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9 & Linearni stavovy model — spojity pripad

Stavoveé rovnice
X(t) = Ax(t) + Bu(t) X(07) =X,
y(t) = Cx(t) + Du(t)

Veliciny: vstupni, vystupni, vnitrni (latentni, stavy)

Vnitfni model — stavovy rozmery - SISO

blokové | [a, ... a,|[x] [hb

" D Cl=] . ©l+] : lu
: X a, - a X b
u X X L ™M L% nmm L] |™n|
Elﬂi [H1C Fi%y "
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Laplaceova transformace
YR o

* Pierre-Simon Laplace, francouzsky Newton, 17. stol.
* QOperator: funkce realné proménné - funkce komplexni prom.

f(s)=2L {f(t) = : e ' f (t)dt

* Podminky pro f(t):
— Ne moc divoka (alespon po ¢astech spojita)

— Ne moc rychle rostouci: exponencialniho fadu \f(t)\ < Ke"
* Rozsireno na distribuce (Dirac a spol.)

e Jednostranna verze — jak se lisi dvoustranna?

" Ef Iﬁli
* *
*  x
* * 1
"X j
E SKA UNIE
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Obraz derivace

L_(%)=L_(f')=3f(5)—f(0‘), f(s)=L_(1(1)

Obraz vyssich derivaci

d“f
dt*

L ( ):[_{f(")}:s"f(s)—s"‘lf(O‘)—---—f("‘l)(O‘)
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Xx=Ax+Bu Xx(07)=x,
y =Cx+Du

L_(X) =sx(s)—x(0")
= SX(S) — X,

e pouzitim L-transformace

X(s) = (sl —A)'Bu(s) + (sl —A) 7%,

y(s)=| C(sl —A)*B+D |u(s)+C(sl - A) 'x,
e dostaneme model vnéjsi ve tvaru (pro SISO)

Objevuji se
polynomy!

* charakteristicky polynom systému a(s) =det(sl —A)

INVESTICE DO ROZVOJE VZDELAVANI



o = Priklad: Smeérovani satelitu
O

’ . , . d
 Stavovy model Jo=F.d gp:a),a)sz
0 1] [0
X = P d
X__O O}XJ{JU X:{w}U:ch,y:@
y=[1 0]x

» Charakteristicky polynom

sy 3 3o

« a fesSeni stavovych rovnic L-transformaci

1 1
x(s):sizL}u(s)Jrsi{; S}x(o-)

y(s):sizu(s)+si2[s 1]x(0‘):si2u(s)+ x10+ L Xy 0

* % 3
* *
* *
o —nq g
*
E SKA UNIE
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8,y (1) + -+ 2,y + 8 Y(t) =b,u™ (t) + -+ Bu(t) + bu(t)
y"(07),...,¥(07), y(07)

L1y} =5 y(s) =8 y(0) —-—y“ I (0)

(a,s"+--+as+a,)y(s) =(b,s" +---+bs+b; )u(s)+c(s)

N c(s) Zase polynomy !

a(s)=as"+---+as+a,, b(s)=bs"+---+bs+h,
¢(s)=(2,y(0) ~b,u(0))s"* +(a,y(0") +a,,y(07) ~b,u(0") ~b, u(0") )"
et (@Y (07) ++++a,y(07) ~bu(07) -+ ~bu(07))

INVESTICE DO ROZVOJE VZDELAVANI
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9

Q\ﬂ_l

 |O model

d
i) =dr. () u=JF.y=0

y(t) =u(t)

s°y(s)=u(s)+sy(07) +y(0) Ly} =5"y(s)-sy(07)-y(0)

Y(S)——U(S)+ y(0" )+ y(0°)

INVESTICE DO ROZVOJE VZDELAVANI



* Stavoveé rovnice

x(k +1) = Ax(k) + Bu(k)
y(k) = Cx(k) + Du(k)

* blokové

u(k)

INVESTICE DO ROZVOJE VZDELAVANI
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x(k +1)
ﬂﬁi

X(0) =X,




* Laplace, W. Hurewicz 1947, jiméno Ragazzini a Zadeh 1952

e QOperator: posloupnost - funkce komplexni proménné

f(z)=Z{f(K)} Zf(k)z"‘

* Konvergence |z|>r v zdvislostina  f (k)
* Nejednoznacné pro k <0

e Jednostranna verze — jak se lisi dvoustranna?

INVESTICE DO ROZVOJE VZDELAVANI



e Obraz posloupnosti posunuté ,,0 plus néco”

Z{f(k+1)} =zf (2) - 2f (0), Z{tK))=f(2)

Z{f(k+m)}zzm(f(z)—§f(i)2ijzsz(z)_gf(i)zmi

* QObraz posloupnosti posunuté ,,0 minus néco”

Z{fKk-D}=2"f(2)+ f(-D),

< {f(k—m)}=z”‘(f(z)+_21 f(i)zij=sz(z)+_21 fi)z

Pozor na vzorecky!

= z‘mf(z)+zmlf(—l)z"m

INVESTICE DO ROZVOJE VZDELAVANI



9

6.4.2012

Reseni stavovych rovnic z-transformaci
=

X(k +1) = Ax(k) + Bu(k) X(0) =X,
y(k) = Cx(k) + Du(k) Z{x(k +1)} = zx(z) — zx(0)
pouzitim z-transformace = 7X(z) — zX,
X(z) = (z1 - A)*Bu(z) + z(zl - A) X,
y(z) = [C(zl ~A)"'B+ D] u(z)+zC(zl - A)7x,

dostaneme model vnéjsi ve tvaru (pro SISO)

O (g 4 S -
Z) a(z) Objevuji se polynomy!

b(z
y(z) = = a2

charakteristicky polynom systému a(z) =det(zl —A)

" Ef Wli
* *
* *
* * =i
LS j
E SKA UNIE
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 Diskrétni stavovy model (s ZOH a periodou vzorkovani h)

x(k +1) = E ﬂ x(K) {hzh/ Z}U(k), y(k)=[1 0]x(k)

 aresSeni z-transformaci

y(2) = [C(zl - A)‘lB] u(z) +zC(zl - A)*x,

z-1 h?/2 z—-1 h
Gk O RS = P

2/2 z
(z 1)2[ —~ ]{ X }u(z)+ _1)2[2—1 h]x,

(z
2+l u(z)+i +—Zh X
2 (z—1)2 T e oy e

INVESTICE DO ROZVOJE VZDELAVANI
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an
a,y(K)+---+ay(k—n+1)+agy(k —n) =bu(k)+---+bu(k —n-+1) +bu(k —n)
y(-n),...,y(=1)  u(=n),...,u(=1),u(0),---

Z{f(k=m)}=z2"f(2)+ F(-) 2" " + f (227" +---+ f (~m)

(a,++az ™ +a,2")y(2) =(b, +-+bz ™ +byz " )u(2) +c(z )
(anzn +---+alz+a0)y(2) =(bnzn +---+blz+b0)u(z)+c(z)

y(z) =28 y(z)+ £2)

a(z) a(z) | Zase polynomy

' o Iﬂ . J[mumy
= Eflﬁr Ty
INVESTICE DO ROZVOIJE VZDELAVANI OPSKAUNIE - |




9 & Alternativné: Operator zpozdeni

* Nasobeni obrazu komplexni proménnou z ma vyznam
posunu o jeden krok dopredu
« Nékdo ma radéji zpozdéni o krok z* =d

e Rozsifrenim zlomkd vhodnou mocninou z

muzZeme prevadét L bz 4 c(zh)
y(z7)= A )U( )+ A2 )
@) =2 D)+ <
a(z) a(z) v(d) = b(d) u(d) + c(d)
* Pozor na rozdily a(d) a(d)

e Spojitému S je podobnéjsi z

* Ale proC neni prenosv S limitou prenosuv z
pro nekonecneé jemné vzorkovani?

6.4.2012 i Ef Iﬁr .." FJE
it TV e
EEEEEEE AUNIE ¥ — j LY
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* Prenos @:C(sl ~A)'B+D
a(s)

* Charakteristicky polynom systému — poly systému
a(s)=det(sl-A)
* Jmenovatel prenosu = charakteristicky polynom systému jen
pokud predtim nebylo nic vykraceno!
* Pak rikdme, ze systém nema skryté mody
 To budeme dnes vzdy predpokladat

* Jinak receno, predpokladame, ze:
poly prenosu = poly systému

INVESTICE DO ROZVOJE VZDELAVANI
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« stavovy popis je 2. radu: pro X =Y,X, =U—-V

X,
X,

y:

6.4.2012

1 o]{ﬂm]u

+ charakteristicky polynom je P(S) =det(sl —A) = (s +1)(s-1)

Priklad: Kaskada

(madd je odblokovan vstupni nulou)

o el

y(s) = [C(sl ~A)'B+ D] u(s) +C(sl - A)™'x,

1 s+1 -1]|1 1 s+1
252—1[1 O]{ 0 S—J{Z}U(S)Jrsz—l[l O]{ 0

s+1 -1
g2 1 s°—1 “° s+1

-1 y
s—1]°
1 1 —
ot %00 =—U(S)+axl,o +2—_1x2,0
BRI (O 7 e

19
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L(s) = G(s)K (s) = 28)9()

a(s) p(s)

S L a®)pe)
1+L(s) ~ a(s)p(s) +b(s)a(s)

oo HS) __ bE)E)

S 1+L(s) a(s)p(s)+b(s)a(s)

* charakteristicky polynom uzavrené smycky
a(s) p(s) +b(s)a(s) =c(s)
e Za predpokladu, ze ...

