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Kalman-like Observer for Hybrid Systems with
Linear Maps and Known Jump Times

Gia Quoc Bao Tran and Pauline Bernard

Abstract— We propose a hybrid Kalman-like observer for
general hybrid systems with linear (time-varying) dynamics
and output maps, where the solutions’ jump times are exactly
known. After defining a hybrid observability Gramian and the
corresponding hybrid uniform complete observability, we show
that the estimate provided by this observer converges asymptot-
ically to the system solution if this observability holds together
with some boundedness and invertibility conditions along the
considered system solution. Then, under additional uniformity
and strictness of the forgetting factors, we show exponential
stability of the estimation error with an arbitrarily fast rate.
The robust stability of this error against input disturbances and
measurement noise is also studied. The results are illustrated
on several benchmark examples, including switched systems,
hybrid systems with discontinuous solutions, and continuous-
time systems with multi-rate sporadic outputs.

I. INTRODUCTION

The celebrated Kalman observer was introduced in the
early 60s by Kalman and Bucy [1] as an optimal filter
for linear continuous-time systems. Under uniform complete
observability and in a stochastic context, it was shown
to minimize the covariance of the estimation error in the
presence of Gaussian dynamics and measurement noise. Its
appeal lies in its systematic design and easiness of tuning,
which is linked to the (assumedly known) covariance of those
disturbances. It was then extended to discrete-time systems
[2] and multiple settings [3], thus widely used in industry.

On the other hand, in the early 90s, an alternative Kalman-
like observer was developed [4], [S], optimizing in a deter-
ministic setting the ability of the estimate to explain the past
output history, with a certain forgetting factor and weighting,
describing the confidence in the output measurement. The
difference with the Kalman filter mainly lies in the absence of
noise on the dynamics which facilitates a Lyapunov stability
analysis by linking the Lyapunov matrix directly to the
observability Gramian. This design was extended to discrete-
time systems in [6], and without forgetting factor in [7].

However, surprisingly, we are not aware of any such
systematic design for hybrid systems with linear maps,
combining continuous (flows) and discrete (jumps) behavior,
with outputs available during both flows and jumps. Indeed,
observer design in this context generally goes through the
resolution of LMIs with no guaranteed solvability [8], [9],
or an observability decomposition isolating the part of the
state that is instantaneously observable during flows [10],
[11]. An exception is a particular case of constant parameter
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estimation with both continuous and discrete measurements,
for which a hybrid gradient descent was developed [12], [13].
Otherwise, observer designs typically avoid the combi-
nation of flow/jump innovation terms, by using the output
during either flows only (flow-based) or jumps only (jump-
based) [9]. The latter case includes continuous-time systems
with sampled measurements, for which continuous-discrete
Kalman filters [3], [14], [9] are derived, where the estimate
evolves in the open loop during flows and is corrected at
the sampling instants, with a gain depending on a hybrid
covariance matrix. The latter evolves either discretely, based
on an equivalent discrete system describing how the error
propagates during the combination of flows and jumps [9],
or in a hybrid way [3], [14]. Most recent advances con-
cern essentially the implementation of continuous-discrete
extended Kalman filters [15] for nonlinear systems, or to
find alternative LMI-based designs of the gains [16], [17].
Note that the design of a unified and systematic Kalman
filter seems still open for continuous-time systems with
multi-rate sampled outputs, namely combining fast (almost
continuous) and slow measurements with different sampling
rates. Designs typically include several (discrete) Kalman
filters operating at different rates with fusing strategies [18],
[19], [20], or sample-and-hold LMI-based correction terms
[21], or KKL observers with inter-sample predictors [22].
In this paper, we propose a hybrid Kalman-like observer
for general hybrid systems [23] with linear maps and known
jump times, exploiting outputs available during both flows
and jumps. The considered class includes linear switched
systems and linear continuous-time systems with (multi-rate)
sampled/sporadic measurements, and its restriction to fully
continuous or discrete dynamics allows us to recover the
designs of [4], [5], [6], [7]. Compared to existing hybrid
designs, this one is sysfematic, automatically taking into
account the observability brought by the combination of
both continuous and discrete outputs and dynamics, with
no need for state decomposition, unlike [10], [11], and
applies to time-varying hybrid systems. After defining a
hybrid observability Gramian and the corresponding hybrid
uniform complete observability condition, we show asymp-
totic convergence of the estimate under some boundedness
and invertibility conditions, thus extending the design of
[12] to non-constant states. Then, the exponential stability
of the estimation error with an arbitrarily fast convergence
rate is proven under additional uniformity conditions and
strictness of the forgetting factors. Finally, we show the
robust stability of the estimation error (in the sense of [24])
against flow/jump input disturbances and measurement noise.
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Notations: Let R (resp. N) denote the set of real numbers
(resp. natural numbers, i.e., {0,1,2,...}). We denote R™*™
(resp. SZ() as the set of real (m X n)- (resp. symmetric
positive definite (n X n)-) dimensional matrices. Let | - | be
the Euclidean norm and || - || the induced matrix norm. Let
¢r(t,t') be the continuous-time transition matrix of & = Fx
(with F' possibly time-varying) from time ¢’ to ¢, i.e., such
that any solution verifies 2(t) = ¢ (t,t")x(t'). For a solution
(t,7) — «(t, ) of a hybrid system, we denote dom  its time
domain [23], dom; = (resp. dom; x) the domain’s projection
on the ordinary time (resp. jump) component, and for j €
dom; z, tj(x) the unique time such that (¢;(x), j) € domx
and (tj(x),j — 1) € domz, and T;(x) := {t € dom;z :
(t,j) € doma} (for hybrid systems with inputs, see [25]).
The mention of z is omitted when no confusion is possible.
A solution z to a hybrid system is complete if domx is
unbounded. In some long derivations such as (4) below, x
denotes the symmetric part, i.e., «x' P = P P. Woodbury
matrix identity is here recalled as (A +UCV)~! = A=! —
ATYU(CT 4+ VATIU) 'V AL, where A and C are square
and dimensions are appropriate.

