]
+ Biyli — 1] + Boyli — 2] ...
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Input signal —>_—> output signal

A B,C,D? h[t]? h(2)? | ap ay,...?

System identification




e Collect data

—u[0], u[1], u[2], u[3], ..
- yl0],¥[1],¥[2], ¥[3], ...



* Collect data
—u[0], u[1], u[2], u[3], ..
—y[0], ¥[1], y[2], ¥[3], ...
e Select model structure & convert data to

— (u[2], u[1], u[0], y[1],¥[0]) — y[2]
— (u[3], ul2], ul[1],y[2], y[1]) - yI[3.

— (u[4], u[3],ul2], y[3] y[2]) = y[4.



* Collect data
—u[0], u[1], u[2], u[3], ..
—y[0],y[1], ¥12], (3], ...

e Select moo
- (ul2],ul
— (u[3]
— (u[4]

1D - yl3.

el structure & convert data to
1], ul0], y[1], ¥l '
2], ul1],y[2
3],ul2],y([3.

0]) = y|2]

2]) = yl4]

* Fit linear regression model:

Biyli — 1]

yli]l = aguli] + aquli — 1] + a,ufi — 2]

Boyli — 2]
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y[t] = 1.01y[t — 1] + u[t]

FIR/IIR? BIBO?
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e L ut]
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e L ut]
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¢(2)h(z) =1
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h(z) =
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1
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h(2)
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yl(t]

h(z) =

c(z) =
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current amount
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current amount
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h(z) =

ult]:=r[t] — 1.01r[t — 1]
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Open-loop control

r[t] +¢ —> —> uft]+¢ —>m—> yltl + &

* Only makes sense for BIBO-stable systems

e ...and if the controlleris also BIBO-stable



Open-loop control

rit] —> —>  ut] —>m—> ylt]

* Only makes sense for BIBO-stable systems

* Errors in system identification will prevent
exact tracking.
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Open-loop control

Only makes sense for BIBO-stable systems

Errors in system identification will prevent
exact tracking.

May require smoothing of the reference
signal.

Need to analyze the combined system.



Closed-loop control
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Unity feedback
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p-r(t] —y[t—1]

¥(2) = h(2)e(2) (7 (2) — 2~ '5(2))

_ ph(®e(2) R
1+ z7'h(2)e(2)

y(2) (2)




Unity feedback

¥(2) = h(2)e(2) (7 (2) — 2~ '5(2))

_ ph(®e(2)
1+ z=1h(2)e(2)

9(z)




Unity feedback

9(z)

ph(2)¢(2)

"1+ 2 h(2)e2)




Unity feedback

3(2) ph(z)c(z)

"1+ 2 h(2)e2)

¢(z) = —0.2h(2)™1
p =—4




Unity feedback

g(z)

0.3

T 1-02z1

¢(z) = —0.2h(2)7}

p=—4




Unity feedback
0.8

T 1-02z1

N

g(z)

¢(z) = —0.2h(2)™' = -0.2(1 - 1.01z7YH
p=—4




Unity feedback
0.8

7 N\




Unity feedback

n Q




Unity feedback

A,

18
A

I
ATl
10




Unity feedback

rlt] {_jﬂ
(-0)

\_/



Model matching

" _4_]_)?&)
-




State estim

ult]

State i

estimator i

ation




Internal model control
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... and more
Nonlinear control

Feedback linearization
Optimal control
Predictive control
Stochastic control
Reinforcement learning



x[t + 1] = Ax|t] + Bu|t] Y(2) = h(2)i(2)
y[t] = Cx|t] + Du|t]

y:h*u

ylil = agulil + ayuli — 1] + -

Discrete Deterministic Causal

Time-invariant Finite-dimensional

Linear | Dynamic system

Convolution Impulse response

Transfer function

Open-loop

Closed-loop

FIR/IIR || BIBO
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PID controller

k




x[t + 1] = Ax|t] + Bu|t] Y(2) = h(2)i(2)
y[t] = Cx|t] + Du|t]

y:h*u

ylil = agulil + ayuli — 1] + -

Discrete Deterministic Causal

Time-invariant Finite-dimensional

Linear | Dynamic system

Convolution Impulse response

Transfer function

Open-loop
Closed-loop

PID

FIR/IIR || BIBO

controller