INVESTICE DO ROZVOJE VZDELAVANI



Y
a(s)x(s) +b(s)y(s) =c(s) g

Nutna a postacujici podminka resitelnosti

g(s)|c(s)

e Ekvivalentné: pravé kdyz kazda nula (korfen) levé strany je také
nulou (korenem) pravé strany

Pokud zndme g(S) , miZeme rovnici zjednodusit na

a(s)x(s) +b(s)y(s) =c(s) C(s)=C(s)/g(s)

INVESTICE DO ROZVOJE VZDELAVANI



° e

a(s)x(s)+b(s)y(s) =c(s)

Obecné reseni

O

x(s) = X'(s) —b (s)t(s)
y(s) =y'(s) +a(s)t(s)

» kde t(s) je libovolny polynomialni parametr

Redeni minimalniho stupné

tj. minimalniho stupné v X

gc
a

(a,b)

QO Q

Rovnice ma pravé jedno Fe$eni takové, 7e  degx<degb

* Rovnice ma pravé jedno feSeni takové, ze  degy<dega

tj. minimalniho stupné vy

* Obé tato reseni koinciduji, jen kdyz degc <dega+deghb

2
* * ..
* *

* 5K A 8
OPSKA UNIE LE
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;@j 6 matici

Radkové operace - 3 zakladni
* nasobeni radku 1 s

3s
nenulovou {2 52}
konstantou

e vyménadvouradkd |1 S 2 s°

* pficteni radku {2 52} 1 s
nasobeného 3

polynomem k {l S} 1+2s s+s

jinému Fadku 2 s 2 g

* Sloupcové operace jsou dualni

* Elementarni operace zachovavaji az na nasobeni konstantou
determinant

e odpovidaji nasobeni unimodularni matici
(tj. matici s konstantnim nenulovym determinantem)

= A 90 Rk h I_.ﬁ‘PmHIIy
= Eflﬁr Ty
INVESTICE DO ROZVOIJE VZDELAVANI EVROPSKA UNE b | - —




0, Postup reseni polynomialnimi redukcemi

O
« Resdeni rovnice polynomialnimi redukcemi
(a(s) 1 0
Krok 1 Utvor slozenou matici b(s) 0 1

g(s) p(s) q(s)
Krok 2 Redukuj ji elementarnimi _‘ v(s) w(s)

radkovymi operacemi na tvar

Pakje p(s)a(s)+q(s)b(s)=g(s) Kde ged(a(s),b(s))=g(s)
v(s)a(s)+w(s)b(s)=0 ged (v(s), w(s)) =

Krok 3 Extrahuj g(S) z c(s) adostann  ¢(s) =c(s)g(s)

Kdyz to nejde, rovnice nema reseni

6.4.2012

" Ef IK%F
* *
*  x
* * 1
"X j
E SKA UNIE
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* Vysledek: jako reseni vezmi

x(s) =T(s)p(s)
y(s) =T (s)q(s)

* Navic, vSechna reseni jsou vyjadrena takto
x(s) =C€(s)p(s) +Vv(s)t(s)

y(s) =T(5)q(s) + w(s)t(s) t(s) volny polynomialni
parametr

e Postup vypoctu plyne z rovnosti

MR Srgis AN

INVESTICE DO ROZVOJE VZDELAVANI



(s+1)x(s)+(s-1)y(s) =5

e Krokla?2 _
s+1:1 0‘s+1;1 0 1 (v _1/2‘15
s-110 1] |2 {-1 1]7s+1i1 0] |,
* Krok3 g(s)=1 =» c(s)=s
S 1-5
e Krok 4 X(s) == (s =E+—ts
2 (8)=5+=—-1(s)
S 1+
y(S)z—— S :_§+_t S
2 y(8) = +=—-1(s)

1 1

2 2
l1-s 1+s

2 2

INVESTICE DO ROZVOIJE VZDELAVANI OPSKAUNIE -




0, Postup reseni Sylvestrovou matici
=

e UkdZeme na prikladu 2. stupné, kdy je dano a(s)=a, +as+ 32322
a hleddme X(S) = X, + XS, Y(S)=Y,+V,S b(s)=b, +bs+b,s

— 2
* Krok1: Dosadime polynomy do rovnice, C(S) =Co +CS+C,S

(2 +a,5+a,5% ) (X +%5)+(by + b5 +0,8% ) (Yo + ¥;5) =Gy + ;5 +C,S

* porovname koeficienty u stejnych mocnin, a,X, +byy, =¢,
nebo maticove [— - aX, +by, +ax +hy, =c,
Sblo 21 ZZ 0 % +0,Y, +ax +by, =¢,
a,x +b,y, =0
[XO Yo X yl] (_()) a: ai a, - [Co c, C, O] 2 X > Y1
| 0 bO bl b2 _

VyreSime tuto maticovou rovnici, Cimz dostaneme X,, ¥,, X, Y, az
nich sestavime hledané x(s)=x, +xs, y(s) =Y, +V,S

* % 3
* *
* *
* * =
hlj 27
E SKA UNIE
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° @

(s+1)x(s)+(s—1)y(s)=s

a(s)=1+s X(s) = X, 11
b(s)=—-1+s i)y =[x yo]{_1 J =[0 1]
c(s)=s

- [Xo yo]:|:% %:| ‘ X(S):%ay(s):%

e Dostali jsme reSeni min. stupné (v obou neznamych),
které je jiné nez partikularni feseni ziskané drive s 1—s
« To z minulého pfikladu x(s) :§+Tt(5)
dostaneme z obecného reseni
s 1+s
volbou t(s) = 1 y(s) = _E+Tt(s)

INVESTICE DO ROZVOJE VZDELAVANI



° @

Chceme pomoci regulatoru zmeénit
polohu poll CL pdli: umistit, posunout ()
je do pozadovanych poloh

Pozadované polohy zname
— Ze zkusSenosti, plynou ze specifikaci a dalSich pozadavki
— Nebo jsme je nejprve vypocetli

 Redeni: a(s)x(s) +b(s)y(s) =c(s)
. , q(s) _ y(s)
Regulator () = (<)

Reditelnost ?

INVESTICE DO ROZVOJE VZDELAVANI



Umisténi polu — spojity priklad
© =
* umisténi polu v extrémni situaci, kdy ostatni metody nefunguiji

e soustava s nestabilni nulou a b(s) _ 1-s
, ., 2
malo tlumenymi oscila¢nimi médy ~ &(s) s +1

e tento priklad nelze jinymi (klasickymi) metodami resit
(diskuse viz Astrom, Hagglund: Advanced PID Control, s 180)

e zvolime c(s)=s%+2s? +2s+1=(s+1)(s+0.5+ j0.866)(s +0.5— j0.866)

e pak sestavime soustavu a vyresime ji (PolTbx)

>> c=s*3+2*s*2+2*s+1l,a=s*2+1,b=1-s

c =1+ 2s + 252 + s*3 Q(S)::kD524‘kp34'k|::252‘F1
a=1+ s*2 S S 3S
2Zits p(s)

>> [x,y]l=axbyc(a*s,b,c)

x = 3.0000 k, =0, k, =1/3, k, =2/3

y = 1+ 2s~2

6.4.2012

% K
* *
* x
* * |
*ar uj 30
E KA UNIE
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(

< Umisténi polu — diskrétni priklad

>> as=s”2;bs=1;h=1;a=(z-1)*2;

Deadbeat b=1/2*h*2* (14+z) ; c=z"3;
- >> [p,ql=axbyc(a,b,c);
a(z)p(2)+b(2)a(z) =z°"" 33 gain —valre (brare.1);

>> gainSSZV=value (b*p/c,1) ;

Sate“t >> [ps,gs]=axbyc(as,bs, (s+100)*3) ;
>> a,b,p,q
=1 - 2z z"h2
(z-1)°p(2) +h*/2(z2+1)q(2)=2° B = 0.5 + 0.52
p=0.75+ z
q=-1.5+ 2.5z
Pro h=1 je
2 -2z+1)p(z)+0.5(z+1)q(z) =7’

Redenim rovnice dostavame

q(z) 2 5z-3 25z-15

6.4.2012

p(z) h?4z+3 z+0.75

Model SatelliteDiscretePol.mdl

-C
EVROPSKA UNIE il ? I I j
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0, Modifikace:

O

« Redeni dava v principu ,viechny regulatory” splfiujici zadani
a z nich mUzeme dale vybirat vhodny podle dalSich pozadavku

Integracni charakter regulatoru

* Vnutime tak, Zze resime a(s)s X(s)+b(s)y(s) =c(s)
upravenou rovnici a(s)
* Pak je regulator q(s) _ ¥(s)
p(s)  sX(s)

 Podobné muzeme vnutit i nékolikanasobny integrator

Ryzi regulator ([ qa®» <! €D

* soustava striktné ryzi fadu n a(s)x(s) +b(s)y(s) =c(s)

* stupen pravé strany alespon 2n-1 - <n-2
e feseni min. stupnévy -

degx(s)=n-1

* % '.
- *
* *
*  * =
* ok uj
E KA UNIE

6.4.2012
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Exact Model Matching

Yo
soustava
NION |
Unew ( M a(s) Unew > ?Ei; by
)
Y model
Redeni: a(s) p(s)+b(s)q(s) = f (s)b (s)t(s)
Viechny vhodné regulatory splfiuji r(s)=g(s)t(s)

* Db(s)/g(s)=b(s)/g(s) nesoudelné a t(s) je libovolny pol.
* Resitelné vidy, ale ne nutné stabilni

Stabilni reseni

* f(s) stabilni (samozfejmé), vezmeme t(s)stabilni

« musi byt gcd(a,b) stabilni

* b(s) stabilni: tedy nestabilni nuly nemGzeme zménit !

. Ef Wli
* *
* *
* * =
LS j
E SKA UNIE

6.4.2012
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INVESTICE DO ROZVOJE VZDELAVANI

o o FE——

Néejaky stabilizujici regulator? Snadné!

e Staci zvolit libovolné stabilni c(s)
(dostatecné vysokého stupné)

* A umistit poly fesSenim rovnice
a(s)x(s)+b(s)y(s) =c(s)
Vsechny stabilizujici regulatory? Snadné!

* Pro vsSechny stabilni pravé strany c(s) a vSechna feseni rovnic
dostaneme vsechny stabilizujici regulatory (Youla-Kucera)

Co je obtizné?
* Treba najit vSechny stabilizujici regulatory daného stupné.
* Dodnes uplné nevyreseno. Proc?

** ] ‘PHUHI
i 3 |
****.& - M
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« Koeficienty c(s) jsou linearnivxay, ale
* Podminky stability jsou silné nelinearni a nekonvexni

p(s)=s’+a,s° +a,s+a,

a,,a,,a,>0,a,—a,a, >0

)

Casteéné Feseni pomoci LMI

Konvexni aproximace

nekonvexni oblasti

i Eflﬁr S
INVESTICE DO ROZVOJE VZDELAVANI EVROPSIKA UNIE. W j—
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Standardni
e symetricka spektralni faktorizace (ekvivalent ARE)

* * b* ) b ]
x()x () =b(), b ()=b() bg = bizi))
Specialni

* nesymetricka faktorizace (plus-minus, stabilni-nestabilni)
a()=2a"()a () = ay ()8 ()

Vypocet

* Pres vypocet korenl (Zakladni Véta Algebry)

* [teracné (symetricka line rovnice nebo Cholesky)

* logaritmus +FFT

INVESTICE DO ROZVOJE VZDELAVANI



Optimalni

ara” +cq,c =099”
ar,a +bq,b"=f"f
ax+by = ¢f

Podobné H_ robustnost

INVESTICE DO ROZVOJE VZDELAVANI



Minimalizuje Spicky
regulované veliCiny
pfi plisobeni omezené
a stalé poruchy

Redeni:
a=a.a,
b=hb,
ax, +by, =1

a b, x+1y = ax,

najdi feseni s min |y |, =)

INVESTICE DO ROZVOJE VZDELAVANI

q _ asbsyO + ax

P ab.x,—bx

** * ** :
* * ..
* *
* 5K A 3
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Standardni:
 linearni polynomialni maticové rovnice

AX+BY =C AX+YB=C AX =B

XA+YB=C AXB=C XA=B

« Levy a pravy: gcld, gcrd
D(s) =gcld( A(s), B(s)) D(s) =gcrd( A(s), B(s))
Specialni:

* linearni symetricke rovnice A"(s) = AT (=s)

AX + XA =B A(2)=A(z7Y)

INVESTICE DO ROZVOIJE VZDELAVANI OPSKAUNIE -
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Standardni:
« symetricka spektralni faktorizace

X ()X (s) = B(s) X" (s) X (s) = B(s)

« J-spektralni faktorizace
X (s)JX"(s) = B(s) X" (8)JX(s)=B(s)

Specialni:
« nesymetrické faktorizace
A(s)=A"(s)A (s) A(s)=A (s)A"(s)

INVESTICE DO ROZVOJE VZDELAVANI OPSKA UNIE e S
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Polynomialni maticové zlomky

bud’
F(s)=D(s) " N(s)

" R =N(9D(S)”

e Pro A'S)B(s) a Q(s)P'(s)
A(s)P(s) +B(s)Q(s) =C(s)

* Pro B(s)A'(s) a P(s)Q(s)
P(s)A(s) +Q(s)B(s) =C(s)

INVESTICE DO ROZVOJE VZDELAVANI



PolyX

www.polyx.cz
www.polyx.com

omial Toolbox 3
for use with MaTLAB® ﬁ

INVESTICE DO ROZVOJE VZDELAVANI

[ PolyX]

www.polyx.cz
www.polyx.