II. HYBRID KALMAN-LIKE OBSERVER
Consider a hybrid system with linear (time-varying) maps

T =Fz+ u.

(z,u.) € C
H {x+ =Jzr+uy

(x,uq) € D

Yo = H.x
Ya = Hqx M
where £ € R"= is the state, C' and D are the flow and
jump sets, y. € R™-< and y; € R™<¢ are the outputs
known during flows and at jumps respectively, u. € R"=
and ug € R™ are known exogenous terms, as well as the
dynamics matrices F,J € R™**"= and the output matrices
H, € R"%.e*" H; € R™.a*" which are all known
and possibly time-varying. Denote X as a set containing
the initial conditions of the trajectories to be estimated and
U as a set of inputs (uc,uq) of interest. We then denote
S (Xo,U) as the set of solutions of H initialized in X
with (uc,uq) € U. Because the goal of this paper is to
design an asymptotic observer for (1), we assume solutions
x € Sy (Xp,U) are complete as stated next.

Assumption 1: All solutions x € Sy (Xp,U) are complete.

Remark 1: Models of the form (1) include not only hybrid
systems with linear maps described in the setting of [23]
(see Example 2), but also switched systems with linear
maps where the active mode is seen as an exogenous signal
making (F,J, H., H;) time-varying (see Example 1), and
continuous-time systems with sporadic or multi-rate sam-
pled outputs (see Example 3). Note that in many of these
systems, observability is acquired by the combination of
flows with (F, H.) and jumps with (J, H;). Therefore, the
direct coupling of classical continuous and discrete linear
observers relying on the observability of each pair separately
will typically not work. Here, instead, we design a single
unified algorithm, automatically gathering observability from
both flows and jumps via a shared covariance matrix.

A. Synchronized Hybrid Kalman-like Observer

Assuming the jump times of the solutions = € Sy (Xy,U)
are exactly known or detected—for instance from discon-
tinuities in the output, or impact sensors, or because they
are triggered by the user or the sensor’s availability in the
sampled-data case—and exploiting the linearity of the maps
of H, we propose a systematic design of a synchronized
hybrid Kalman-like observer of the form

t=F# +u, + PH] R;'(y, — H,&)
. C h ﬂ
)P=\P + FP+ PFT — PH]R_'H.P when 7 flows
.%-F:J;ﬁ—l—ud—‘rJK(yd—de) )
Pt=~=1J(I — KHy)PJ" when H jumps
(2a)
with

K =PH] (H;PH] + Ry}, (2b)

where A > 0 and v € (0,1] are design parameters, R. €
SZ%‘C and Ry € Sgg‘d are (possibly time-varying) weighting
matrices such that there exist positive scalars ¢ R.» CR.> CR,»
and ¢g, such that for all (¢,7) € dom , we have

QRCI < R(’(ta.]) < 6RCI7

. i 2c
cp,d < Ra(tj1,7) <er,l. (2)

The observer (2) gathers in a common setting the contin-
uous and discrete Kalman-like observers of [4], [5] and [6],
[7]. The difference compared to the continuous and discrete
Kalman designs [1], [2] mainly lies in the absence of the
(Q-covariance matrices, commonly describing the confidence
in the dynamics. They are here replaced by forgetting factors
A and ~, which allows us to: 1) Make the dynamics of
P~ linear and explicitly solvable, with a direct link to the
so-called observability Gramian; and 2) Obtain a quadratic
strict Lyapunov function. Note that in the discrete case,
the computation steps of the Kalman filter [7] are gathered
here into a single jump map. It combines 1) Correction
and 2) Prediction, instead of the contrary, since the output
available to compute 27 is its value before the jump, namely
Hgz instead of Hyxz™. This justifies the presence of J in
front of K in the discrete correction term. In the classical
Kalman notations, this means that our (Z, P) corresponds to
(Z, P)(klk — 1) instead of (&, P)(k|k), which is consistent
with the use of P(k|k — 1) in the Lyapunov function in [7].
Note finally that adding the Kalman @-parameters in (2)
would preserve the decrease of the Lyapunov function but
would make its lower-boundedness more intricate to prove.

