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Motivations: Power-train control

<+ Power-train control was formulated as a hybrid control problem:
A Cut-off control [Automatica, 1995]
AFast force transient [CDC, 1998]

< Control algorithms require full state feedback

< |tis not economically feasible or even possible to measure the
complete state of the system.

¢ HENCE ...we need a hybrid observer!
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Previous Results on Observer Design

< Continuous Systems
A Luenberger [TAC 1971]: Introduction to observers
A Kalman [ASME 1960]: Optimal disturbance rejection observers
A Liberzon Hespanha Morse [CDC 1999]: Stability of switched systems

¢ Discrete Systems
A Ramadge [CDC 1986]: Current-state observability
A Caines et al. [CDC 1988]: Current-state tree
A Ozveren and Willsky [TAC 1989]: Observability with a delay

¢ Hybrid Systems

A Ackerson and Fu [TAC 1970], Alessandri and Coletta [HSCC 2001]: Assuming
location knowledge

A Mosterman and Biswas [HSCC 1999]: Model abstractions
A Morari [TAC 2000]: Hybrid observers
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FSM Observability
* AnFSM (alive) D = (Q, %, V¥, ¢, 0,1n)

qk+1) € @(qk),o(k+1))
o(k+1) € ¢(q(k))
P(k+1) n(q(k),o(k+1),q(k+1))

M

# is said to be current-state observable if there exists an integer K
such that

A for any unknown initial state ¢(0) and
4 for any input sequence o (k)

the state ¢(7) can be determined for every i> K from the observation
sequence (k) up to i.
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Observers for FSMs
o (k) Y (k)
——| FSM ”
k q(k)
a(®) Obs —

# Given an FSM, an observeris O = (Qo, X0, Yo, vo, o, o)
with Qo € 29, S =¥, ¥y = Qv and 7o = Yo

ik +1) = wo(qk),v(k+1))
plk+1) € olalk)
v(k+1) = pol(qk),vk+1))=qk+1)
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Example

— 1 FSM [— — Obs [—

N

a
0

observer FSVI
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Theorem: An alive FSM is current-state observable iff there exists a
nonempty subset £, of singletons in the observer FSM such that

A E, is invariant

A all cycles are contained in £,

Q N Q,is not invariant

Project IST-2001-33520: CC - Computation and Control PARADES Ascona, 30-31/10/02 g




Algorithm for Current-state Observability

BEGIN
IF (So =)V (Co € Sp) THEN
D is not current-state observable
RETURN
END IF
E‘_'! = Sc)
WHILE {_P1‘L~.{F¢;) NEo #0)
Eo=FEpo \l:'l'L‘.f_Fc)}
END WHILE
IF Cp C Ep THEN
D is current-state observable
ELSE
D is not current—state observable
END IF
END

< Denote by

A S, the subset of singletons

A C,, the subset of states in cycles

A I, asubset of singletons

The algorithm

¢ computes of the maximal set of
singletons that is invariant

# tests if contains all the cycles
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Examples of Current State Observable FSMs
- _ - . current-state obser.
| I ‘\.\ o R \} ¢ .." ", ,
AP TG A E)
fa | ) b Y -
ml " /_.-- l S e e AC,={{3L{4}
7RI g (22— P SN ) A B, ={{3}, {4}
~— o e E, iscontained in C
plant FSM observer FSV o 0
N N SN d ST e TN hotcurrent-state obser.
(1) () ;)= (1234 ) - 3 )
AN A R A BN S e R R R O
wl o) o | Va bl a e e v
w ] \ | 7 l A NN E YT
V- / e = ""‘e\; N ,-",- -\\
(2 ——(3) ) A B={{3{4)
plant FSM observer FSM E,,isNOT contained in C,,
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Examples of Current State Observable FSMs

S, 1234 ol 5 not current-state obser.
ol | A A 5,={{21.{3}}
W WV b h a a ¢ C 3 4 24
ooy ] A Co={{3},{4}.{24}}
- e | I a N ¥
2 om0 Y ~ 3 A ,={}
< e ~— . o
plant FSM observer FSM C isnot contained in 5,
N e b current-state obser. with
UL j,:* — ’j"” ”—"h’,_: inputs measurement
\. g a {
00| o0 [ s | i a |u, A S, = {21{31.{4}}
1 r;fm . ﬁ,_i 04 «\ _