The omial Toolbox 3

for use with MatLAB®

PARTNER
This CD contains software subject to restrictions on its use and duplication.
© 2001 PolyX, Ltd. Polynomial Toolbox is a trademark of PolyX, Ltd.

Marag is a registered trademark of The MathWorks, Inc.
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Cast druhd

2-D SYSTEMY

INVESTICE DO ROZVOJE VZDELAVANI



o & Vice promeénnych

+ Probralijsme p(s), p(z), p(z™") .Aco P(s,2), (2, 2,), ...
* Ma néjaky smysl systém s prenosem ?

b(s,2z)
a(s, z)

* Ano, vsude, kde jsou ,dvé dimenze”:

(

Napr. , prostor + cas”, , prostor + prostor®, ,,Cas + €as”, a dalsi

* Pritom prvni, druhy nebo oba rozméry mohou byt
diskrétni a/ nebo spojité

* To ale nejsou dimenze stavového prostoru
(ten vétSinou e=-dimenzionalni)

6.4.2012
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Kvadrantoveé rekurzivni kauzalni filtry

Z
H
z
H

y(k,l): b(m n)u(k—m,l —n)
m=0 n=0
M-1N-1 K-1L-1
y(k,I) = b(m,n)u(k —m,l —n)— a(m,n)y(k —m,l —n)
m=0 n=0 m=0 n=0
l 2-D z-transformace  f(z, Z Z f(k,1)z 'z,

y(Zl’ Zz) — a(zl’ Zz)u(zl’ Zz)

b(z,,7,)

a(zl’ ZZ)

2-D polynomy

u(z,,z,) % posun doprava
Z, posun nahoru

y(zl’ Zz) —

INVESTICE DO ROZVOJE VZDELAVANI



o 0.00007 y
Z1. 2 —
b2 T (17 20.93032; — 0.919025 + 0.871121 22)

1
X
(1 —0.0986z1 + 0.0214z2 — 0.6785z122)

(14 0.221421 + 0.241027 — 0.969321 25 + 2.0700z; 25 —
0.3057z2 — 1.27642722 + 0.577227 25 — 1.111323)
1.0 5
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* horizontalni a vertikalni lokalni stavy e ABL
e Roessertv model 1. radu o s
ap(ky + 1, k) _ Au Ao rplhy, ko) B wly k) (ki k2o o (ki +1,ks)
ay (k. kg + 1) Azl Aoy vk k) B, :
| (kK
ylhy ko) = i If«:rl ' } [ .I:{RL kj)) + Du(ky, k), ko +1) ¢ B ok 1Lkt 1)

wlhy + 1,k + 1)

ylky, ka)

Fornasini-Marchesiniho model 2.radu

Ao;ﬁ/

(kll‘k'ﬁ).

Ak ko) + Ayaelky + Lk )+ Aotk ko + 1) +
+BD-JI:“£1:‘%2):
Culhy ko) + Dulky, ks,

[AZ:BZ

o (ki + 1 k)

e Ale pozor: skutecny (globalni) stav je nekonecné rozmérny
(separacni mnozina je nekonecna)!

INVESTICE DO

n

** * ** :
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10 model b(z,,2,) Cy . (21,2,

y(z1’ Zz) — o

7 FM modelu W’{zl:zg} = ff{f — Ayz) — Agzg)_l{ﬂlzl -i-BgIg} + D

V(Il: Ig} = f;r{f - A[Il - Agzg}_l}f’n{zhzg)

i ~1
Z R modelu W B [ o C ] I~ Apzy —Apz B
21522} o “1 2 _AEIIE I — AEEEE Bg

) —1
) o I — Az —Aszy (0, 22)
ez =00 || T 0 R | |
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Priklad b(s,,s,) S,BS,' 2 2
a(Sl, 52) S]_ASZT 1 |: 1 1 :| 2 I: 2 2 il

2(1+g+g%)  07+07 g+42 g2

B =[07+42(g+g%) 023+15g+9.1g% 3 g2 |,
15¢+1.5g2 3.1g+05g2 g2

L . 3D Magnitude Plot

3(1+g%) 1+44g% 14g°

A =| 28+64g7 0.92+96g° 3g°
072 +21g> 024+32g° g2

g=0.01

o, (rad/sec)

INVESTICE DO ROZVOIJE VZDELAVANI mopsmn.EEf i : Il
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Elektrické obvody s prenosovymi linkami b(51’ 32)
(s rozprostfenymi parametry): a(s,,s,)
v N4 /7 . 1, 2
e zebrikova linka,
« koaxialni kabel, S P o — (tx+dx)
. d|,elektr’|cke de?ky, Utx) L % i
* paskové vedeni,
e opticka vlakna
[ J : :
vinovody J H'if:; R “'5’;”"3' TS tog AL o
dx ot ix
N .
» Telegrafni rovnice & ':ZII' Lca e, ]+(LG+RU] % 7) + ROE ()
dx 3t ix

INVESTICE DO ROZVOJE VZDELAVANI
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Rizeny pfenos tepla v aluminiové ty¢i (Z. Hurdk, P. Augusta)
* dlouha aluminiova tyc, vzorkovana

* topné clanky

e sensory teploty

. Ju(x, t) O%u(x,t)
* Rovnice tepla 9t — R D2 + 4(t, x),

Transistor as a heater x

5.4.20 = Eflﬁr I_.ﬁjrmumy
INVESTICE DO ROZVOIJE VZDELAVANI EVROPSKA UNE ; g
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e 1 prostorova a 1 ¢asova velicena — vzorkova né
* Po 2-D z-transformaci (z-¢as, w- prostor)‘
b(z,w)

G(z,w) = a(z, w)

* Model je v prostoru symetricky, takze dvoustranné polynomy

n o m
— Z Zak,;zk(w" + W_l)

k=0 /=0

 MuUzeme povazovat za 1-D polynomy v z s koeficienty z okruhu
dvoustrannych polynomu

—1

alw](z) = ap(w) 2" + ap_1(w) 2" + ... + ap(w)

INVESTICE DO ROZVOJE VZDELAVANI



* Prenos obecné p— _

* akonkrétné p_ b(z, w) z
* Regulator
r + K
K(z,w) = y(z.w) -
x(z,w)

 ,P“vcase (nenitamz)
1. fadu v prostoru

K(z.w)=r+n(w+w)

INVESTICE DO ROZVOJE VZDELAVANI
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* Charakteristicky polynom uzavrené smycky

Ao
c=ax+by= Z Z Ck,IZk(WI + W") =1+ (rp—038)z+(n-032) (w+w )z
k=0 /=0

* QOdezva na pocatecni teplotni profil

204 -] :
2

time (s)

(e) Uncontrolled. (f) Controlled.

7 = Efl\| ﬁ e J[mumy
INVESTICE DO ROZVOIJE VZDELAVANI EVROPSKA UNE b ; —




9 & Tvar seismického kabelu tazeného lodi

e Mohamed L. El-Sayed And P. S. Krishnaprasad: Homogeneous
Interconnected Systems: An Example. IEEE Trans. On Automatic Control,
Vol. Ac-26, No. 4, August 1981 — pro spolecnost Shell

* Hodné (e°) kopii ¥=Ax+ Bu
stejného systému y=Cx+Du

* Spojeny vnitrnimi veli¢Ginami do 1-D ,, mrize“ hydroptone

e oo-D systém s veliCinami
X=[eoes X Xy Xigree] Ay
U=[...,u_5,u;,U,q,...] Fig 1.

Y=l Yo YiYiw] x= S 4, x+Bu,
J= e

- . J= A T
* Spojenije invariantni - \_J_,_-

o v- . , , Y1 Y
vuci (diskrétnimu) »= 2 C_x,+Du, Fig. 2.
posunuti = —

6.4.2012
‘”‘j
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=)

X = 2 A x;+ Byu, e Uzitim dvoustranné z-

j==w

o transformace v prostoru

w= 2 C_x,+Du;, i€L. % |

iz (“',I,-_“If,xi_'.h“')i—l- E .‘-'I:i.?.'l.
= —go

* Obecné aspecialné 2L XK 4

A,_.=0for | j—i|>1

C;—; =0 for | j=i|>1

(e 2)=A(z)x(z, 1)+ B(z)u(z,1)
(e , y(t,2)=C(2)x(z. 1)+ D(z)u(z, 1)
* Systém zUstane homogenni

zavedenim homogenni ZV u(z, ) =F(2)x(z.1).

T X(2,0)=2% _ ox;28, A(2)=32 _ A,z

: o Iﬂ . J[mumy
= Eflﬁr Ty
INVESTICE DO ROZVOJE VZDELAVANI EVROPSIKA UNIE. W j— —
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II. REGULATION OF SEISMIC CABLES' -
In offshore oil exploration, seismic cables are often used to detect ‘—7—————f

acoustical reflections. In a typical arrangement [5] a cable is towed by a
survey ship and has a marker buoy attached to the tail end, Acoustical
waves are generated by compressed air guns, propagate in the water, and
are reflected at the ocean’s floor, as well as at the different earth layers
underneath it (see Fig. 1). The reflected waves are detected by hydro-
phones mounted on the cable, which also contains the wiring and depth
sensors. To regulate the vertical position of the cable, a number of
controllers are mounted at equal spaces along the cable. The rigidity of
the cable introduces interaction effects. Thus, the system has distributed
parameters with two identical boundary conditions.