The goal of this paper is first provide conditions ensuring
asymptotic convergence of (2) without any further constraint
on the forgetting factors A > 0 and v € (0,1], i.e., all
solutions (z, &, P) to the cascade H — #H initialized in
Xo x R™ x SZp with (ue, uq) € U are complete and verify

t,j) €d . 3
,Jim (t.4) € domz.  (3)

In a second step, conditions for exponential stability of
the estimation error with an arbitrarily fast rate as well as
robustness against disturbances will be derived when A > 0
and/or v € (0, 1). Classically, the asymptotic convergence of
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the Kalman(-like) observer is shown for continuous-time and
discrete-time systems under the so-called Uniform Complete
Observability condition [1], [5], [6]. This condition im-
poses uniform and persistent invertibility of the observability
Gramian, describing the richness of the information provided
by the output on a certain time window. We extend those
notions and objects in the next section in the hybrid context.

B. Hybrid Definitions of the Observability Gramian and
Uniform Complete Observability

To define the notions of Gramian and observability needed
for this observer, let us assume the following.

Assumption 2: For all solutions x € Sy (Xp,U) and for
all j € dom; z, the map ¢ — F(t, ) is locally bounded on
7;, and the matrix J(t;41,7) is invertible if j+1 € dom;

Remark 2: Assuming the invertibility of each J(¢;41,7)
can be restrictive in the hybrid context. But as seen in
Example 2, thanks to the non-uniqueness of representation in
hybrid systems, it may be possible to rewrite .J satisfying this
assumption. Note though that inverting J is not necessary
to implement observer (2) and is needed for analysis only,
similarly to the discrete Kalman literature [7], [6]. Example
2 is a case where the observer works without this condition
and the analysis might be adaptable as suggested in [26].

Under Assumption 2, solutions x € Sy (X, U) are unique
in both forward and backward time, so we can define hybrid
transition matrices of H. More precisely, given a solution
x € Sy (Xo,U) with u, = 0 and ug = 0, for all hybrid
times ((t',5), (t,j)) € domz x domz, we have

Z(t,j) = q)F.,J((taj)a (t/,j/))ﬂf(t/,j/),
t,j),

where ®p; is defined as ®p s(( t', 7"

(
or(t,ty0) (T2 Sr(trens )tk = 1) Gr(ty
ift > ¢ and j > j, and Pps((¢,75), ({5
0r(t:t;) (T2 07 (i1, 1) T (b k = 1)) 0 (ty
otherwise, with the time domain of F' and J inherited from
dom z.

Definition 1 (Backward observability Gramian):
The backward observability Gramian of the quadruple
(F,J,H., H;) defined on a time domain D, from time
(t',7') € D to a later time (¢,5) € D, is defined as

t‘l 1 . .
= [ T We((5,47), (8, 5))ds

J )
1) +
)

1 )
) =
)

Q(FJHF,Hd)((t’ 3" (3

tk+1

Z U.((s,k), (t,5))ds
_J '+1
+ Z * T Wa(tieyr, B), (4,9) + [, % Wel(5,), (8,5))ds,
k=3
4)

where U.((s,k),(t,7)) = Hc(s,k)Pr s((s,k),(t,5)) and
Va((tes1, k), (6,5)) = Haltes1, k) Pra((trra, k), (2, 5)),
with all the jump times determined from D.

Remark 3: The backward Gramian (4) characterizes the
ability to reconstruct x(¢, j) from the knowledge of the past
output. This form naturally comes up in the analysis, but
we could also define a forward Gramian, characterizing the

ability to reconstruct z(t’,j’) from the knowledge of the
future output. They are equlvalent under the capability to
go forward and backward in time, namely Assumption 2.
Definition 2 (Uniform complete observability (UCO)):
The quadruple (F,J, H., Hy) defined on a hybrid time
domain D is uniformly completely observable (UCO) with
data (A, p) if there exists A > 0 and p > 0 such that for all
((t',5'), (t.4)) € D x D verifying (t — ') + (j — j') > A,

g(FJ,Hc,Hd)((tlvj/)v(t’j)) > pl. 4)
In this paper, we show three main results: 1) The estimation
error converges asymptotically to zero for any choice of
A >0, v € (0,1], under boundedness of the matrices and
UCO along the considered solution only (Section III); 2) It is
exponentially stable with an arbitrarily fast rate for appropri-
ate choices of A and ~ if these requirements hold uniformly
with respect to solutions (Section IV); and 3) It is robustly
stable (in the sense of [24]) with respect to flow/jump input
disturbances and measurement noise (Section V).

III. ASYMPTOTIC CONVERGENCE FROM
UNIFORM COMPLETE OBSERVABILITY

Assumption 3: For all solutions x € Sy (Xy,U), assume:

e (Boundedness) There exist non-negative scalars cg, cpr,,

and cp,, and positive scalars c; and cj;-: such that

for all (¢,j) € domz, we have (if j +1 € dom; z)

IE®E ) < er, 110, 0)] < cos 17 1) <

-1, [[He(t,9)|| < cn., and [|Ha(tj41,7)I < cnys

e (Observability) There exists a pair of positive scalars

(A, i) such that the quadruple (F,J, H., H;) defined

on the time domain of x is UCO with this data.