'/ )L. 0/0,h_ Y 3 } |\ 2 ):" 0b ‘_[' 3 .l A (’() {{2} {3} {4}}
S e T TSl A B,={{Z}.{3}{4}}
plant FSI\/I observer FSM E, iscontained in C,,
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Switching Observers for LTI Systems

z(t) = A, z(t) + B;u(t)
y(t) = Cz(t)

] —
Y Y

A,
\4

B(t) = (A,-G,C,) #(t) + Byu(t) + Gyt) [

The switching observer is globally exponentially stable, if

# either the Lie algebra {F,=A, - G, C,} is solvable
A pairwise commuting => nilpotent = solvable Lie algebra

logc, . -
< or there is a dwell time 7 > bllp{ 08 G } where [ < ¢ e

peEF fp
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State Observation of Hybrid Systems

o (k) A (k)
Plant Hybrid >
w(t Model u(t
() > qlk), =(1) > y(t)

H=(QE Y, 000X UQY fhr)

¢k+1) € ¢(q(k),o(k+1))
a(k+1) € o(q(k),z(ti,,), ultiy,))
vk+1) € nlglk),o(k+1),q(k+1))

I(t) flge, (), w(t), w(t)) = A; x(t) + B; u(t) +w(t)
y(t) = hg o) = G x(t)

a(ty) = w(tf) = r(g, ¢, (ty)) = Ry; «(t;) + R
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Hybrid Observer Scheme

o (k) - ¥ (k)
Plant Hybrid >
U ([/) Model y(t)
> qlk), z(t) >

N Location
Observer

\4

Continuous |
Observer

\4
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Specification: Exponential Ultimate Boundedness

< A hybrid observer is said to be exponentially ultimately bounded
if there exist a positive integer K and constantsc¢ > 1, u > 0

and b > 0, such that
g(k) = q(k) vk > K,
1Z(t) —z(t)]] < c||lEtx) — (k)] e +b Vit > tg.
for any hybrid initial state and plant inputs.

# uis the rate of convergence
¢ bis the ultimate bound
< if b = 0, the observer is said to be exponentially convergent.
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Location Observer Design for Hybrid Plants

1/b ™ T T e 7N
!' |—"1 4 ) —{ 1,234 /= 2
S P k ~— , ‘
\__ /(J| 'l \w.\ (." I \
b O~ l }M) h la ! ¢
X 0/ —
e , ~ \‘fj Yy /___,!‘__\. B (J’_ \‘/ ~
(2 e {3) (247 3
—N- e -~ o N T
plant FSM observer FSM

# The plant is not current-state observable: 1, is empty .

& Current state observability can be achieved if the difference between the CT
dynamics in 2 and 4 can be identified
A some additional discrete outputs can be obtained from the CT evolution
 Signatures are used to detect the CT dynamic parameters
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Location Observer: Exploiting CT Plant Evolution

observer FSM

Processing of continuous plant signals cannot be done in zero time. Assume that

+ the signature corresponding to the current location of the hybrid plant becomes
true before the next transition of the hybrid plant

< all the other signatures (if any) associated to the outgoing arcs of the current
observer location remain false
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Location Observer Scheme

# Signature Generation is similar to the Failure Detection and
Identification problem:

< “Iis the system obeying some given dynamics ? ”

Augmented

FSM
Observer
Decision
Function

‘/‘wj
Location Observer

[Massoumnia, Verghese, Willsky, TAC 1989]
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Residual Generator and Decision Function

Residual generator: Zi(t) = (A — L;jC))z(t) + Bjult) + L;y(t)
7;(t) Cizi(t) — y(t)

- . true i 17O < =
Decision function: rilty=4 7" il (Ol < -
false if ||75(¢)]] > ¢

Proposition 10 For a given A > 0, ¢ > 0 and a given upper bound Zy on |lv — z|, if the

estimator gains L; in (23) are chosen such that A; — L,C; have distinet eigenvalues and

ald—LC) _ Vullc W

(26)
k(A — LiCy) ¥
1 k(A Lr(‘r}‘l(’fIZJ . -
= 5 log = - , < A 27)
alde = L) ¢ + VRIICH BApEa W

then ry becomes true before a time A elapses after o change in the plant dynamics parameters to
the values (A;, By, C3). and it remains true till the nect transition of the hybrid plant.