The partial differential equation (PDE) which describes the motion of

hydrophone eontraller

the cable around an equilibrium shape is derived as follows: let Fig. 2.
T(s)=tension distribution Ib /ft %0 )
m(s)=mass distribution Ib/ft mg;(v) +;=2~m [eja()+hyq()]=u ()  —w<i<ow (26)

L=unstretched Jength of cable ft . . .
where ¢, k,;, and b,; are damping, stiffness, and control coefficients,

D =span of the cable ft respectively.
F(s,t)=force distribution Ib/s* Writing (2.6) in the state-space form
¢( s ) =damping function Ib/ft-s =
- L 5(0= 2 A () Buy(r) 27
q( s, t)=deviation from reference position at time # in ft. j=—oo

e ] LTI
**’ I_'.j. { y
" L]
i*ﬁ* A 8
EVROPSKA UNIE b LE '
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* Regulator

w(z.0)= = L BK(z.0)x(z,0) = F*(2.0)x(2.1)
K(z,:)=—-A’(z"}K(z.t}—K(E.!}A(I)—Q‘FK{ZJ}B%B’K{EJ}

(3.2)
K{(z.T)=0,

* Impulzni odezvy (rozlozeni odchylek od ekvilibria) napt.

git}

INVESTICE DO ROZVOIJE VZDELAVANI Emopsm,,.ng i : Il



Dalsi velké systémy s vlastnosti prostorové invariance:

* Pole solarnich kolektoru
 Kaskada reaktort
* Pruzné struktury

‘* * *l'
L]
. °
* 4 K
EVROPSKA UNIE i
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9 & Opakované rizeni - Repetitivni systémy
* QOpakované probiha stejny jev
ILC - Iterative Learning Control: opakovanim se uci
* auticka na draze X, ,(t+1) =Ax,(t)+Bu,,(t)
* Portalovy jerab a dopravnik Y. (1) =Cx,,(t)
* Roboticka ruka
Vhodné, i kdyz se systém pomalu pribézné meni
* Kazdy béh je ovlivnén vysledkem predchoziho a sam ovlivni
beh nasledujici X (t+1) = Ax, (1) +Bu, () + Fy, (1)
Repetitivni system Y () =Cx,,(t)
* Long-wall mining (tézba po vrstvach)
* Opakované valcovani, bagrovani, hutneéni, ...

" Ef Wli
* *
* *
* * =i
LS j
E SKA UNIE
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9 & Iterative Learning Control

* Portalovy jerab a pasovy dopravnik
* Opakovany pohyb ruky robota

* Pozadujeme opakovani - reference
je opakované stejna () =r(t)...te|t,. .t |
* Pfrifizenijen v realném case” je opakované stejné odchylka
sledovani i stejné Fizeni e, (t) =e(t),u, () =u(t)...t €[ty s st |
* Chceme lim|e,||=0,lim|u, —u,|=0 (norma v prostoru funkci)

k—>o0 K—o0

Redeni:

e [LCtypuP: u_,(t)=u(t)+Te/(t)

e |ILCs fazovym predstihem: u _,(t)=u, (t)+Te (t+1) , nekauzalni”
* Obecnéji (z-trans.): u _,(z2)=u, (t)+L(2)e (z) , L(z) nekauzalni

* % ‘.
* *
* x
* * |
*ax wj 61
E SKA UNIE
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0 = Roboticka rehabilitace po mrtvici
O,

 Mrtvice = srazenina ucpe cévu v mozku nebo céva praskne

 Dusledkem je paralyza, obvykle poloviny téla

 Cdast mozku nendvratné ztracena, ale mozno vytrénovat jinou
opakovanymi pohyby pfi rehabilitaci, ale jen 15% pacient

* \ytvori se nova propojeni v jiné ¢asti mozku

lterative Learning
* Roboticka rehabilitace: opakovany pohyb, S —

rizeni svalu FES (funk¢ni elektrickou stimulaci)

ROBOTIC-ASSISTED UPPER- LIMB _
STROKE REHABILITATION y

 Umoznuje mnohem vice opakovani
* Prvni vysledky: ucinnéjsi nez klasicka rehabilitace
 V UK doporuceno mezi standardy lécby

 Cim slozit&jsi pohyb, tim U¢innéjsi - je potfeba ILC

6.4.2012
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Mrtvici

« 2-D,3-D
) lterative Learning
° . d Shoulder
ELECTRICAL STIMULATION AND Joint ~
video o e =t
k Assistive Torque
2\ . Against Gravity
cHmS . AN
SANAARE Hones
pori iR
¥
K5 (D)
Hand L7
(a) (b) (c)

N

£ 25
ERH Iterative Vit
E o; Leaming Controller hl Human Am and 3-D Mechanical Support
4,,2 Vi Stimulated Muscle = S e
.§ -1 qy ey & u = Ty q,=B,(q,) (1u_ C.(dy 9090 qQuk
N 15 g Feedback Controller —’*—k Kb T, (U 9 G : I .
. i ++ & ++ —Fu(@u 9 — Gu(dy) — Kulqw) — Ju (qu)h)
Y (Base Frame) —2 [
(107" m) X (Base Frame) (10~' m) |_
—o Proximal Trjectory Electrically Stimulated Muscle | Effect of .
— '&?&%‘;‘Z&“J&y All Other Muscles Voluntary Action

INVESTICE DO ROZVOJE VZDELAVANI

@—o Initial Am Position
-0 Final Arm Position (Far Distal)

s s s
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< Long-wall Coal Cutting

E. Rogers, K. Galkowski, D. H. Owens: Control Systems Theory and
Applications for Linear Repetitive Processes. Springer, 2007.

Uhli, ruda nebo jiny material

Opakované se odkrajuji pasy
konecné délky a

Prichod znacen indexem k

Cas (nebo prostorova soufadnice)
béhem prichodu znacen t

Vystupni vektor (profil) pfi béhu k eweowmee
Y, (t),t [0, ] e

Je vstupni veli¢inou (poruchou) , oty

pro dali bh s vystupem 8105 R —

6.4.2012 e, ..-. ’
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Viger(8) + Zialt) = epar(t + B} + W[t + H)
+ B (t) + Jegalt)
where 4 denotes the transverse tilt of the machine.

The transverse and longitudinal tilts of the machine are also those of the
supporting conveyor structure and are given by

(1.1)

O (12
anid
sty = = cent+ 1) (13)

F

respectively. Suppose also that the A F.C. moulds itself exactly onto the eut
loor on which it rests — the so-called ‘rubber conveyor’ assumption. Then

ekt1(t) = ka(¥i(t) + Zi(t)) (1.4)
where &y is a positive real constant and Ry () is a new external reference
vecltor taken to represent the desired coal thickness on pass b+ L.

Suppose now, for simplicity, that the variable 2 () is =et equal to zero,
Then combining (1.1)-(1.5) yields the following deseription of the controlled
process dynamics over 0 <4 < o, & =10,

Y;;+1[E:I = —h1Yi¢+1|:I — X} + szk(I} + k1Rk+1(t:l, A o=0 |:].ﬁ:]
with assumed pass initial conditions
Vig(t) =0, X <t <0, k>0 (1.7)

Stone/coal interface

-
.........

ey (1) ‘ i Interface
¢ i i
i Ziga(t) expi(t+R) ewp(t+R+F)
| | | ALONG FaCE DIRECTON
| ! |
t-X t t+R t+ R+ F
Fig. 1.4. Side elevation with variables labelled
—
UEWFACE | ALONG FACE
e A S e e o s A :~_"_‘/:, DIRECTION
1 i [
CUTTING ORUM | | SKID A IW 8 OLD FACE
} | 1 - \"' :
! d == |
_l' CONVEYOR MACHINE BODY s J_
4 X o
f = ' |
] o
c
2 = pe—
X FACE ADVANCE
DIRECTION

Fig. 1.5. Plan view with variables labelled

* ¥ 3
*
¥ *
* *
* 4o
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V rovnicich pro vystupni tloustku
Yi (1)

}
v k-tém béhu se vyskytuje o o
(jako vstupni tloustka) f~__7/ 1
N

Yia (1)
Tedy vystupni tloustka v minulém béhu

F=(t) is the force developed by the motor;
Fﬁt} is the force developed by the spring:
M is the lumped mass of the roll-gap adjusting mechanism; Spring A
Ay is the stiffness of the adjustment mechanism spring;
Ag is the hardness of the metal strip;

SRATAI]

A= A—Jilﬂ; is the composite stiffness of the metal strip and the roll 1(t) | Metal strip

mechanism;
yit) is an intermediate variable useful in subsequent analysis. Roller {715

* ¥ 3
* w
r x
* *
* 5K
EVROPSKA UNIE i
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(B

k(%)

_— N~

E  (x
]+l( ) Next-pass applied energy profile to be determined by the controller

Pass j+1 <
kl’*‘ O New compaction determined by the physics of the process

v_/_—\—/\\_//—

INVESTICE DO ROZVOJE VZDELAVANI

Current
Profile

/f— Shovel

’ Trajectory

* ¥ 3

*

* *
* L
LR
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Woefeed speed. |

Welding voltage *

1
Forwand mnny/ % l

-
Weave motion

 Nékolik vrstev

* Robot Lépe opakuje
nez sleduje

* |terativné se to nauci

INVESTICE DO ROZVOJE VZDELAVANI

450 So0 G50 BOO0 o0 700 750

wmm}
—sgam _jteration 1 ——iteration 2 —iteration 3

e ﬂj{luumy
* x . '
' L]
***ﬁ* Ll 8
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e Zpozdéni na vstupu/vystupu
X(t) = Ax(t) + Bu(t —7)

x(t) = Ax(t) + Bu(t)
y(t) = Cx(t) y(t) =Cx(t-7)

det(sl —A)

H(s,e ™) = C(SI — A)_1 Be ™ =G(s)e ™ = @e_fs
a(s)
e Zpozdéni uvnitr
X(t) = AX(t) + Ax(t—7) +Bu(t) det (5| “A, - Ale—fs)
y(t) = Cx(t)
= b(S’ e_TS)

H(s,e™)=C(sl-A,~Age™) B TR

INVESTICE DO ROZVOJE VZDELAVANI
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Protoze exponenciala je v komplexnim oboru periodicka, ma

kvazipolynom p(s,e™™) obecné

nekonecné mnoho oddélenych koren(
Systém s dopravnim zpozdénim tedy mize mit nekonecné

mnoho (oddélenych) nul a/nebo pdli
Priklady

p(s)=s+1+2e
on (| .. ..... ’ . ...... 1
:;_...o .................................... | q(s) B S +1+ 5e_

S

)
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< Spojité systémy s dopravnim zpozdéenim

Prenos — zlomek kvazipolynomu (nekone¢né mnoho korenu)

H (S’e_rs) _ C(SI _AO _Ale_TS )—1 B _ b(S;e: )
a(s,e™)
Nékdy vyhodné oznacit b(s,z ™)
Z—l — e—rs
a(s,z)

tj. ,zapomenout” na vzajemny vztah
Obecné pouzijeme

a(s,zt)p(s,z)+b(s,zHq(s, z) =c(s,z7)
Specialné treba pro ,,prirazeni konecného spektra®

a(s,z)p(s,zt)+b(s,zHq(s,z) =c(s)
(jde to kdyz spolecné nuly LS nejsou ,,nestabilni v s)

* ‘.
* *
* *
* * —!‘!
LS j
E SKA UNIE
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o @ Priklad: Spojité systémy s dopravnim

zpozdenim
Dano  B(se ™) _bB(S) e _B(s)) hleddme  Q(s,e™)
A(s,e™) a(s) —a(s) P(s,e™™)
Aby A(s,zP(s,z7)+B(s,27)Q(s,z7Y) =C(s)