Note that for asymptotic convergence only (without sta-
bility guarantees), no uniformity with respect to solutions or
time domains is required, but only along the time domain of
each particular solution.

Theorem 1: Under Assumptions 1, 2, and 3, for any A > 0
and any v € (0,1], any solution (z,&, P) of the cascade
H — H initialized in Xy x R x 8™ with (u.,uq) € U
and (R., Rg) satistying (2c) for some (cg_,¢R.,Cr,,Cr,) €
R%, is complete and verifies (3).

Proof:  Consider a solution x € Sy (Xo,U). By
Assumption 1, it is complete. In the rest of this proof,
all variables are evolving on domz and so are complete.
Consider (t,j) — II(t, j) with I1(0,0) € SZ§ and dynamics

{ II=-AI-IIF—F'II+H R 'H. ©)

I+ =A(J YT (II+H] R ' Hy)J L.
Because J is invertible at jumps from Assumption 2, II is

well-defined. It can be proven using mathematical induction
that the closed form of II(¢, j) for all (¢,j) € domz is

H(t7j> _)\tfyjq) J(<070)7(tvj))H(O’O)(I)FJ((OaO)v(taj))
+31 0 0 ttk“ e ATk T W (s, k), (8, 7)) ds
+ ij 7)\(t7tk+1)7j7k > \I]d/((tk+1a k)v (tvj))

" fttJ e M=) 3T W ((s,7), (t,5))ds,

(7
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_1
where V. ((s, k), (t,7)) = Re 2 (8,k)U.((s, k), (t,7)) and
Vo (bt B, (69) = Ry (s ) Wal (s, ), ()
(with ¥, and Y, defined in Definition 1). Now, we
show that II is uniformly lower-bounded along domz.
First use Gronwall’s inequality to show that ||¢p (¢, t')|| <
ecrI'=t1 then it follows that for any ((¢,j),(t,§)) €
domz x domz with ¢ < ¢ and j' < j, we
have [|®rs((t,), (t',5")| < et Because
Sr (), i)Prs((t,5), (7)) = I, this implies that

* Qg (.5, () > 672@@4')6;2(]-_]»/)['
Then, for any (£,5) € domz such that ¢ + 7 < A, we have

II(t, j) > e Made=2ertc 2T1(0, 0)
> (e Mye~2F max{1,cs}~
> cmad,

2)211(0,0)

for some cr; > 0. Next, for any (¢,j) € domx such that
t+j > A, we can always pick (¢,7) € domzx (before
(t,7)) such that A < (t —t')+ (j —j') < A+ 1 and from
Assumption 3, we have

1(t, j)

> e A=t i3 mm{cR 7cRd}Q(F J,He,Haq) ((
> (e My)AtHt mln{ch,cR }Q FoH Hy) (F

> ple )+ min{eg! et} = enal.

Therefore, for all (¢,j) € domx, we have
II(¢, ) > min{em 1, crio }H = enl, (8)

which means that IT is uniformly lower-bounded and thus
uniformly invertible on domx. Let us now study the dy-
namics of W := II~!, which is well-defined and belongs
to SZ§. During flows, it is straightforward to check that
W = —WIIW verifies

W=\W+FW+WF' —WHR*H.W.

At jumps, using Woodbury matrix identity, we have

WH =M+t =~"JW+ H] R;' Hy) ' J"
= fy_lJ<W - WH;(HdWH;— + Rd)_lHdW)JT
=y~ YJ(I-WH](HWH] + Ry)"*Hy)WJ".

Therefore, W follows the same dynamics as P in (2).
So if W(0,0) = P(0,0) then W(t,j) = P(t,j) for all
(t,j) € domz. This means that P = I1-! (with I1(0,0) =
(P(0,0))~!) and that P is invertible at all times. Therefore,
the error Z := = — % follows the dynamics

i=(F-T"'H R'H.)%:=F&
it =J( - KHy)# = J7,

where K = II"'H] (HJI7'H] + R4)~!. Consider the
Lyapunov function V (%, I1) = # " I1. For all (¢, j) € dom x,
V(2(t,j),1(t,5)) > cu|@(t, j)|?, so Theorem 1 is proven if
we show that V' asymptotically converges to 0. Let us study
the dynamics of V along (9) and (6). During flows, we have

V=i"[(F-TI"'H R;'H.) I 411
+II(F —TI-'H] R;YH,)|&
= -\ -i"HR;'H.3 < -\V —¢;'i"H H.z.

9

Using Woodbury matrix identity yields

K
= PH](Ry' ~ Ry'Hy(P~* + H] R;'H,) ' H] R;")
=PH]R;' - P(P™'+ HJR;'Hy) — P7Y)

x(P~'+H]R;'Hy)*H] R;"
=+ H]R;'Hy)"*H] R;".

At jumps, thanks to the newly obtained expression of K and
Woodbury matrix identity, we have

Vt =43 (I - KHy)" (I + H] R;'Hy)
x(I—(l+ H] R;'Hy)"'H] R Hy)
=2 (I - KHy) Tz
=~i'"(I-U'H](HyPH] + Rq)"'Hy) "11Z
=V~ H] (HJO 'H] 4+ Rq)~'Hy
<AV - vicTH;—(c%,dcﬁl +Cr) " H47.

