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* Previously: circults

* Now: systems
* circuits + more: a broader concept
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* Previously: circults

* Now: systems
* circuits + more: a broader concept

w3 ® Can be enormously complex

2 * multi-domain

> EE (control, comm.,
computing, ...)

> mech., chem., optical, ...
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* Previously: circults

* Now: systems
* circuits + more: a broader concept

w3 ® Can be enormously complex
2 * multi-domain
> EE (control, comm.,
computing, ...)
> mech., chem., optical, ...
* hierarchy of sub-systems
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Simpler Systems

.. easler to understand and to work with
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Simpler Systems

* .. easler to understand and to work with
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A Note about Intuition vs Math

e Proper intuition: extremely important

» quickly make mental leaps to solve problems and

design new things
> ... avoiding confusion that can arise from masses of detall
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o Intuition doesn’t arise magically

« mathematics: essential for in-depth understanding
> math + experience and practice — intuition
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A Note about Intuition vs Math

e Proper intuition: extremely important

» quickly make mental leaps to solve problems and

design new things
> ... avoiding confusion that can arise from masses of detall

o Intuition doesn’t arise magically
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> math + experience and practice — intuition
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A Note about Intuition vs Math

e Proper intuition: extremely important

» quickly make mental leaps to solve problems and

design new things
> ... avoiding confusion that can arise from masses of detall

o Intuition doesn’t arise magically

« mathematics: essential for in-depth understanding
> math + experience and practice — intuition

sometimes hard to
translate math to
Intuition — not very
useful for design

- but may be useful
for, eq, understanding
and computation

may be wrong!
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A Note about Intuition vs Math

e Proper intuition: extremely important

» quickly make mental leaps to solve problems and

design new things
> ... avoiding confusion that can arise from masses of detall

o Intuition doesn’t arise magically

« mathematics: essential for in-depth understanding
> math + experience and practice — intuition

sometimes hard to
translate math to
Intuition — not very
useful for design

- but may be useful
for, eq, understanding
and computation

Intuition
backed by
Math

may be wrong!

BEST: both!
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Inputs and Outputs as VECTORS

* (move to xournal)
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Inputs and Outputs as VECTORS
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Inputs and Outputs as VECTORS
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The Internal State

* (move to xournal)

e ——

_ ‘«.k_(‘i')
‘{F ‘;
Vik) 2

—

|

EE16B, Spring 2018, Lecture on State-Space Representations (Roychowdhury) Slide 6



The Internal State
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The Internal State
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o Internal voltages/currents (unknowns): the state
o also written as a vector: 7 ()
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The System’s Equations

[INTERNAL uutmwi (SATEY) Bs VECTORS
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The System’s Equations
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The System’s Equations
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The Outputs

® (move tO Xournal) INTERNAL UNKNQWNS (STATE®) bs ECTORS
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The Outputs

INTERNAL UNENDWNS (STATE) A5 VECTORS
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The Outputs

INTERNAL uutmmlm‘ (STNTED) #s VECTORS
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e alSO expressed using the input and state vectors

EE16B, Spring 2018, Lecture on State-Space Representations (Roychowdhury) Slide 8



; {f‘ui l;;] - l:__ " ; i;'] [J Lﬁ = [T/L a/-] r m

o= UGN 3O R )
L&M?; \I' W% Y- Y“‘;i = | (—‘JL'[!T; -_1 O ‘u 15'\’_\ V\‘"c(ﬂ *VO '.H'\
e C’%M o TR . | T =11
o JE. | nel 18 LU ’ ' O !
= | l | ;:h,f-"}—’ Ve o . | = ——
!
| — ____] { ( ] [

EE16B, Spring 2018, Lecture on State-Space Representations (Roychowdhury) Slide 9



State+Output Eqns Together
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State+Output Eqns Together
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State+Output Eqns Together

« general form: if‘(t) = f(Z(t),d(t)), y(t) =g(Z(t),u(t))
at + initial condition (IC)
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State+Output Eqns Together

(1) = g(Z(t), u(t))

+ initial condition (IC)

STATE SPACE FORMULATION
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State+Output Eqns Together

(t)), ¥(t)=g(z(t),u(t))

+ initial condition (IC)
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State+Output Eqns Together

(t)), ¥(t)=g(z(t),u(t))

+ initial condition (IC)

<" | STATE SPACE FORMULATION

* if not explicitly given, the entire state will be the output.
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State Space Formulation: Benefits

e Why Is It useful?
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State Space Formulation: Benefits

e Why Is It useful?