C(s)=a(s)P(s,2")+27D(8)Q(s,27) Q(s,2%) =(s)a(s)
=a(s)P(s,z ') +z'b(s)q(s)a(s)
=a(s)(P(5,27)+270(8)a(s))  « P(s,2) =a(s) p(s) +b(s)q(s) (L~ 2 )
=a(s)(a(s) p(s) +b(s)a(s)) = C(s) «C(s) =a(s)c(s)

=a(s)c(s)
a(s) p(s) +b(s)q(s) =c(s)

Co to je? Nevyhody? Q(s,z7) _ q(s)a(s)
P(s,z™)  a(s)p(s)+b(s)q(s)(1-z")

* X
* *
* *
* * 1
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2-D POLYNOMY
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L N

Budeme pouzivat

P(2y, 2,), P(S1:S,), P(S: 2)

Vedouci koeficient

e 1-D vzdy nenulovy - z definice
e 2-D muze byt nulovy
Stupen ?

a(z) = 1+2z
a(z,z,) = 1+z,+z,
b(z,,2,) = 1+2,+2,+232,

ﬁ***i :
L]
. o
* gk L
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o & 1-D a 2-D polynomy

Nula (koreny)
1-D: nula je komplexni Cislo, zeC
konecny pocet, izolované body a(z) = (z +1)(z-1)

2-D:  nula je komplexni dvojice (z,,z,) eCxC
spojité nekonecno nul, nulové krivky
v 2-D komplexni roving (4-D redl. prost.)  P(Z,Z,)

a(zl,zz) = 4
= 4714

Spolecné nuly a faktory

1-D:  spolecné nuly jsou (jen) ve spolecnych faktorech
a(z)=(z+1)(z-1),b(z) =(z+2)(z-1)

2-D: mohou byt i dalsi spolecné nuly polynomy, které nejsou
ve spol. fakt) a(z,,z,) = z,b(z,,2,) = z,:(z,2,)=(0,0)
ale ty jsou izolované a je jich konecny pocet

" Ef Wli
* *
* *
* * =i
LS j
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Vypocet nul (korent): 1-D a 2-D

Vypocet spolecnych nul

1-D:  najdeme nuly obou polynomu a porovname
najdeme gcd a vypocteme jeho nuly

Nesoudé&lnost 8 ... & |
a(z)=a "+ --+a,2+a, %o L m
b(z)=b,z" +---+bz+b

0 S(a,b) = a, a, \
L , - b, ... b

zjistime pomoci Sylvestrovy matice: . )

S(a,b) ma plnou hodnost - nesoudélné o n

S(a,b) nema plnou hodnost i b .. by| |

- soudélné nebo a,=Db, =0

INVESTICE DO ROZVOJE VZDELAVANI
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Vypocet spolecnych nul: 2-D
a(z,,z,)=a,(z,)z] +---+a,(z,),b(z,,2,) =b,(z,)z] +---+b,(z,)
Sylvestrova matice

je polynomialni S (a, b)(zz) —

a,(2,) ... a,(z,) 1)
Nema plnou hodnost - Wl% (2,) ’ a (2,)
spol. faktor f(z,,e) %% o nrrel -m
Ma plnou hodnost - a(z,) ... a,(z)|
jeji nuly jsou b(z,) ... b,(z,)
spole¢nymi nulami b,(z,) ... Db.(z,)

: >N
a(z,,z,),b(z,,z,) : :

nebo 0y(z,) ... B,(Z,) ]

a,(2,),0,(2,) )

INVESTICE DO ROZVOJE VZDELAVANI EVROPSIKA UNIE. W j—




0, 1-D a 2-D polynomy

O

EuklidGv okruh - existuje euklidovské déleni (se zbytkem)
1-D:  ano a(z) =b(2)q(z)+r(z), degr(z)<degb(z)

2 +1=(z-1)(z+1)+2, deg2<deg(z-1)
2-D: ne a(zy, z,) = 2125 +1, b(z,z,) = Z1222 +1

Pro stupne deg, ,deg, Ize, ale jen monickym (unitarnim) polynomem
Okruh hlavnich idealu
1-D  ano-—vidy ma FeSenirce. a(z)x(z)+b(z)y(z)=gcd(a(z),b(z))
2-D  ne-napt 2,X(z,,2,)+2,2(z,2,) =1 uvaipro z,=2,=0)
ale: kdyz vSechny spolec¢né nuly a(z,,z,),b(z,,z,) nulami ¢(z,,2,)
pak ma pro néjaké k reseni rovnice

a(zl’ZZ)X(Zl’ZZ) + b(zl’ZZ) y(zl’ZZ) — Ck (21’22)

* ‘.
*
* *
*  * =i
e wj 79
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e Spis formalita, ale hodi se: polynomy nad okruhem

a(z,2,) = 1+2;+22,+2' +2,2,+2/7, e Rz, 7, |
a(z,,2,) = (1+2)+(2,)2,+(2,) 7 +(2,) 2 + 2} e R[z,][2,]

a(z,2,) = (1+2')+(z+2 +2})2,+ 2 eR[z,][2,]

* Pol. nad télesem - Podobné vilastnosti jako 1-D (Euklid, PID,...)

2
b(z,,z,) 1+ I ]zl+(zz)zf+ L2 jzf+zfeR(zz)[zl]

Z, 1-22; 1+2,-225
1+ ) (z+27+2 1
c(z,2,) = L+ A |2, +| — |z, eR(2)]z,]
1+2z 1+3z, -7 Z,

INVESTICE DO ROZVOJE VZDELAVANI



o & Ukazka pouziti
* Nejprve definice: a(z,z,) = a,(z,)+a,(z,)z,+-a,(2,)z/ €R[z,][z]
* obsah conta(z,z,) = ged(a,(2,),a,(2,).....8,(2,)) e R[2,]

* primitivni faktorizace a(z,,z,) =conta(z,,z,)a(z,z,)

Vypocetgedv R|z,z,]: ged(a(z,z,).b(z,2,))

1. Obsahy a(z,z,) =conta(z,z,)a(z,z,),b(z,2,) =contb(z,z,)b(z,2,)
2. Ajejich gcd d(z,) =(conta,contb)

3. ged primitivnich &astiv  R(z,)[z]: g':gcd( )eR(zz)[z

4. QOdstranit zlomky R(z,)[z]: 9=h(z,)§ eR[z,][z]
5. Najit primitivni cast §zcont(§ g

6. vysledek ged (a(z,,2,),b(2,,2,)) = dg

6.4.2012
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a(zv ZZ)X(Zl’ Zz) + b(z1’ Zz)y(Zv Zz) =1

Resditelnost

* Nesoudélnost a(z;,z,),b(z;,z,) nutna, ale nestaci

e a(z,z,),b(z,2,) nesmi mit zadné spolecné nuly

a(z1’ Zz)X(Zy Zz) + b(21’ Zz)y(zy Zz) — C(Zv Zz)

Resitelnost
. ng(a(Zl’22)’b(21’22))‘c(21’22)

nutné, ale nestaci

« vsechny spole¢né nuly a(z,z,),b(z;,z,) musi byt
nulami c(z,z,), a to se spravnymi nasobnostmi

INVESTICE DO ROZVOJE VZDELAVANI
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Obecné reseni

* Stejné jako v 1-D pripadé
Minimalni reSeni — zvlastni pripad a(z,,2,) = a,(z,)+-
k<m+n-1

b1’2 :bo 2) T bm 2 1m
ng(an(Zz)bm(Zz)):]' ) (Bt )

c(z,,2,) = ¢(2,)+-+¢(2,)7
« Existuje pravé jedno reseni X(z,,Z,) ,Y(z,,2,), ze

deg, X(z;,z,)<m

deg, y(z;,z,) <n

INVESTICE DO ROZVOJE VZDELAVANI



(z,2,)=(0,0)

INVESTICE DO ROZVOJE VZDELAVANI

2,X(2,,2,)+2,¥(z,,2,) =1 —> 0=1 )~(=Z — 25t
1
X=0-zt
(1+2122+z§+zlz§)x+(zz+zlzz)y:1
~ 2+Z7,+1 ~ - X=2+12
X=—"252%-(2,+177,)t t:_i ) L
1-7 1+z, y=-1-2,-22,-172,
. 2+7,+1Z, 5 2\ &
= +(1+z,2,+2,+7,Z; )t
y 1-2, ( 1bp T o T 4 2)
(1-z7,)x+27°y =1 ,
X=1+22 [1—22 22] +nz, 4 =[1 0]
2 B z; 1-1z.,
2
=12,

‘* * ** .
* *
* 4k * 3
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a(z,,2,) = a0(22)+---+an(22)21n, b(z,,2,) = b0(22)+---+bm(Zz)Zlm,C(Zl,Zz) = Cy(Z,) +---+C, (Zz)z1k

a(z,,2,)X(2,,2,) +b(2,, 2,)¥(2, 2,) = ¢(2,, 2,)

k<m+n-1
ged (a, (2,)b, (2,)) =1 XY(2,) =[%(2) - Xoa(Z) ¥o(@) - %4(2,)]
) C(z,) =|(z) ... ¢(z) 0 ... O]
Resitelnost (2 o) _
. v a,(z, .. al(z
aresen az) .. a) .
je ekvivalentni g
rovnici B a(z,) ... a,(z) |
D@ 0y b
XY (z,) S(a,b)=C(z,) WE) e hlR) n
) by(z,) ... b,(z,)] |
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(1+(1+2,) 7+ 2,27 )x+(1+(1+2,) 1)y = 1+2,+7

1<1+2-1,gcd(z,1+2,)=1

1 1+z, 1z,

Resitelnost a
S(ab)(z)=|1 1+z, 0

reseni
je ekvivalentni __O 1 1+z,
rovnici C(z,)=[1+z, 1 0]

XY (z,) S(a,b) =C(z,) XY (z,) = :Xo(zz) ¥o(2Z,) yl(zz)]

XY (z,) = [2+322 +z; -1-27,-7. -2z,- 222]

X(z,,2,)=2+32,+2;, Y(z,2,)=-1-22,-125 —(222 + 222)21

INVESTICE DO ROZVOJE VZDELAVANI



0, 2-D stabilita: diskrétni-diskrétni
o

2-D diskrétni pripad: z,z, jsou zpozdéni

* Oblast stability je vnejsek , jednotkového dvoj-kruhu® \Zl 22\ >1

Z,|>

* Hranice stabilityje |z|=1|z,|2

e \lyznacna (distinguished) hranice je jednotkova dvoj-kruznice
2| =1]|z,|=1

2-D diskrétni pripad: Z;,Z, jsou posuny dopredu

* Oblast stability je vnitrek ,jednotkového dvoj-kruhu“ Z, 2, <1

* Hranice stability je  |z,|=1]z,|<

* a(.,.) jestabilnipolynom <= 1/a(,.) stabilnizlomek=
absolutné sumovatelna
fada/posloupnost

% K
* *
* x
* * |
* ok wj 87
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* 2-Ddiskrétni pfipad: z,,Z, jsou zpozdéni:

Vety: a(z,,z,) jestabilni <=
* Shanks 1:
a(t,t,) =0, v[t|<1lt,|<1

* Shanks 2: a(t, t,) =0t <1lt,|=1

a(t,t,)=0,t|=1]t,|<1

* DalSi obdobné a specialni testy — ale vzdy 2-D charakter
* Pokud jsou z,,z, posuny dopredu, jsou nerovnosti obracene!