We see that V' decreases strictly and exponentially to 0 if
A >0 and v € (0,1). We next show that actually, thanks to
UCO, it converges in-the-large even for A = 0 and v = 1.
In this case, we have

V< —Ch 1 TH H.x ::—ccgETHZHCgE,
V-V < — %HCR THTHdJE = — cd:i“THdTde,

and thus, for all ((¢',7),(t,7)) € domx x domz, we have
V(t.j) <V(IE.J) -V, (10)
where

V= co [y «THe(s, j')7 (5])d5+cczk L1 Gr(k)

+ea 9= Galk) +ccft * T He(s, 1)Z(s, j)ds,
with GF and Q 7 defined as
Gr(k) = [« Ho(s, k)i(s, k)ds,

Gy(k) = x Haltir )E(tiin ).
Applying Lemma 1 in the Appendix with A,, = A+1, K. =

TR, and Ky = JK = JUH] (HAH] +
Rg4)~!, which are indeed upper-bounded by cy, (cricg, ) !
and cjcy d(cnng)_1 respectively, there exists ¢g > 0 such
that for all ((¢',5'),(¢,j)) € domz X dom z such that A <

t—t)+(—7) <A+1, we have

V> min{ce, Cd}Cgi‘T(t,j)g(F,J,HC,Hd)((t/ajl)v (t,7)x(t, 5)
> min{cc, ca}egulE(L, 5)I?,

exploiting the UCO property in Assumption 3. We finally
conclude that there exists ¢y > 0 such that for any
((t',7),(t,4)) € doma x domx verifying A < (t —+¢') +
(j—7) < A+1, we have

V(t,j) < V(Y 2.

J') = ev]z(t, )
It remains to show that Z converges asymptotically to 0 using
contradiction, similar to [7]. Assume that Z does not converge
to 0. Then, there exists ¢ > 0 such that for any (¢, ;') €
dom x, we can always find (exploiting the completeness of
x) (t,j) € domx such that (t —¢') + (j — j') > A and
|Z(t,j)| > €. Hence we have V(t,5) < V(',j') — cye.
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By repeating this process, still thanks to the completeness
of x, V becomes negative after a finite amount of time,
which contradicts its definition. Therefore, by contradiction,
Z converges asymptotically to 0. |

Example 1 (Switched system): Inspired by [10, Example
1], consider a switched system with linear maps

&= Az, y = Cix, 12)

characterized by two modes i € {1,2} as A; = (8 8)7
€

Ay = 4 1 , 0y = (1 0), Cy = (O 0), and triggered

such that the time between two successive switches cannot
be shorter than some § > 0. As pointed out in [10], neither
(A1, C1) nor (A, Cs) is observable, but the switching order
1 — 2 — 1 allows us to determine the initial condition
unless the times elapsed in-between switches are multiples
of 7, which corresponds to a singular switching signal. A
hybrid Kalman-like observer (2) is then designed for (12),
leading to a much simpler observer than in [10]. Asymptotic
convergence of the error is shown in Figure 1 for A = 0
and v = 1. On the other hand, Figure 2 shows the observer
estimate with a 7-periodic switching signal for which UCO
does not hold.

2

&

N AVAVAVAVAVAY

&2 —m1—i‘1
0O 10 20 30 40 50 60 70

2
0
2

0 10 20 30 40 50 60 70
t(s)

<

T2, T2

Fig. 1. State estimation in a switched system (with A = 0 and v = 1).
&
&
) 5 10 15 20 25
&
g

“0 5 10 15 20 25

Fig. 2. State estimation in a switched system (singular switching signal).

IV. EXPONENTIAL STABILITY OF THE ERROR
WITH AN ARBITRARILY FAST RATE

Assumption 4: Assume as in Assumption 3, but all scalars
therein are now the same for all solutions = € Sy (Xo,U).

Theorem 2: Under Assumptions 1, 2, and 4, for any
(Cr,+CR.,CR,>CR,) € R, there exists a map ¢ : Ry —
R>¢ such that for any A’ > 0, the choice A = 2)\ and
v = e~2Y is such that any solution (z, &, P) of the cascade
H — H initialized in Xy x R x S5 with (u., ug) € U
and (R, Rq) satisfying (2c) with (cgp_,CR.,CRr,,CR,), is
complete and verifies for all (¢, j) € domx,

|x(taj) - Ci'(t7])|
< e(||TI(0, 0)[)|(0,0) — &(0, 0)e ¥ ¢+~ (13
Proof: First, adapting the steps leading to (8) in the
proof of Theorem 1 to the particular choice of A and ~, II
is uniformly lower-bounded by =2 (A+1¢(||11(0,0)]|) for
some ¢ : R>y — R>( depending only on the uniform quan-
tities in Assumption 4 and ¢g_,Cr,. Second, from the proof
of Theorem 1, we have 1% < —AV and V* < 4V along
(9) and (6), which translates to V (¢, j) < e 47V (0,0) <
e~ 2V () (0,0). Then (13) holds. ]

Remark 4: Note from (13) that the gain with respect to
the initial error is proportional to eN' (A+D) | which increases
with the choice of the rate )\, characterizing the peaking
phenomenon typically encountered in high-gain designs.
While an arbitrarily fast exponential rate is achieved in (13)
at all times, arbitrarily fast convergence of the error can only
be achieved after t + j = A + 1. This is explained by the
necessity of achieving observability (see the UCO condition
in Definition 2). Note finally that (13) can also easily be
achieved by pushing only A\ (resp. ) under a dwell time
(resp. reverse dwell time) (see [9]), by bringing stability and
rate from flows to jumps and vice-versa.