Proposition 11 Let mo= p, if the matriv (C; — C)b; + Ci(By — By) is invertible, with ¢ £ J,
then for any hybrid plant initiel condition, the cdoss of plant inputs w(t) thaet achieve r;(t) = true

Jor @l t = ', with t <t + A, ofter o change in the plant dynamics perometers to (A, Bi, Ci) ot
some time ty 15 net empty.
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Continuous Observer for Hybrid Plants

¢ A bank of Luenberger’s observers with resets and
switchings controlled by the identified plant location

= (A,-GC)T + Byu+ G,y

i= (A -GC)T + Bju+ Gy T = (A - GyC) T + Byu + Gy
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Continuous Observer: Exploiting Discrete Plant
Evolution

< Consider an event & that can be instantaneously identified
A location transition identified without signature
A invertibility of (k) € (g, o, ¢;).

< |f the system below admits unique solution

Ciz = y(t;)
> e ol ults)

then the continuous state can be instantaneously identified.

# For linear guards D;;= + £ = 0 , we have [ Dij ] x = { ~ iy ]
Ci Y (t;; )
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Hybrid Observer
& FSM: Location observer
¢ CT: Continuous observer

ity = 0 if§ €Qo\ Eo

E(t) = (A= GiCy) &(t) + Bau(t) + Gay(t)  if ¢ = {¢:} € Eo

i‘(_f'-\x_) = Rfj i.(g‘ﬁ—:) + R:}z_ A for CSinstantaneous identification
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Plant + Observer Hybrid System

E(t) = Ayx(t) + Biu(t) +w(t) ifg=yg
{ () = Fig(t) —w(t) if = {¢}
C(t) = Fi¢(t) +vylt) — w(t) if ¢ # {a:}

vilt) = [(Aj = A3) = G(Cs = C)lz(t) + (B; — Bult)  Fj = Ay — G,;C;

A plant transition
w(ty) = x(t)) = RJL-,- x(ty) + R?,- (@ {ae}) = (g, {ae))

Ctw) = C(t) =¢(ty) — Ry + [I — Ry «(ty)

A observer transition
ClE) = C(E) = RY; CE7) + RY — [ — RY] w(iv) (g {a;}) = (ae. {a:})

A plant and observer transition
(45, {'1’;‘}) = (g, {@:})

wlty) = a(tf) = Rj; x(ty) + R,
() =¢(t)) = R5; ¢(ty)  or  C(t) =0
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Main Result

Theorem 12 Given a hybrid system Hp az in ({0-16) that is currentlocation observable via
signatures, with dwell time D and such that matrices A; in (13} have distinct cigenvalues for cach
i such that {g;) € Eo, if for cuch {q;} € Eo there cxists a guin matric G; such that

1. A — G0 has distinet eigenvalues;

2. the location observer identifics o change i the hybrad system location within tme A with
0< A<D;

max{0, loglr! k(A; — GiCy)]

3oald = GGy 4 DA < —p=l
where .'"1 = max |R11.r I then the hybrid ebscrver Ho s exponentially witimately bounded with
qpefleachin)

rate of convergence .

In the case of absence of disturbances and continuous state rescts, any desired value for the
wltimate bound can be achicved by choosing A small envugh. Otherwise, the witimate bound connot
be lower than o minimum threshold value,

[lw(t)loo = max sup |w(t)] < W
i=Len 150
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Exponential Ultimate Boundedness

Convergence during the
interval D-A has to
Not smaller than D overcome divergence
‘ i during the interval A and

:overshoots
Not greater
ithan A

Lo}
Il

i Desired exponential
convergence

q%rj

tk
Plantloc. change  Plantloc. change Plantloc. change

| Observer loc. | | Observer loc. | | Observer loc. |
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Engine Control Application

[y o) Vi = —ay)

(g 2 o)V (ry < —az)

& = Ao+ B
vy = Cr

e

-
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Simulation Results

.
|
b= | /\/\/\/\/\/\/\/\ i
a.(t) I\
|
3 s f

q(t) _L | | -
qlt) | I | | I |
q(t) XORg(t) | . | | I | V
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Conclusions

< A design methodology for hybrid observers has been proposed

< This methodology has been recently extended to hybrid plant with
subject to continuous state disturbances
< Techniques exploiting information associated to discrete transitions
detection has been investigated in order to
A improve continuous state convergence
A estimate unobservable continuous state components at transition times
< Simulation results for automotive driveline estimation have been
obtained.
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