RN K hd ‘EHHI[IIy
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* Zlomek (rekurentnirada) p( ) je BIBO stabilni,
a(.,.)

= je absolutné sumovatelna rada
e Zlomek je strukturalnée stabilni

- 1 je BIBO stabilni
a(.,.)
* Nesoudélny zlomek LICD) mav tt
a(.,.) 2
a(t,t,)=0
nepodstatnou singularitu prvniho druhu (= pol) ¢ b(t,,t,) %0
112
a(t1’t2) =0
nepodstatnou singularitu druhého druhu =) b(t,t,)=0
11727

[TTITTT
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1) i
91(21’22) 2_21_22 I: 22i=1(2j (Zl+22):|

(1_ Z1)(1_ 22)

Neni BIBO stabilni ~ 92(%:22)= 27,1,

(1-2)°(1-z,)

Je BIBO stabilni A N
a(zy,z5) # 0 on U? ﬁ BIBO stability
TEdy: a(zy.zz) # 0 on U? ;z BIBO stability
hin £, & BIBO stability
Stabilita hin Lo % BIBO stability
nesoudélného zlomku hin Lo % BIBO stability
zavisi i na Citateli! 0(z2) A0 ou U A hin Lo
|h(zy,z2)| < p < ﬁ hin Lo

RN K hd _EHHI[I]%
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< Stabilita: diskrétni-spojita

* Oblast stability: kruho-polorovina
Véta (Kamen, 1985) - Postacujici podminka BIBO stability

* tj. po dosazeni libovolného 7z =¢!®
je vznikly 1-D (komplexni) polynom stabilni v klasickém spojitém

Spojité-diskrétni 2-D system s nesoudélnym prenosem

b(s,z)
a(s,z)

f(s,z)=
je BIBO stabilni jestlize

a(s,ej“’);éO VseC,weR:Res>0,we[0,27]

smyslu
* neni nutna

6.4.2012
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< Stabilita: spojita-spojita

Oblast stability je komplexni ,dvoj-polorovina“ Res, <0,Res, <0

Hranice stability je Res, =0,Res, <0URes, <0,Res, =0

Vyznacna (distinguished) hranice je imaginarni dvoj-osa

Res =0,Res, =0

Jesté jeden problém: bod (o0,%) lezi na hranici stability

Véta (Rajan at al, 1980):

2-D polynom a(s,,s,) je stabilni (zlomek 1/a(s;,s,) je stabilni)

jestlize a(s,,s,) =0 VRes, >0,Res, >0

Existuji varianty ale Shanks, Huang, ...

Presnéji: nuly v nekonec¢nech nékdy mozné (striktni stabilita)

6.4.2012 Rl ~= .." F@
ST e
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9 & Stabilita kvazipolynou

Pri pouziti 2-D pro systémy s dopravnim zpozdeni b(s,z) Db(s,e™)

je stabilita témeér 1-D problém a(s, ) - a(s.e )

kvazipolynom a(s,e ") nekoneéné mnoho oddélenych koten(

Je stabilni ®® jsou viechny ve stabilni oblasti Res <1

ST~ e —
(3 : B0
By | a(s)_s+1+2e P
L & @ q(s)—s+1+5e
L O 40 p---e- * e AR,
'Y : : : : . = =
| oo o oo - T NN SRR S ey ; ; ;
: : N ; ; : . T 1 S SO R | S— :~ -------- -
S . TR P ..
D .......... b . ....... = g_ il e — L L o
; 5 * : : : ; ; : * ; ;
S S 20 B SR “ __________ o - |
L «®
S o gttt
7 R R e I I 1 s nestabllnl
e I | I I i i e I 1 I i i i
.35 -3 25 2 15 -1 05 i 25 -2 158 ol 05 0 05

* Je-li nestabilni pak: nestabilnich kofent muze byt konecné nebo
nekonecné mnoho

e Zavadime i stabilitu nezavislou na zpozdéni (pro kazdé 7 ): 2-D

6.4.2012
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0 = Spektralni faktorizace
O,
* Ve 2-D neplati Zakladni Véta Algebry
* Nelze ji vyuzit k vypoctu spektralni faktorizace
* Ale: nemusi existovat ani ta faktorizace (polynomialni)
Priklad: Pro
b(z,,2,)=5+7,+2 " +2,+2, =b"(z,,2,)

* neexistuji zadné
X(z,,2,)=a+bz, +cz, +dz,z,

(ani Zadny 2-D polynom vyssich stupnt)
* tak, aby X(z,,2,)% (z,,2,) =b(z,, 2,)
* Ale existuje transcendentni faktorizace (fadou)
 Muzeme ji vzit useknutou jako priblizny spektralni faktor

6.4.2012
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o - Highways: Safety vs. Capacity

* Apparent: as speed and density of vehicles increases,
the likelihood and likely severity of crashes will increase

 One way of avoiding crashes, injuries or fatalities:
no vehicles in motion

* Trade of required

6.4.2012
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o @ Smart Cars

* Drivers responsible for 90% of crashes

* Principal limitation is capabilities of drivers:
abilities to perceive changes,
human speed and precision of response, ...

e Get drivers out of the cars!

 Automated Highway Systems - AHS

6.4.2012




9 & Automated Highway Systems - AHS

* Provide faster and more accurate
response

 Work more consistently: do not get
drunk, fatigue, or emotionally upset

AHS must be able

* To avoid virtually all crashes that could
cause serious injuries/fatalities

* Guarantee no collisions in the absence of malfunctions
* |n the case of malfunction, eventual mild crashes are allowed
* Allowing no crashes at all | not realistic - compare human

6.4.2012
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9 & Rear-End Crash

 Rear-end crashes considered here:
caused by malfunction, that makes
one vehicle decelerate abruptly

* Other possible crashes not considered here:
steering failure producing lane departure o v » » « % « AV

C ra S h e S FIGURE 4. The severity (impact energy) versus relative velocity at impact
)

sudden acceleration of the following vehicle
« NHTSA’s Center for Statistics and Analysis data analysis (Hitchcock):

» Severity of injury/fatality depends on impact speed
= velocity difference between vehicles at time of impact

* Any design should seek to minimize the impact speed

* Threshold moderate/severe injuries is approx. 3 m/s = 10km/h,
also depends on masses of vehicles, occupant restraint, health, ages

6.4.2012
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0, Impact Speed

O

* Impact speed (one lane) depends on: Initial spacing between vehicles, ...

st . . iti ' <
Collision curve Initial gaps between vehicles < 1m
“worst case”: Vi .. <4.5m/s~16km/h
« For larger gaps increases to its maximum
------ _* Then decreases to 0 - follower is able to
e S Smam o gtop (10-100 m)

FIGURE 5. The severity (impact energy) versus initial intervehicle spacing.

No collision conditions:

e Large enough gap: the follower can stop before touching the leader
* No gap at all: the vehicles decelerate in contact with each other

At intermediate spacing:

e Higher collision impact speeds

* Unfortunately advocated for use with autonomous systems

6.4.2012
‘”‘j
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25

, . . . . o
70 seeen (avs) 100 180 km/h

FIGURE 1. Lane capacity of a platoon system under intermediate assumptions (0.7g failure, 0.3g
emergency braking, 0.2-s reaction delay).

INVESTICE DO ROZVOJE VZDELAVANI mopsm.,.EEf i j II




o8

* 1-D formation with small gaps (€ 1m)
(small spacing - low speed differences
— low collision impact speed)

 The longer, the better - higher throughput
* Controlled hierarchically

 whole platoon (the leader)

e carsinside of the platoon o
- . . SARTRE
» Several application projects running, e.g.:
Safe Road Trains for
the Environment

s rﬁj{mumy

O . '

' L]

&7 e
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Advantages (if it works)

e significant increase in highway throughput (at least double)

e greatly reduce highway congestion

* at close spacing aerodynamic drag is significantly reduced

* J|eads to reductions in fuel consumption and exhaust emissions
* increases the safety of highway travel

* reduces driving stress and tedium, provides a very smooth ride

/k

SARTRE

Safe Road Trains for
the Environment

190 o Eflﬁr rﬁj{mumy
.****: .. i “!
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FIGURE2.

32 Y. Yimetal.
lane lone Medon ime
bariee borrier bomier borrier
|
Shaukler Maruolbnes l one w1 lme Moscel ks Sheedder
, A A A A ,
" . T gy ‘ L ; i ”
L T o LI UL i 1 T i
Um RIBVE Y UUn l'ﬂ' M3m i H 34370m H 343m e 340m 3m
[} Gba Obm 03n
03 e st 10 scale

AHS INTEGRATION INTO EXISTING CALI
=

shoulder

FIGURE 1. Typical cross section of shared at-grade concept.

shoulder

overpass

3 manual through lanes

3 manual through lanes P

FIGURE 6. Cross section of dedicated above-grade concept.
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| Video
© =
* Yuki Sugiyama (physicist),

Department of Complex Systems at Nagoya University
e 22 vehicles, v=30km/h, perimeter 230 m
» Reference: go steadily, keep the velocity and spacing

Shockwave traffic jams recreated for first time

0:00/0:40 @
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9
* Qur approach

* Longitudinal control

 Platoon with a leader and
an infinite No. of followers

e All cars are identical LTls

e 2-D object: spatial —temporal

* Discrete in space, continuous in time
* Infinite sequences of time functions

* Impulses, asymptot. vanishing, steps, ramps, ... in space and/or
time

v . J[mumy
* x . '
' L]
*i*ﬁ* Ll

EVROPSKA UNIE b g S

INVESTICE DO ROZVOJE VZDELAVANI



 Zero even negative distances allowed in general, to be avoided by
design (bypassing allowed, indexes are ,,racing car numbers®)

* No communication delays

e Causality

* Oriented as described

* Input-output description (2-D polynomials) - Tools ?

e Eflﬁr - e J[mumy
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e Scalar variaples (positions, velocities,...) described by spatial sequences
of time functions corresponding to the equally indexed vehicles

{F(t,k)}=f(t,0), f(t,1), f(t,2),....,t €[0,0]

 leader driven externally - boundary condition f (t, O),t S [O, oo]
* followers are controlled by the algorithms discussed here

{f(tk)}= f(t,2), f(t,2),...,t €[0,00]
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{x(tk)b=x(t,0),x(t,1),...,t [0, 00]

* support

INVESTICE DO ROZVOJE VZDELAVANI



« Space ramp of time steps « Space ramp of time ramps
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I
o1 A 0O N B O

K
K
K
K
K
-k

;t :
Space ramp of time steps

I
O~ whND - O

~ X X X x X
I

Space ramp of time ramps

** * ** :
* * ..
* *
* 5K A 3
EVROPSKA UNIE b LE
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* Space-time, one-one-sided (uni-uni-lateral)

LZ | (t,1)} = j(if (t,i) j‘“dt:f(s,z)

 Describes the sequence {f (t, k)} =f(t,1), f (t,2),...

l.e. the controlled part of the platoon

« Can be expressed as formal power series in z

f

where

(sz)=f(s)z"+f(s,2)2" +f(s,3)27+

f(s.K) = f, (s)= [ f(tk)e"dt

IS related to k-th vehicle

INVESTICE DO
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Time differentiation
* First derivative

of

121{5}:51:(5’2)“‘0(2), fo(2)=2 f(0,i)z"

 second derivative
o f

[Zl{ e }:szf (s,z)—sfo_ (z)- fo_ (2), fo_ (Z):Z f (0—’i)z—i

e and so on
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Space shift

1t

« Space shift *-
LZ{f(Li-}= 2 (s,2) +27f(s),  fo(s)=] f(t,0)e "t
d

« Combination

LZ{f(tk-1)} =szf (s,2) -5z, (s)-2 7 (2)+2f(07,0)
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c(s,z)

° %
u(s,z) a(s,z)

« General plant Yee (8:2) a(s, 2) b(s, 2) y(s,2)

i p(s, 2) . a(s,z) .

