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�� PowerPower--train control was formulated as a hybrid control problem:train control was formulated as a hybrid control problem:

��CutCut--off control [off control [AutomaticaAutomatica, 1995], 1995]

��Fast force transient [CDC, 1998]Fast force transient [CDC, 1998]

�� Control algorithms require full state feedbackControl algorithms require full state feedback

�� It is not economically feasible or even possible to measure the It is not economically feasible or even possible to measure the 

complete state of the system.complete state of the system.

�� HENCE …we need a hybrid observer!HENCE …we need a hybrid observer!
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�� Continuous SystemsContinuous Systems
�� LuenbergerLuenberger [[TACTAC 1971]: Introduction to observers1971]: Introduction to observers
�� KalmanKalman [[ASMEASME 1960]: Optimal disturbance rejection observers1960]: Optimal disturbance rejection observers
�� LiberzonLiberzon HespanhaHespanha Morse [CDC 1999]: Stability of switched systemsMorse [CDC 1999]: Stability of switched systems

�� Discrete SystemsDiscrete Systems
�� RamadgeRamadge [CDC 1986]: Current[CDC 1986]: Current--state state observabilityobservability
�� CainesCaines et al. [CDC 1988]: Currentet al. [CDC 1988]: Current--state treestate tree
�� OzverenOzveren and and WillskyWillsky [[TACTAC 1989]: 1989]: ObservabilityObservability with a delaywith a delay

�� Hybrid SystemsHybrid Systems
�� Ackerson and Fu [Ackerson and Fu [TACTAC 1970], 1970], AlessandriAlessandri and and ColettaColetta [[HSCCHSCC 2001]: Assuming 2001]: Assuming 

location knowledgelocation knowledge
�� MostermanMosterman and and BiswasBiswas [[HSCCHSCC 1999]: Model abstractions1999]: Model abstractions
�� MorariMorari [[TACTAC 2000]: Hybrid observers2000]: Hybrid observers
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�� An An FSMFSM (alive)(alive)

�� is said to be is said to be currentcurrent--state observablestate observable if there exists anif there exists an integer integer �
such thatsuch that
�� for any unknown initial state for any unknown initial state ���� andand

�� for any input sequence for any input sequence ����

the state the state ���� can be determined for every can be determined for every ��� from the observation from the observation 
sequence sequence ���� up to up to �. . 
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FSMFSM

����
ObsObs

~
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�� Given anGiven an FSMFSM, an observer is, an observer is

with                                                            with                                                            andand
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plant FSM observer FSM
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TheoremTheorem: An alive : An alive FSMFSM is is currentcurrent--state observablestate observable iffiff there exists a there exists a 
nonempty subset nonempty subset �

� of singletons in the observer of singletons in the observer FSMFSM such that such that 

��
� is invariantis invariant

�� all cycles are contained in all cycles are contained in �
�

�� �� ��
��
is is invariantinvariant�� �� ��

��
is not is not invariantinvariant
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�� Denote byDenote by

� �
� the subset the subset of singletonsof singletons

� �
� the subset the subset of of states in cycles  states in cycles  

� �
� a subset a subset of singletonsof singletons

The algorithmThe algorithm

�� computes of the maximal set ofcomputes of the maximal set of
singletons that is invariantsingletons that is invariant

�� tests if contains all the cyclestests if contains all the cycles
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current-state obser.

� �
�

= { {= { {22}, {}, {33},{},{44} }} }

� �
�

= { {= { {33}, {}, {44} }} }

� �
�

= { {= { {33}, {}, {44} }} }

�
�

is contained in is contained in �
�

not current-state obser.

� �
�

= {{= {{11},{},{22},{},{33},{},{44}}}}

� �
�

= {{= {{11},{},{22},{},{33},{},{44}}}}

�� �
�

= { {= { {33}, {}, {44} }} }

�
�

is NOT contained in is NOT contained in �
�

plant FSM observer FSM

plant FSM observer FSM
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not current-state obser.

� �
�

= { {= { {22}, {}, {33} }} }

� �
�

= { {= { {33}, {}, {44}, {}, {2,2,44} }} }

� �
�

= { }= { }

�
�

is not contained in is not contained in �
�

current-state obser. with 
inputs measurement

� �
�

= {{= {{22},{},{33},{},{44}}}}

� �
�

= {{= {{22},{},{33},{},{44}}}}

�� �
�

= {{= {{22},{},{33},{},{44}}}}

�
�

is contained in is contained in �
�

plant FSM observer FSM

plant FSM observer FSM
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The switching observer is The switching observer is globally exponentially stableglobally exponentially stable, if, if

�� either the Lie algebra either the Lie algebra {{��
��
����

��
�
� ��

��
��

��
} } is solvableis solvable

�� pairwisepairwise commuting commuting �� nilpotent nilpotent �� solvable Lie algebrasolvable Lie algebra

�� or there is a dwell time                   or there is a dwell time                   ,, where                where                
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PlantPlant HybridHybrid
ModelModel

