











































































































KALMAN FILTER
DUAL PROBLEM TO LQR
similar to the relationship feedbackdesign observer

f QR
design
KALMAN

DISCRETETIME FILTER
independut

use At Aft etc dstaffL wt n NCO
Dynamics xf Atx Belly Wt Wt n NCO Vt

Yt Ct Xt We
9 independent Multivariate Gaussian

Estimate of state ofstate
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andwt mean µ µ EfwB

Cov E EcwMcwMIT
error et Ae Xt

symmetric wa eerror WGIR ape
variance SEE Extend feign

Ws vectors
want evolve both of g SE y of E

L d sdf y
estioneffabe wheatexpect 1 ddwmsdiw.ms

aggression fas Ytfg e
Kalman filter to be

igg diagonal
eachelement

basically uses the op w

infamohlon in Sf to update yaw variesseparately

Wi Independent

XY to minimize It Xt w

Nye updating covariance off diagonal terms i'smatrices

CoV e S CovMe MSMT covariance between wi wj

know covariance

Efe j SEfmeemtt
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steps in KF true state

FI euotuaes.EEEXttBtUttWtqxti AfxttBEUt insaneFwd

S't E Fiu Xtc din X IT Stitt'T
Note w nEfAfE Xt two fA XttWtY
are independent

AE t Xt FEETAT Efwu'T_Eluded

AEfftfxw fF.tw ehxtTFAtIFEfwuwotnoise
betweenthree

Gandt.tl
independentofXp

Asf Att Wt noisefrom
dynamics

error propagehter
throughdynamics

fupdaled innovation
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Stu Ef TH XtH Its HIT
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Typo
let g Biti Xt O Independence
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yo yo
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lttiefhHYT.tl lECVttt3CttTLEtTtltHEfVttiVttFIleft














































































































A Sf St't t ltticttisttitstticttflttftl.tn CttiSttiCttTtVttDLttoT

again making the assumption that v is independent oh

How do we pick
TEHand xtti

choose to minimize di Gta Tr Sta

min Tr Sta
htt

Z Tr Seki 0 25 Cttft 2L Cttisticttitt D 0

Htt iLztg e sju.coTCtHStIiCttTtVtt
Substituting Kalman garh eqn
th fo covarianceupdate

STH St'ttltticttlsttitstticttflttftl.tnCttiSttiCttTtVttiLttoT
Corrected

Stilt LetsCetiSeti
It LttiCots Stti

Summary
predict update

y
gInization
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S SE AtstAEtwt SE It LttfttiSeti so EfxHot
I T 1
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Extended Kalman Filter nonlinear systems

Xtti f Xt.Uo.t
Yt h Xo

set At Inflame Bt udx ua 2hxTlxt.uo

Summary nonlinear

predict update d

y
IgX Iii ffxt.net Ift XietLtH h TD o EW

se

S Sai AtstAEtwt SE It ft St so EfxHot
linearization

T 1where L stetCeti CtuStticttitt Uti

LQ Linear Quadratic Gaussian

Discrete time

minn Ef'E XEQEXttuth.me txEQtxt
Sit Xf Aft Xt 1BENE Xo Xo

Solution

g
Int_xiitkufyu ltnxu g

k.nl

It _AtXItBtUEtLtu Ctt Atx Btu yet EEko

ut Ktx put Kultur
L Sect'Ictsectttif

observer
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Relationship between tar KF
QR KF

Riccati Backwards from forwards from

PT Qt Soe Efxox.tl
propagatingthe propagating error
cost to go covarrunee
backwards forward

state state
costnoise Qt cost Wt statenoise

inputfogput RE drafty Vf outputnoise

pf cost
to8 Sf etorradance

Continuous True LQG

mum EffotxkjQHXHTUHTRHIukdttXETQEIxuss.tvX AklxltstBItdult x o Xo

5
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INFINITE HORIZON KALMAN FILTER
LTI systems with lory the horizon 8 0