« General controller (error actuated)

b(s, 2) u(s, z)+ c(s, 2)

a(s,z) a(s,z)

y(s,2)=

u(s,z)= 9(s.2)

p(s,2)

* Closed-loop characteristic (2-D) polynomial

a(s,z)p(s,z)+b(s,z)q(s,z)=m(s,z)

(Ve (5:2)-y(s.2))+

INVESTICE DO ROZVOJE VZDELAVANI
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* Closed-loop transfer functions

b(s,z)q(s,2)
m(s,z) " m

i(s. 7 a(s,z)q(s,z) a
(5:2) m(s,z) "

y(s,2)=

Il
<<
—~
v
N
S~
+

o(s,2) a(s,z)p(s z)

I
<<
—~
wm
N
~
I

m(s,z) AT m(s,z2) m(s,z)




Theorem: Sufficient BIBO stability conditions (Kamen, 1985)

A spatially distributed 2-D system with a coprime transfer

(Eire

is BIBO stable if

a(s,e!)=0 VseC,weR:Res20,we[0,27]

Not necessary?
Nonessential singularities of second kind at the stability boundary?
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~
S~
Il
~
S~

<[

te[Ocn)k 1,2,...
K(s:2)=—u(s.2)+ %, (2)+ %, (2)

>
—_—~
<
>~
S~
Il
X X X
S 9
—~
—
~ X

>
~~
.o
o
~
Il

r(s.z)=(z"-1)x(s,2)+27%,(s)

r(s2) =2 u(s.2)+ Lt (2 E R (2) 02 ()
b
R

y(s,z)=r(s,z),

c(s,2) =ms(z* -1

X, (z)+m(z7t=1)%, (2)+ms’z 7%, (s)

a(s,z) =ms?, b(s,z)=z"-1
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y(s,z)=r(s,z), a(s,z) =ms?,
c(s,2)=ms(z ™ -1)x_(z)+m(z* -1)%

 Controller

_q(s) r —r(s,z +d(s,z)

( )_ (S)(ref( ) (’ )) p(S)
a(s.2) S,Z S, Z ++d(s,z)
0(.2) =2 (e (82)-y(s2)

e CL characteristic polynomial
a(s,z)p(s,z)+b(s,z)q(s,z)=m(s,z)

ms’p(s)+(z*-1)q(s)=m,(s,z)

b(s,z2)=z"-1

(z)+ms’z7%, (s)

2-D unstable!
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(z*-1)
m, (s,2)

et (S,2)—

ms®p(s)
m, (s,2)
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 Initial conditions: the platoon is travelling with vehicles

evenly spaced at the same speed
-1 -1
Z : V4 :
X (2)=- r xO_(z)zl_Z_1 X

ey

« Boundary condition: follow the leader moving as % ($)

» Reference: keep the same spacing

7t 2t 1
Fer (8:2) = 1_ 71 Fyes (8) = 1_7'g fo-

* (Each local) controller initially at a complete rest  d(s,z)=0

RN K hd ‘EHHI[IIy
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XS

\_ [

g 80 Tnfz(i(z? (82)" "(En”‘(()” % (2
g _p(srmszl)—l)xo(z) pfnsr)(r:i;lxo(s)
B g
. R ety
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» Space series of two types m, (s.z)=ms*p(s)+(z"-1)q(s)
2™ _ Z_l_ = mrll(s)+z_1mr,2(s)
m.(s,z) m,(s)+z7m,,(s) (5)- 1 1
_ 1 27 )= m.,(s) ms®p(s)-q(s)
mr,l(s) 1_(_mr,2/m 1)2 1 h(S) _ mr,l(s) _ q(s)
_g(s) z" mo(s)  ms*p(s)-a(s)
1—h(S)Z_1 i1 h —1
=g(s)(z'+hz?+h?z %+ ) h(s)zghk(s)zj
2 L (s 2 ' 1 “m,,(s)) —m/,
m.(s,z)1-z" =90 h(s)z*1-z" :_(m(o sjizrl(s))m(il)(s)
=g(s)(zt+hz?+h?z %+ (L2t 4274204 |
=g(s)(z‘1+[l+h (s)]z%+[1+ h(s)+h2(s)]z‘3+---)
= g(s)(ﬁl(s)z‘1+ﬁz(s)z‘2+---)
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* At the beginning, the platoon is travelling
at a constant speed with vehicles evenly spaced

xo_(z):—r_ z -

=100
NS )
I

Xo— (Z)_ (1_ 2_1) 0 (1_ Z_l)

2 100 z*

%o [m]

r

ref (S’ Z) = (1_ 2-1) Yaes (S) S (1_ 2-1)

|t should follow the leader
that slows down for a while

0 L L L 1 L 1 L 1 1
0 5 10 15 20 25 30 35 40 45 50
t[s]

30 10 ., 10 « programed via Pade
(5= e e
th ; 906) _ _g2-s
* System with m=1 and a PD controller o(s)

: o Iﬂ . J[mumy
= Eflﬁr Ty
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positions (30 cars)

distances

. L

EVROPSKA UNIE i
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n




x [m]

6000

4000

2000

-4000

-6000

-8000

distances

1000
800
600
/ 400
_—
é’%g / _ 200
= / z
> o
= 2200
=
—
-400
-600
0 50 100 150 -8000 0 100 o
t[s]
t[s]

« Slinky effect, string instability

* No reason traffic jams, traffic jam ghosts
« Green light delays

« Detected by 2-D instability

* %
* *
* *
* *

* 4o
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29000909y,

0.5

-0.5

( 3
%eseee® | Togse?

*oaveseee

-1.5

INVESTICE DO ROZVOJE VZDELAVANI

-0.5

=ms’ +(z2*-1)(-0.2-5)

=(ms?® +s+ 0.2) +27(-0.2-5)

max {Rer(w)}=0.1050

w€e[0,27]

‘* * ** .
* x ..
* *
* 4k * 3
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r(s,z)=---+p(s)ms’ L X, ()

e n| ;1.13'
=gXO(S)(s)(z‘lJrhz‘z+h22‘3+---)x0(s) -
=1,(S)z" +1,(S)z° +--- ngo(s)h L _ngo(s) Oo o

r(3) =0y ()N ()% (5). k =1,2,... ngo(s) =1
05 () =Ms*g(8) = — ne' s 0, =0.63

h(s)=- :11:23 T ms? p(gs()szq (s) ] O.Sf;ssz | HgXO(S) (5)P'(s)
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Magnitude {dB)

10°
Frequency (radis)

Bode Diagram

Magniude (dB)

Frequency (radis)

INVESTICE DO ROZVOJE VZDEL

s s s

AVANI

-

*
* g

EVROPSKA UNIE i




ol

« What can be done by local dynamics design?

ms? 52

r(s)= () (s)h*(s)x(s). k=12,... 99 ()5 ms*p(s)-a(s) T 02+s+8
. h(s) = q(s) _ 02+s
« Under our conditions ||h(s)|| 51 ms’p(s)—q(s) 0.2+s+s’’

« Under other conditions? Probably cannot be improved — Bode?

* Improvements in ?

* Improvements - ] .
gxo(s)(s)h (s) B =7 - ’; T

« What if the cars are different? It can help!

||h'||w o hh, . hL

N1 RN ﬂ{mu[lly
= Eflﬁr Ty
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X k):%”(t’k) te[0,00),k=12,... i(gtgjgg
w(t,k)=x(t,0)—x(t,k) X(t,0) =, (t)
x(s,z>=§u<s,z>+§xo(z)+3%x°o(z)

w(s,z):lzz_lxo(s)—x(s,z)s
w(s2)=— ST u(s2) ~ 0 (), () n()
o B

y(s,2)=w(s,z), a(s,z)=ms*(1-z"), b(s,z)=z"-1
c(s,z) =ms(z ™ =1)x (z)+m(z*-1)%_(z)+ms’z7x,(s)
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* Relates distance to the leader with inter-vehicular spacing
k
w(t,k)=> r(it)
i=1
w(s,z)= L r(s z)
(1-27)

 Holds for real distances as well as for reference distances
e Equal distances
W, (t, k) =kr_ (t)

-1

W (S,2)= ‘ T (S)
o)
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« Plant y(s,z)=w(s,z), a(s,z):msz(l—z‘l), b(s,z)=z1-1

c(s,z2) = ms(z‘1 —1) X, (2)+ m(z‘1 —1) X, (Z)+ms“z7%,(s)

« Controller
_qs)W S,2)—W(s,z +d(s,z)

U(S Z)_w( ref( ’ ) ( ’ )) p(s) p(s’z): p(s)

u(s,z _a(s:2) S,2)—-Y(S,2 +d(s,z) 4(5.2)=a(s)
) p(s’.z)(yref(’ ) /e7) P(s.2) Coprimeness of
« CL characteristic polynomial the transfer function
a(s,z)p(s,z)+b(s,z)q(s,z)=m(s,z) tested
(1-27)ms*p(s)=(1-2")a(s) =m(s,2) =(1-2")m(s) | 2.p ynstable
ms’p(s)—q(s)=m(s) 2-D stable!
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0, CL after cancellation

O

w(s,z —M S,Z2)———0(s,z _p(s)msx Z _p(s)mx Z _p(s)m52 2" X, (S

( ) rﬁ(s) ref( ) m(s)d( ) m(S) 0 ( ) rﬁ(s) o*( ) m(S (2—1_1) 0( )
u(s,z :mszq(s) 5,2 ms* S, Z +q(s)msx Z +q(s)mx z +q L X, (S

( ) m(s) ref( ) m<8)d< ) rﬁ(s) o() rﬁ(s) 0 () m(s) (2_1_1) 0()
0 (5.2)=T POy (6 2yt (s,) LIS, () RO oy POIMS 2
W(’ ) m(s) ref( ) m(s)d( : ) m(s) o—( ) m(s) o—( ) n—,](s) (21_1) 0( )
* External signals with each spatial term influencing only car with the same

index (the influence is direct and not via predecessors)