* any circuit can be written like this (not just this one)”
> however big or complicated

* some additional generalization needed — won't cover in this class
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State Space Formulation: Benefits

e Why Is It useful?

* any circuit can be written like this (not just this one)*
> however big or complicated

* not just circuits — any system™ from any domain!
> Including multi-domain systems

POWERFUL ANALYSIS METHODS
- phasor analysis

- linearization

- stability

Any Kind of system
(EE, mech., chem.,

STATE SPACE
FORMULATION

optlcal multl domaln

)

- controllability/observability
- nonlinear analyses
- computational methods

* some additional generalization needed — won't cover in this class
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State Space Formulation: Benefits

e Why Is It useful?

* any circuit can be written like this (not just this one)”
> however big or complicated

* not just circuits — any system™ from any domain!
> Including multi-domain systems

POWERFUL ANALYSIS METHODS
- phasor analysis

- linearization

- stability

Any Kind of system
(EE, mech., chem.,

STATE SPACE
FORMULATION

optlcal multl domaln

)

- controllability/observability
- nonlinear analyses
- computational methods

Deeper understanding

Powerful insights and intuition

* some additional generalization needed — won't cover in this class
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Previous Lecture

(1) = g(Z(t), u(t))

+ initial condition (IC)

Anv Kind of t
EE. mech.. chom,.. STATE SPACE

optical, multl domain, FORMULATION
e
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Previous Lecture

e EXamples
 RLC circuit

* pendulum

Anv Kind of t
EE. mech.. chom,.. STATE SPACE

optical, multl domain, FORMULATION
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Mechanical Example: Pendulum

* (move to xournal)
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Mechanical Example: Pendulum
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L)
Mechanical Example: Pendulum
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e The system is nonlinear (because of sin(...))
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Pendulum: simplification for small 6
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Pendulum: simplification for small 6
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Pendulum: simplification for small 6
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Pendulum: simplification for small 6
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* Does this look familiar?

EE16B, Spring 2018, Lecture on State-Space Representations (Roychowdhury) Slide 13



Pendulum: simplification for small 6
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Pendulum: simplification for small 6
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* INSIGHT: RLC ckt and damped pendulum are “the same™
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Pendulum: simplification for small 6
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* INSIGHT: F\;LC ckt and damped pendulum are “the same’!

Filters
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Pendulum: simplification for small 6
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* INSIGHT: F\;LC ckt and damped pendulum are “the same’!

/
Filters Filters??
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Pendulum: simplification for small 6
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* INSIGHT: F\;LC ckt and damped pendulum are “the same’!
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Filters??
Slide 13



Recap of Linearity

* The concept of LINEARITY is extremely important

* itis fundamentally a systems concept

output
y(t)

input
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Recap of Linearity

* The concept of LINEARITY is extremely important

* itis fundamentally a systems concept

input

output
y(t)

» 3 steps to check linearity
> clearly identify your inputs and outputs (this affects linearity)
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Recap of Linearity

* The concept of LINEARITY is extremely important
* it is fundamentally a systems concept

input

output
y(t)

e 3 steps to check linearity

> clearly identify your inputs and outputs (this affects linearity)

> check superposition
* if @y (t) — 71(t) and dx(t) — 72(t), then (@ (t) + da(t)) — (F1(t) + i2(t)), Vi (t), da(t)
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Recap of Linearity

* The concept of LINEARITY is _extremely important
* it is fundamentally a systems cpncept

input

e 3 steps to check linearity

> clearly identify your inputs and outputs (this affects linearity)
> check superposition

o If @i(t) — yi(t) and @z (t) — a(t), then (dy () + da(t)) — (71 (t) + ya(t)), Vi (t), da (1)
> check scaling

e if 4(t) — g(t), then (ad(t)) — (ay(t)), Vi(t) and Va € R
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Linearity of State Space Formulations

—

« general S.S.F: (1) = (#(). 4(1), (t) = d(#(0). d(0)
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Linearity of State Space Formulations

» general S.S.F: %:f:’(t) = f(Z(t),4(t)), y(t) = g(&(t), u(t))

—

o If f(Z(1),u(t)) = AZ(t)+DBu(t) an

\ TN, U
matrices \ /

* then the system is linear matrices
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Linearity of State Space Formulations

» general S.S.F: %:f:’(t) = f(Z(t),4(t)), y(t) = g(&(t), u(t))

—

o If f(Z(1),u(t)) = AZ(t)+DBu(t) an

\ TN, U
matrices \ /

* then the system is linear matrices
* Proof”
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Are these Systems Linear?