Algebraic
Riccati O Ast SA s Ev est w

Eam L SEV
t

LQG First pass at design

tune after that for robustness

other versions of KF
unscented KF uses more sophisticated

methods than Extended KK
for propagating covariance

nonlinear covariance updated

E
dynamicssample reconstruct

pts the covariance
unscented esthek
transformation

unscented KF type of particle filter














































































































Integral Feedback

X Axt Bu want y to
track
some reference r

5 CX want to penalize Ex r

creathy a over the

new state
on z state

3 fox r E Ex r
put a gain

forces Cx r

Augmented dynamics as E

TETE KEITH

Example state space PID
control waftatraeko

2nd order system

441 ftp s B uu kx kekek.Y 1

add another state E fx ar E X














































































































FREQUENCY DOMAIN

Laplace Transform
Different way to represent

the signals

functions of time functions of frequency

Its
fuel infinite

dimensional vector

f index
finite dan

Htt value
i index

Xi value
t

continuous
what if we want index
Stt in a different basis

of functions

ex represent fees in polynomial
basis

want to representfunctions
in a functional

basis that makestaking derivativeseasy

Derivative linear operator

xHAtpgH x fHtpdgk

what if we want to represent ft
in our basis

of eigenfunctions for
the derivative operator

Int din c e RTT
finite pgco.atCoin

x to Hit TIMI
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T one
eigenvectors
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Eigenfunctions of d est test softener
Ot FT eigenfunction

want to write operator etyfue

Stt in eigenbasis

1 I asf
ethiphofennIsmetrons

Sgt flt dt

dotproduct of
two

inverse of the gunctions

plaefansform Firm Infdom
A
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strandrigorous just intuition T y
innerproduct
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LaplaceTransform
Just intuition q
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Tays

Integrationby a
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L e sie's tot I If
convot f ghtt gotfit 7gal do YoteAG

But de

LffAg FLAGG where FlstLIH Go L g wheffer

f functions
comeProof

f go.fasesooofffotgco.is'd4
10 9 6 Esco dogc dI

variable change f Ott

loafofCt estdtgetdeE
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FLOG gotta guide estdt
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convolution of input stake response














































































































what is Lexus x Axt Bu

SXls Ho AND Buts

X s CSI AJ'xco t CSI AIBUtd
compare Xlt Atxcog t JoteAlt But de

L YES ylH Ext Da general Lst output
equation

Yes Cws DUG pjmnatdrwor
CCSI AIxcojtfCCSI AIB.to uls
6 does totransfer

transient if sis functionTufts uld
response an eigenvalue

decays if then the
to outputs yes

A is stable
transfer

function

blows up
singleInput siykOutput c SI AJ'D scalar function at

Giso
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A5frsTI himsw

functions

Esitfaloiliae plant through
feedback Atb

also want to control
eigenvalues

are in

the frequency response open left
half

ofthecomplex
of the system plane














































































































how the Sys responds to

high low frequencies

steadystate behaviour
e Yes Gcs UG

FrequencyResponse of
GG

plugging in jw of
iw imaginary part

of S
Allen NIM

if eigenvalues
mm f g Re of AtBk
men are in OLAP

transients decay
Mlk left w frequency

response

Freq Resp
Amplitude I GCjw I may

ofresponse
at different frequencies

phase i LG jw
laid

BodePlot
lgoqeo.TN w
GOD landpiareldTsignal attenuated

1800 7 W




















CLOSED Loop DIAGRAM

rtfconmiww qq.atgf
ettS

THEY
I I
wlt Y nH

Note GG KID is square
invertible

TransferThurchions

YG D t G K Wls
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Ecs R EYES wilddouble

YES I Gk Gk R N t GRID cheek

ECS I I GUI Gk Rt fItGkTGkN
some matrix
algebra

L CITGKI'D
matrix inversiontraumas

ECS ItGk5lR D t ItGkTGkN
Matrix
fact

Itoh Gk Gk It Gk5



ref noise
i f L paydisksGk It Gk R N t ItGk5 D

TITLE Ecs C tGk5lRDftGkItGk5
res dist noise

Scs ItGkJ system sensitivity
Tls Gk ItGkJ complementary sensitivity

Y txst Tfs Rls NYEcd Eds RE DG TIS

Driftage Pigsty
wants tobesmall
affreqieneds where

SEMITED want to tooiIfa'eembe
atfreqwhen N islarge

unfortunately stet I fixed
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SISO MIMO
nayof

Bondi

Kinney
lookatmiabies
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reference fl S W

signal noisy.me
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