W (S,2),%(2), % (2),d(s,2)

* The leader’s position influences evenly all followers: the influence is direct
(not via predecessors), distributed through spatial step

% (s)

 The task is split into independent sub tasks, no spatial wave is expected

AR o e [
OPSKA UNIE il
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positions

between cars

1500

200

x[m]
1
8
o

E 120

-1500

: 100

~2000 - T TN, s 1
. : : : : : : 80

ﬁ E : E ; E ; : ; 60

180

160}

140

distances

T T I T T
| L L 1 | L L 1 |

5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 5(

t [s]

*

* %

IIIIIiiiII * {JJHHI]y
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e PFC + Constant time-headway policy M (6K) =T (K) +Tv(t k)

and after the transform rogt

rref (S’ Z) = ;1_ 7

-+ TsX(s,2)-Tx_(2)

« The error

e(t,k)=r,

ref

_ _ _k z
e(s,z)=ry(s,2)-r(s,2) 1,
« Hence the platoon can be described as

>‘<‘(t,k)=%U(t,k) te[0,0),k=12,...

y(tk)=x(t,k-1)—x(t,k)-T%(t,k)

(t,k)—r(t k) ="+t k)+x(t,k)—x(t,k -1)

-y (t,k)
+T5x(s,2)-Tx_(2)-r(s,z)

-1

1
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* Using controller p(s)u(s,z)=q(s)e(s,z)

 Yyields CL characteristic polynomial
a(s,z)p(s,z)+b(s,z)q(s,z)=m(s,z)
ms®p(s)+(z*-Fs-1)q(s)=m(s,z)

« whichis 2-D unstable as
m(s,1)=ms*p(s)-Tsq(s)=s(msp(s)-Tq(s))

IS unstable regardless of the local controller applied

N1 RN ﬂ{mu[lly
= Eflﬁr Ty
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e T w2 G
oA e

COLEL U N CT LIS
o) g e ey (- R S
e(s12)= nr:(:(zs;)ljz e p(S)mm(Ss(,Z)l_l) * (2)- p(S)mm((Z: z_)rs_l) % (2)-* ;)(?Szz)z 15
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r z m(s,z)=ms’p(s)+(z " -Ts-1)q(s)
m(s,z) g(S)l—h(S)Z‘1 —ms?p(s)—(Fs+1)q(s)+ 2 q(s)
=g(s)(z +hz?+h’z°+-) =my(s)+2z7'm,(s)
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the same experiment conditions, the same local PD controller

but policy parameters instead of “reference”

[T |}

9.

=1

r

70

I,

position

0

distance

3000

p——
—
t S 8 8 & S ®
— — — _“ CH__ .
//ﬂ/ // // m
/// //,
//W/ // //

2000

1000

[w]

o
1

100

80

60

40

20

t [s]

* X
* *
* *
* *
* 4
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_ 055
ms’p(s)+(z*-Ts-1)q(s) 0.1+0.6s+s*’

n(s) - q(s) ~ 0.1+0.5s

ms® p(s)+(z‘1 ~T5 —1)q(s)  0.1+0.65+5%"

| =1.06

9.4, =05
9., =03
o, | =027
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 roots on the 2-D stability boundary

0.6 r i
.-.-“‘QQ Q0.0.._._.L
o®
0.4 o
f’
5l 4
0.2 g‘ .
$ ‘
: .
H
.
-y .
: 3
-0.2 ; e
. .
., &
..._ o
-0.4 %o, o’
., .Q‘
*oq S
00000000
-0.6
0.8 ' ' ' '
-1 -0.8 -0.6 -0.4 -0.2 0 0.2

0.4

)
m(s,z)=ms’*p(s)+(z*-Ts-1)q(s)=
=ms® +(z " -s-1)(-0.2-5)
=(2s° +1.25+0.2)+ 2*(-0.2-s)

max {Rer(w)}=0.027

we[0,27]

‘* * ** .
* x ..
* *
* 4k * 3
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 roots on the 2-D stability boundary

-1-5

0.8 caﬁ“"“uaﬁl""-‘thuh ( )
0.6 MQ‘!.. ( ) () (Z_l—FS—l)q(S):

i
- : =5 +(z -s-1)(-1-5)
0.2 :.

0 ‘:} £ =(2s" +2s+1)+ 2 (-1-5)

0.2 o E: Z—1 =e_j“’,a)e[0, 272_]
0.4 :

Q.é‘
-0.6 “e
-0.8 "tu.“““““ "M‘.ﬂ!,_ .

" wre?%r]{Rer(a))} =0.020
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« the same experiment conditions, local PD controller
 but policy parameterst, =70,T =1 q(s)/p(s) =—1-4s

position (200 cars) distance
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r(s)= 0, s) (s)h“?(s)%,(s),k=12,... I, =1.04
ms* 0.2s°

o (8) = mszp(s)+(z‘1 —Fs—l)q(s) - 0.2+45+52 ngo(s) =02

h(s):_ q(s) _ 0.2+ 0.8s HgXo(S)h =01

ms’p(s)+(z"-Ts-1)q(s) 02+s+s’ g, o1 =078

1.2 P 1.1 : I o 3 3 [

e S —— 09 : ‘g hloog N ||h||oo

0.8_*-7._7!\ %o(s) o ‘\\
’ iy AN
s P AN
. b /i \

- i 0'3// § \l ‘gxo(S) » \\
1 . * s —

% ’ 2&) ° 4?0 * (IO 800 1000 1200 10" FrengO(s)h 00100
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* roots on the 2-D stability boundary
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« the same experiment conditions and policy parameters

cg(s) /p(s) =—1-100s

 local PD controller
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 roots on the 2-D stability boundary
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* All controllers so far: local nature, space independent

usz=mesz=®esz
(52) =3 eaye(s2)=Tre(s.2)

e Consider again the predecessor following strategy
* But now with spatial IIR controller

u, (s)-u s=®e S
(5)-b ()= T 5 ()

uis,zZ)= Q(S) e\s,z)+ z U, (S
(52)= s e (9

* New technical problem: controller boundary condition
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o & Spatial IR controller

« Several possibilities to handle the controller boundary conditions

« For example, suppose that the leader is controlled by
“locally the same” feedback controller

Uy () :%(xaref (s)-%(s))

« Then, the results are almost the same as for

the leader following control
e Somewhat surprising?

« Can other spatially distributed controller help?
« At least we can study it using this approach

6.4.2012
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Conclusions
® =

« More realistic approach, (hopefully) unified approach

* Incorporates all initial/boundary condition and references
« Better understanding of known phenomena

« Connecting different areas

 New phenomena and their understanding

Future research:

Other policies

« MIMO Controllers (velocity feedback): needs MIMO framework
« More complex spatial controllers?

More dimensions

« 2-D formations, 3-D formations

Other systems

« Consensus, UAVs, UGVs, ...

6.4.2012
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0 = Experiments and videos

Several BSc and MSc theses:
* Lego cars ‘

* slot cars

6.4.2012
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Partners for Advanced Transportation TecHnology

ITSBerkeley

Institute of Transportation Studies

Home Research People Publications Videos Mews & Events About PATH Directions

California PATH Research Programs

Traffic Operations Research

field.

T ion Safety h

Continues to extend traditional areas of
competency at PATH, mainly in vehicle-highway
cooperation and communication, and "science of
driving” investigations on driving behavior.

Modal Applications Research

Investigates new concepts, methods, and
technologies for innovating, enhancing and
improving transit solutions.

) ITSBerkeley &6

Focuses on advancing the state-of-the-art in traffic
management and traveler information systems, and
producing results that can be implemented in the

About California PATH

Established in 1986, Partners for  Adwanced
Transportation TecHnology (PATH) is administered by the
Institute of Transportation Studies (ITS) at the University
of California, Berkeley, in collaboration with Caltrans.
PATH is a multi-disciplinary program with staff, faculty,
and students from universities statewide, and
cooperative projects with private industry, state and
local agencies, and non-profit institutions.

News and Events

The National Transit Institute is
pleased to announce the availability
of its newly developed two-day
course, Integrating Transit
Applications: Defining Data
Interfaces Using TCIP. The delivery of this course will be
held June 21-22, 2011, Richmond, CA. The course is being
hosted by the University of California at Berkeley. Click
here for more information and registration.

PATH and CCIT Merge Centers.

AT T The California Center for Innovative
Transportation (CCIT) has merged

= .. with the California Partners for

[ Advanced Transit and Highways

(PATH).

The merge has been in the planning
stages for many months and is effective January 18, 2011,
with the opening of the spring semester. "The PATH-CCIT
union is a positive and exciting development far the twa
merging centers and for ITS Berkeley as 3 research
organization,” said Thomas West, CCIT's director for the
past four years, and the co-director, along with Professor
Roberto Horowitz, of the newly merged center. Read the
full story.

MNew PATH2Go Transit Application
[ Volunteers wanted to participate in
new pilot project by researchers at
&260. California PATH to test smartphone

app.
* %
* *
* *
* *
* 4
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Publications

robotiker)‘

tecnalia

The SARTRE Project
Safe Road Trains for the Environment, funded by the European Commission
under the F k7 p aims to devel i hnologie

p str an

to allow vehicle platoons to operate on normal public highways with significant
environmental, safety and comfort benefits.

Sartre is led by Ricardo UK Ltd and comprimises a collaboration between the
following additional participating companies: Idiada and Robotiker-Tecnalia of Spain,
Institut for Kraftfahrwesen Aachen (IKA) of Germany, SP Technical Research Institute
of Sweden, Volvo Car Corporation and Volvo Technology of Sweden.

SARTRE Project
Financed by EU FP7

Play animation » click on the picture

The project aims to encourage a step change in personal transport usage by
developing of environmental roadtrains called platoons.

Systems will be developed facilitating the safe adoption of road trains on un-modified
public highways with interaction with other traffic.

A scheme will be developed whereby a lead vehicle with a professional driver will
take responsibility for a platoon. Following vehicles will enter a semi-autonomous
control mode that allows the driver of the following vehicle to do other things that
would normally be prohibited for reasons of safety; for example, operate a phone,

reading a book or watching a movie.

Workplan

Read about the projects
timeplan and workpackages.
» Read more...

Articles Archive
Read about SARTRE in
» Read more.., Medi.

Press

If you are a member of the
press, this is were you can
find pressrelases and other
refated material about

» Read more... SARTRE.

s s s
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SARTRE Road trains - tests with
several vehicles in high speed
Video describing the current project
phase in SARTRE.

» Read more...

» Read more... » '
[18/05/2011]

Image gallery released
» Read more...

[17/01/2011]

Press release: First demonstration
of SARTRE vehicle platooning
Platooning may be the new way of
traveling on motorways in as little as
ten years time — and the EU-financed
SARTRE project has carried out the
first successful demonstration of its
technology at the Volvo Proving
Ground close to Gothenburg, Sweden.
» Read more...
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