T_ .=
S| =
~ L

‘—-’_—J
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State Space F. for Discrete Time Systems

* What is a discrete-time system?

* example: compound interest
> (move to xournal)  — caj: copd inkresh

_ _ -
Ffrncq.‘pc-'[. (__P_J

- DISCeETF
— Pl virfe & n #fvu#{‘f m,;m:ld ww‘ﬂtitf Cinkegev, Wil

= LLsd, - Mp—-uuﬂbﬂm_\j
— Sauviess  SE) = s1-1] » ¥ S[e-3
e

With S(S3 =p = INITIAL  ComT> 1T 10N

— fﬂ\‘:ﬂ{%'m{/mihivﬁmri ecacl. wantth {Lt%-_}.
T2k
— S[e1 = sle-d » vyos{e- + (]
(s
_-t\ wnifte ()= P

_._-—-—-——--_______é-— — __:,h
DISCRETE TIME
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State Space F. for Discrete Time Systems

* What is a discrete-time system?
* example: compound inter_est

D‘Q 14
— Pancvel vite 5}- -ﬁ:,.-q.lf- 'r" m’;Md ww*h‘aitf C ) I-;z il
veal wuawbes )
—  Sauings St - s(e-D) - ¥ §[e-0
Witk S{=} = P < INITIAL ConpiTiOoN

—  ALdiFonc [t dvaals eacl. wantts 1 w[eD
T>023
— S[€] = sle-d » ¥ s{e-d + oD
(s
_-t\ (it SE:']T P

_._-—-———--.______é-— — __:,h
DISCRETE TIME

f(Z[t), ilt]), ylt] = g(z(t], ult])

11123

h‘*l

e general form: 7|t + 1]
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State Space F. for Discrete Time Systems

* What is a discrete-time system?
* example: compound inter_est

D‘Q 14
— Pancvel vite 5}- -ﬁ:,.-q.lf- 'r" m’;Md ww*h‘aitf C ) I-;z il
veal wuawbes )
—  Sauings St - s(e-D) - ¥ §[e-0
Witk S{=} = P < INITIAL ConpiTiOoN

—  ALdiFonc [t dvaals eacl. wantts 1 w[eD
T>023
— S[€] = sle-d » ¥ s{e-d + oD
(s
_-t\ (it SE:']T P

—C —_— )
"™MSCRETE TriME

flage) alt), ol = gl dlr)

t=1,2,3,--- +initial condition (IC) 2|0/ given

h"‘*l

e general form: 7|t + 1]
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State Space F. for Discrete Time Systems

* What is a discrete-time system?
* example: compound interest

— Priac: ’pc.[ @
DISCRETE
___F*h vl vi-te 9}- "'-.'!L-vﬂr"' '( .:’_‘,c'\-.n.jiiwﬂ.d l-*-—ﬁ‘ﬁ""*"mi Eﬂfﬁ f;_;m-[—r: e, Al
—_1 f:rb.:i wwlen )
—  Sauings St - s(e-D) - ¥ §[e-0
Wit S} = P < INITIAL CenpiTioN

— .‘,ﬂ.‘:ﬂ;‘f‘)w /l-:-. Hdvacsals cocl. wmonttl : {Lt%:"l.
'E'J::l'_;.z-,_'ﬁ
— S[e1 = sle-d » vyos{e- + (]
(s
_-t\ G ift SE:']‘rP

_._.—-———--______é-— — __)
DISCRETE TIME

e general form:|s

STATE SPACE FORMULATION
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State Space F. for Discrete Time Systems

* What is a discrete-time system?
* example: compound interest

— Priac: ’pc.[ @
DISCRETE
___F*h vl vi-te 9}- "'-.'!L-vﬂr"' '( .:’_‘,c'\-.n.jiiwﬂ.d l-*-—ﬁ‘ﬁ""*"mi Eﬂfﬁ f;_;m-[—r: e, Al
—_1 f:rb.:i wwlen )
—  Sauings St - s(e-D) - ¥ §[e-0
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— .‘,ﬂ.‘:ﬂ;‘f‘)w /l-:-. Hdvacsals cocl. wmonttl : {Lt%:"l.
'E'J::l'_;.z-,_'ﬁ
— S[e1 = sle-d » vyos{e- + (]
(s
_-t\ G ift SE:']‘rP

_._.—-———--______é-— — __)
DISCRETE TIME

e general form:|s

STATE SPACE FORMULATION
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State Space F. for Discrete Time Systems

* What is a discrete-time system?
* example: compound interest

DISCRETE

— Pancel vete o -utf-rulf* Yy componded woetlyS Cinberesy st
—  Saulnss §’C‘E1 = 5?.* )] - *f' S (e-3

(A 'H'\ 5f3 Pr—-.. IMITIAL ConDiTioN

'E'J::l'_;.z-,_'ﬁ
— S[e] = Sﬂ‘vﬂ - J_:S{t—'j + w6}
2
_-t\ G ift SE:']‘rP

_._.—-———--______é-— — __)
DISCRETE TIME

e general form:|s

STATE SPACE FORMULATION

* Discrete time sometimes more natural (eg, for finance,
social dynamics, ...)
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Another D.T. Example: Profs. and PhDs.