Note that the asymptotic stability of the estimation error
typically ensures robustness properties with respect to delays
in the jump triggering of the observer, when the jump times
are not perfectly known. For instance, in the autonomous
context, [9, Theorem 6.4] shows the semi-global practical
stability outside of the delay intervals assuming a dwell time,
boundedness of solutions, and the hybrid basic conditions.

Example 2 (Spiking neuron): The spiking behavior of a
neuron may be modeled with state £ = (£1,&2) € R? as

{ €= (0.04¢7 +5& — & + I, a(béy — &)) when & > vy,
ET=(¢,& +d) when & = vy,

(14)
where & is the membrane potential, &5 is the recovery vari-
able, and [ is a constant [27]. The parameters, characterizing
the neuron type, are taken here for instance as I = 150,
a=0.02, b =02, c = =55, d = 4, and v,,, = 30 (all in
appropriate units). The jump times of the solutions of (14) are
detected from the discontinuities of the output y. = £;. On
the other hand, we assume d is unknown and seek to estimate
online (&1, &2, d). Note that d is not observable during flow,
but it becomes observable from the combination of flows
and jumps as noticed in [9]. We thus re-model (14) into
the form (1) with 2 = (x1,29,23) = (£1,&2,d) € R3,

. 5 —10
matrices F = (ab—aO , J = (011), H., = (100),
0 00 001

Hy = (000), and u, = (0.04y> + 1,0,0), uqg = (c,0,0)
known exogenous terms that can be perfectly compensated
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using output injection. Note that J is not invertible and
does not verify Assumption 2. A possibility is to notice
that because the jump map of (14) is only active when
& = v, it can be rewritten as ff =& —vm + oo
while preserving the same hybrid system. It would then be
cast in the form (1) with ugy = (—v,, + ¢,0,0) and the
invertible matrix J = (%1)) ? (1)), thus satisfying Assumption 2.
However, for the sake of illustration, we show in Figure 3 the
results of a simulation using the non-invertible formulation.
This suggests that the invertibility of J might only be for
theoretical analysis and it is not necessary to implement the
observer (2). See [26] for more details.

<i~? 28 —:L‘l—‘il <§1 12{ \ —$2—§72
ks 3,8 ] ] s 0
60 L S
0 20 40 0 20 40
t(s) - t(s)
4 g
g 25
52 N
- 5-1
- o—J BEEL 2
0 20 40 Mo 20 40

Fig. 3. State and parameter estimation in a spiking neuron. Last figure:
Comparison of the 2-norm of the error for increasing \’ (yellow—nominal
case, blue and red— higher values of A\’ with worse peaking).

V. ROBUSTNESS OF THE ERROR AGAINST
DISTURBANCES AND MEASUREMENT NOISE

Dealing with uncertainties such as input disturbances and
measurement noise is an asset of Kalman(-like) observers
for a robust and practical design. Consider the system (1)
with flow/jump input disturbances v, € R"*, vg; € R™* and
measurement noise w, € R"v:<, wy € R™.4 as

T=Fx+u.+ v,

1y (z,uc.) € C  y.=H.x + w,
AN ot = Jr 4+ ug + vyg

(z,uq) €D yq = Hyx + wq
(15)

Theorem 3 shows that the estimate provided by the cas-
cade of Hg4 in (15) with the observer # in (2) is robustly
stable with respect to the uncertainties in the sense of [24,
Definition 2] (extended to hybrid systems), which is stronger
than the classical Input-to-State-Stability (ISS) defined in
[28] by an increasing penalty of past uncertainties.

Theorem 3: Under Assumptions 1, 2, and 4, there exist
A* > 0 and v* > 0 such that for any II, € SZf,
any (Cp..CR.,Cr, Cr,) € R, any A > X*, and any
0 < v < «*, the cascade Hy — # initialized in X, X
R™ x {IIp} with (uc,uq) € U and (R., Rq) satisfying (2¢)
for (cg,,CR.,Cr,>Cr,) is complete and robustly stable with
respect to the uncertainties (ve, We, Vg, Wq).

Proof: Following the proof of (8) in Theorem 1, II is
uniformly lower-bounded by (e=*v)2*+1¢ with ¢ depending
only on the parameters of Assumption 4, ¢g.,cr, and
IIp. On the other hand, since for any ((¢,j'),(t,7)) €
domz x domz with # < ¢ and j/ < j, we have

[@r (¢, 5, (t, )| < eFE)(c;1)I=7", we get from
(7) and the triangle inequality:
[Tt )1 < 6(ZC"“’A)t(fycl?,,l)j||HQ|| t
+ 3 S (e IR [ et g
i—1 Y o
+ C%{d Xtﬁczo e(2er—N)(t tk)(,yciil)j k
+ C%Jc ftj 6(2CF_)\)(t_S)dS.