		��

��������������

Discrete input  ����

�� Discrete output  ����

��

Continuous input  �������� Continuous output  ��������
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PlantPlant HybridHybrid
ModelModel

		��

��������������

HybridHybrid ObserverObserver

LocationLocation
ObserverObserver

ContinuousContinuous
ObserverObserver

Discrete input  ����

�� Discrete output  ����

��

Continuous input  �������� Continuous output  ��������

	�
�~

����~
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�� A hybrid observer is said to be A hybrid observer is said to be exponentially ultimately boundedexponentially ultimately bounded
if there exist a positive integer if there exist a positive integer �� and constants and constants ������ ��, , ������ ��

and and �� �� ��, such that, such that

for any hybrid initial state and plant inputs.for any hybrid initial state and plant inputs.

�� �� is the is the rate of convergencerate of convergence

�� �� is the is the ultimate boundultimate bound

�� if if ����������, the observer is said to be , the observer is said to be exponentially convergentexponentially convergent..
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�� The plant is not currentThe plant is not current--state observable: state observable: �
�

is empty .is empty .

�� Current state Current state observabilityobservability can be achieved if the can be achieved if the difference between the CT difference between the CT 
dynamicsdynamics in 2 and 4 can be identifiedin 2 and 4 can be identified

�� some additional some additional discrete outputsdiscrete outputs can be obtained from the can be obtained from the CT evolutionCT evolution

�� Signatures are used to detect the CT dynamic parametersSignatures are used to detect the CT dynamic parameters

plant FSM observer FSM
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Processing of continuous plant signals cannot be done in zero tiProcessing of continuous plant signals cannot be done in zero time. Assume thatme. Assume that

�� the signature corresponding to the current location of the hybrithe signature corresponding to the current location of the hybrid plant becomes d plant becomes 
true beforetrue before the next transition of the hybrid plant the next transition of the hybrid plant 

�� all the other signatures (if any) associated to the outgoing arcall the other signatures (if any) associated to the outgoing arcs of the current s of the current 
observerobserver location remain falselocation remain false

plant FSM observer FSM
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�� SignatureSignature Generation is similar to the Generation is similar to the Failure Detection and Failure Detection and 

IdentificationIdentification problem:problem:

�� “ is the system obeying“ is the system obeying some given dynamics ? ”some given dynamics ? ”

LocationLocation ObserverObserver

FSMFSM
ObserverObserver

[[MassoumniaMassoumnia, , VergheseVerghese, , WillskyWillsky, , TACTAC 1989]1989]

��������

??
����~

AugmentedAugmented
FSMFSM

ObserverObserver
ResidualResidual

GeneratorGenerator
...

DecisionDecision
FunctionFunction
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ResidualResidual generator:generator:

Decision function:Decision function:
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��A bank of A bank of Luenberger’sLuenberger’s observers with resets and observers with resets and 
switchingsswitchings controlled by the identified plant location controlled by the identified plant location 
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�� Consider an event Consider an event �� that can be instantaneously identifiedthat can be instantaneously identified

�� location transition identified without signaturelocation transition identified without signature

�� invertibilityinvertibility of of 

�� If the system below admits unique solutionIf the system below admits unique solution

then the continuous state can be then the continuous state can be instantaneously identifiedinstantaneously identified..

�� For linear guards                             , we have For linear guards                             , we have 

-
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�� FSMFSM: Location observer: Location observer

�� CT: Continuous observerCT: Continuous observer

�� for CS instantaneous identificationfor CS instantaneous identification

�� otherwiseotherwise
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�� plant transitionplant transition

�� observer transitionobserver transition

�� plant and observer transitionplant and observer transition

or
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Convergence during the 
interval �

�
��� has to   

overcome divergence
during the interval ����and 
overshoots

NotNot smallersmaller thanthan ��

NotNot greatergreater
thanthan ��

timetime

� − �
~

PlantPlant loc. loc. changechange

��� �
~

��� �
~

PlantPlant loc. loc. changechange

ObserverObserver loc. loc. 
changechange

��� �
~

PlantPlant loc. loc. changechange

��� �
~

ObserverObserver loc. loc. 
changechange

��� �
~

ObserverObserver loc. loc. 
changechange

Desired exponential
convergence

ErrorError
convergenceconvergence

bandband

��
��
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�� A design methodology for hybrid observers has been proposedA design methodology for hybrid observers has been proposed

�� This methodology has been recently extended to hybrid plant withThis methodology has been recently extended to hybrid plant with

subject to continuous subject to continuous state state disturbancesdisturbances

�� Techniques exploiting information associated to discrete transitTechniques exploiting information associated to discrete transitions ions 

detection has been investigated in order todetection has been investigated in order to
�� improve continuous state convergenceimprove continuous state convergence

�� estimate unobservable continuous state components at transition estimate unobservable continuous state components at transition timetimess

�� Simulation results for automotive driveline estimation have beenSimulation results for automotive driveline estimation have been

obtained.obtained.