—J?ff:]: ue- ) fm,f; in fle S, yeov (E=\,1,3, --)
* (move to xournal) " . = L

- \J . —}Q.ﬁn:.f-‘:-r-—n (‘f ZhDc¢ Lo wa Fﬂ_};ﬁﬁj
— g: 'JC(M«'H# N el P—v\ff-ﬂl'ﬁh TE-‘;—]HH?

- I}t[!'.-’} s a_u.m;.: intaranber (}- PL\TJ fgwﬂdﬂ jl-fa-.-[m-.:!d S}M/ fP-\rb.[— Fp-./ j--fm
L—Cﬂm LE‘L ww;pufn{'ﬁd ["j “F‘-f— ;Bw{f-ﬂﬁ“f (w";ﬂlli‘c-‘i f.y, €9, fu_—d{,uwj“)

— O (oo So p&) B V® enfve i fime?
—_ F[Hr) 3 P[&—') — ople3 + ¥ r[¥)
— A= () — BT — ¥+ + pLE3wE]
— Shte sprce Yepy. 7

2@ [ PO ) =|p0-8) v ¥
(e (1-3-7) & P
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Another D.T. Example: Profs. and PhDs.

—J?ff:]: ue- €} fm)cf in He S, yeov £ (£=11,73, )
— ] as 4} Phds 0w oo &

= Y ¢ kv (4 e Lho Lecome professors

— & 'F(sz-;ﬂ- N esch pfession TE-‘}—’WEHS,

- I}t[!'.-’} s a_u.m;.: intaranber (}- PL\TJ fgwﬂdﬂ jl-fa-.-[m-.:!d S}M/ fP-\rb.[— Fp-./ j--fm
L—Cﬂm LE‘L ww;pufn{'ﬁd ["j “F‘-f— ;Bw{f-ﬂﬁ“f (w";ﬂlli‘c-‘i f.y, €9, fu_—d{,uwj“)

— Ol So pO) e VE enfve WH fwe?
—_ F[Hr) 3 P[&—') — ople3 + ¥ r[¥)
— FerG = y(e) — BV} — ¥+ 5 PLI W]
— Shte §fﬂ~c:. Yef:{. 7

‘:%) f(\—-?-“l) Q. P
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Another D.T. Example: Profs. and PhDs.

—J?ft-]: ue- €} M in He S, yeov £ (£=0,1,73, )
— ] as 4} Phds 0w oo &

= Y ¢ kv (4 e Lho Lecome professors

— & 'Fruzf-;ﬂ- N esch pfession Tt-ﬂ—]vih?

B b\[&’} : W}c s Lers (}- PL\b L*Jm&.-.d':l j»w-.-lm-.}d ‘}’:,w.q/ fP-\rb.F Fp-./ jﬁewu
,Y——Cﬁw- e ww;pufnw ['“j fre qurt-ﬂﬁ“f’ (c:mpu";ﬂI'LCA f.y, €9, -fu——ﬁ{,twj)

— 0 Cow Jo ) 0R V@ einfve o Fime?

— P+ = pI&) — 5p[3 + ¥ ¥

— A= () — BT — ¥+ + pLE3wE]
— Shete sprce Yept. ?

XHa | PIF) : :5;(3’&)—.:_ p(1-8) + ¥
‘402, f(\—-?-—“l) 3 P

i

VECTOR D.T. STATE-SPACE FORMULATION
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Another D.T. Example: Profs. and PhDs.

—J?ft-]: ue- €} M in He S, yeov £ (£=0,1,73, )
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= Y ¢ kv (4 e Lho Lecome professors
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,Y——Cﬁw- e ww;pufnw ['“j fre qurt-ﬂﬁ“f’ (c:mpu";ﬂI'LCA f.y, €9, -fu——ﬁ{,twj)

— 0 Cow Jo ) 0R V@ einfve o Fime?
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— A= () — BT — ¥+ + pLE3wE]
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e linear? VECTOR D.T. STATE-SPACE FORMULATION
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