Therefore, pick A\§ > 2cp and 0 < 7§ < c}gl with 7§ < 1.
Then, there exists ¢ > 0 depending only on the uniform
quantities in Assumption 4, Iy, and Aj, 7g such that for all
A > Ajand 0 < v < v, II <€l. Now, in the presence of

disturbances and noise, the error  := x—& has the dynamics

&= (F-T'H'R'H)% + v, — T H R, 'w,
Ft=JI-T"'H] (HJI'H] + Ry)"'Hy)&
+ Vg — JHilH:ir(HdnilH; + Rd)fl’wd.

(16)
Consider the Lyapunov function V(,11) = 7 'TIZ. Let us
study the dynamics of V' along (16) and (6). During flows,
thanks to Cauchy-Schwartz and Young’s inequalities as well
as the uniform upper bounds of the matrices, there exist
positive scalars o; and oy (independent of A and <) such
that we have for all A > A\j and 0 < v < 7,

V= AV @ H] R\ H.& + 2 v, — 2 H, R; 'w,
< = 3V + S locl? + sl

At jumps, in a similar way, there exist positive scalars o3,
o4, and o5 (independent of A and +) such that we have for
all A > A\j and 0 <7y <7,

VT =9V -~ H] (HI'H] + Ry) " Hy&
+2’y.fTHJ_1Ud — QVfTHJ(HdH_lHdT + Rd)_lwd
+yvg (I + H] R Hy)J g
—2yv] (JTHTH] R wy
+ywy Ry " Hy(IT+ H] RV Hy) " H] R wy
<39V + 503 fual? + 7 (=i + 05) lwal

Therefore, for any A > A\§ and any 0 < v < min{~j, 1},
we have

V < =2V 4 aglde]?, VE <qaV + agldg|?,

where A, = % > 0, ¢ = 3y € (0,1),
Qe = 2maX{%,W}, aq =
2 max Y03,y (€7A:4)A+1 —|—0'5)}, |dc|2 =
max{|ve|?, |we|?}, and |dg|?> = max{|vg|?,|wq|?}. This

means that z satisfies for some positive scalars x; and kg,

|Z(t, 4)* < /1 (e%?vg’lnzg(o,0>|2 .
e g fiE e DR 4 (s, k) 2ds
—1 _ i—k
+ o Sispe Mttt T dy (b, ) [?)
+ [, e 9]d (s, j)|2ds.

Taking the square root of both sides, we obtain robust
stability according to [24] (but for a hybrid system). [ ]
Example 3 (Continuous system with multi-rate outputs):
Consider a vehicle with position xi, velocity x2, and
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acceleration 3. We measure x3 with a fast rate of 50 (Hz),
so this can be seen as a continuous output, which however
contains a lot of high-frequency noise. We then measure
z1 thanks to a less noisy GPS at the rate of 1 (Hz). This
makes the system observable already; however, to illustrate
that our method covers systems with multi-rate sampled
outputs, let us assume that we also measure xo sporadically
from every 1.5 (s) to every 2 (s). This system is written in
hybrid form, with state = (x1, x2, x3), input u,., and two
additional timers 71, 7o as

T = (1’271'3,11,6)

7 =-1 when { '+ € [0, 1]
Fy = —1 2 € [0,2]
xt=x
. (1, ifm =0 (172)
T = . 71 =0
! T1,if 71 # 0 when 0
b o J15,2]if =0 2=
T2 {7'2}, if T2 750
with the outputs
(21,0), if y=0and 75 #0
Ye =23, Ya=1 (0,22), if 2=0and 7 #0, (17b)

((El,xz), lf T = T2 — 0

and initialized with 71(0,0) = 1 and 72(0,0) € [1.5,2].
Figure 4 shows a scenario where we have a fixed sampling
period of 1.5 (s) for x2, measurement noise (with high
frequency and amplitude ~ 3 in y., low frequency and
amplitude ~ 1 in 34), and the input u. = 0.01 (m/s?) is an
unknown bias (assumed 0 in the observer, so that v, = u.).

G20 &
§10 Co—i] &
0 5 0 5
t (s) t (s)
g e =~ = -
& a7
% SF = ————
0 5 0 5
t (s) t (s)
Fig. 4. State estimation in a car with multi-rate sampled outputs (with

input disturbances and noise).

VI. CONCLUSION

We have provided a systematic hybrid Kalman-like ob-
server for general hybrid systems with linear maps and
known jump times, based on uniform complete observability.
Its implementation is straightforward and applies directly
to a wide class of systems including switched as well
as continuous-time sampled systems with sporadic/multiple
rates. Its complexity is the same as for a continuous or
discrete Kalman filter, with dimension nI—i—ni, with the same
covariance matrix shared among flows and jumps. Another
route could be to follow [11] through an observability

decomposition: we could combine a continuous Kalman-like
observer—estimating only the part of the state that is instan-
taneously observable during flows from y.—with a discrete
Kalman-like observer for the rest of the state, thus possibly
reducing the observer dimension by splitting the covariance
matrix. However, the possibility of decomposition is not
guaranteed for time-varying systems and may not verify the
necessary decoupling conditions. Future directions include
properly taking into account, in the covariance matrix, errors
in the jump triggering and eventually developing a Kalman
observer for hybrid systems with unknown jump times.

APPENDIX

Lemma 1: Consider a quadruple (F,J, H., H;) defined
on a hybrid time domain D and verifying the boundedness
condition of Assumption 3. Pick (K., K;) defined and
uniformly upper-bounded on D. Then, for any A,, > 1,
there exists c¢g > 0 such that any hybrid arc Z defined on D
and verifying the linear dynamics & = (F — K.H,)Z during
flows and 77 = (J — K4Hy)Z at jumps, verifies for all
((t'.), (£.)) € D x D with (¢ — ') + (j — ) < Ay,

G((t, 7). (t,4))

> cg @ (t,5)Gpa .y (5, (6,4)Z(,5), (18)
where
G((W', 1), (1)) = Ju/ ™ #T Hels, ') (s, ' )ds
+ZJ_J+19F( )+ 30 1/QJ +j; * He(s,5)%(s, j)ds,

with G and G; defined in (11).

Remark 5: Define F := F — K.H, and J := J — K H,.
If J is invertible at all times, then Lemma 1 is equivalent to
the fact that for all ((¢',5'), (¢,j)) € D x D with (t —¢') +
(j —4) <Ay, we have

G gm0 (6:5) = cg Gram. ) (' 5, (t,5))-

Proof: This proof resembles that of [13, Theorem 3]
but in the case where F' # 0 and J # 0, and that of [7]
extended to the hybrid case. The key idea is to consider
the terms — K .H_ % and —K3H ;% in the dynamics of = as
flow/jump inputs respectively, so that

#(t,7) = Br(1,9), (¢, 7))
— f LUA((1,]), (5,0 ds
- = W A((E ), (5, k))ds
— S (), (tres1, k)

- fttj \IIA((t7])7 (S,j))dS,
where A := K .H., B := K4H4, and

a((t,5),(t,5) = ®ra((t,5), (¢, 7)) AR, 52X, 5'),
Up((t,5), (#,5") = ®ru((t,4), (', 5)BE', )z, 5').

Since (t—t")+ (j —j') < A,,, we deduce the upper bounds
on V¥, and ¥p as

[Wa((t,5), (¢
Wa((t, ), ('

19)

< ealHe(t', 5)2(H, 5],
N < eslHa(t, )@, 571,
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with scalars ¢4 and cp independent of (¢, 7,t’, ') given by

ca = ci,(e°F max{cy,cy1})Am,
cp = cr,(e°F max{cy,cy1})Am.

Let us now lower-bound each term in G. Using (19) with
(s, k) replacing (t,j), and then consecutively |a — b|> >
25laf?=plbf? for some p > 0, [ 1L a;* < N Y Jail?,
the triangle inequality, the Cauchy-Schwartz inequality, and

the bounds on ¥ 4 and ¥ p (see in detail in [29]), we get

Gr(k)> 12 [15 | Hols, k) ®p (s, k), (t,5))E(t, )| ds
—pcty, (2(k = §') + D(tr1 — ' + 1) max{c}, ci;}
X(trg1 — tr)G.

Similarly to Gr(k), we get

[ T He(s, ') (s, §')ds >
t.r . . AN ~ N2
ﬁ ft/J i ’Hc(svjl)q)F,J((Saj/)a (tvj))‘/zi(tvj)‘ ds — pC%{C
. (41— t") max{ch, cg}(tj41 — )G,
Ji, % T He(s,5)(s, j)ds >

s J Hel, ) ®r,((5,9), (1, )F (L, )| ds — pek,

X (2(j = 5') + 1)t — ' + 1) max{c}, ;}(t — £;)G,
Gr(k) > 12 [ Ha(tisr, K)@p s (tesr, k), (.9)i(t5)]
— pc31, 2k — ') + D(tksr —t' + 1) max{c}, 3 }d.

Now let us lower-bound G by summing the obtained inequal-
ities. Since (t —t') + (j — j') < Ay, we get

gZﬁppi'(tvj)Tg(F,J,Hc,Hd)((t/a.j:)7 (t7j))j§(t’j)
— pmax{c}, i Hcjy, ¢, 9
[ =7 =120 - 7)) =D ="+ 1)(t; —tjr41)
+ 0 =320 -4 -t —t'+1)
+ 20 =)+ D=t + D)t —t;) + (ty41 = t')?]
Zﬁppi’(taj)—rg(F,J,Hde)((tlvj:)7 (taj))‘i(taj)
- pmaX{Ci, C%}{C?{c’ C%{d}g
% [A2 (20, — 1) (A + 1) + A (280 — 1)(Ap + 1)
+ (24, + 1)(An + 1D)A,, + A2,

and thus, the result follows. |
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