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On the Stability of the Recursive Kalman Filter for Linear
Time-Invariant Systems

Eduardo F. Costa and Alessandro Astolfi

Abstract— Stability of the Kalman filter for linear
time-invariant systems is studied from the perspective
of divergence of the estimation error under incorrect
noise measurement. We provide testable, necessary
and sufficient conditions for the filter to be stable,
stable with respect to perturbations in the initial error
covariance, or semi-stable, respectively meaning that
the estimate error covariance is bounded, bounded for
perturbations in the initial error covariance or that it
does not diverge exponentially. Previous conditions
present some degrees of conservativeness or address
only stability.

I. INTRODUCTION

Consider the linear, time-invariant system defined in a
fundamental probability space (Q,F,P) by

| {x(k+ 1) = Ax(k) + Bw(k), x(0) = xo,

y(k) = Cx(k) + Dv(k), M
where x € R" is the state, y € R” is the observed variable,
w € R?P and v € R? form stationary zero-mean indepen-
dent white noise processes satisfying E{w(k)w(k)'} =1
and E{v(k)v(k)'} =1, and the (independent) random vari-
able xg is such that E{xo} = xp and E{xoxy} =¥. Assume
that matrices A, C and D of appropriate dimensions
and with DD’ > 0, are known. Regarding B and ¥, the
available data are E and X, respectively.

It is a well-known fact that, for the Kalman filter
(KF) in the above scenario, the calculated state estimates
(taking into account E and X) may diverge from the
actual ones (taking into account the actual data B and
YY) with a fast rate, a phenomena usually referred to
as divergence under incorrect noise measurement. It is
particularly problematic for applications that there can
be no indication of divergence when implementing the
filter, in the sense that the calculated error covariance Py
is bounded, whereas the actual error covariance X; may
diverge exponentially as k — co.
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Divergence for KFs has been studied in the context of
time-invariant systems and other setups, see e.g. [2], [§],
[10], [13], [14], [15]. However, there are two important
gaps. Firstly, available conditions present some degrees
of conservativeness, as they rely on detectability assump-
tions or on the existence of a stationary solution to
the filtering problem; a more complete assessment of
available results is presented in Section II. However, there
may exist neither a stationary solution nor a limiting
gain, see e.g. [5, Example 3]. Secondly, available results
concern only stability, meaning from the point of view of
divergence analysis that the the actual error covariance
is bounded for perturbations on both E and X. In many
applications (particularly in finite-time contexts) it may
be acceptable that the actual error does not diverge
exponentially, or diverges with a “specified” rate; on the
other hand, imprecise X can be handled without requiring
stability.

In this paper, we consider semi-stability, requiring that
X does not diverge exponentially for both incorrect E
and X, stability with respect to (w.r.t.) ¥ requiring that
X is bounded for incorrect X, and stability, requiring
that X; is bounded, for both incorrect E and ¥X. We
are concerned with divergence of the actual error under
bounded calculated error, hence we assume that P, is
bounded. Based on the recent results in [5], [6], we obtain
a testable necessary and sufficient condition for semi-
stability, relying only on A, E and X, the relevant data
for this purpose. This result is combined with existing
conditions to obtain necessary and sufficient conditions
for stability and stability w.r.t. W.

The derived condition for semi-stability of the KF can
be interpreted as requiring that X completely excites
unstable modes of A that are not already excited by E,
formally,

ker{]HZJ;,} Ny = {0}

where Jy is the similarity matrix such that JyAHJ, Uis
in Jordan form, H stands for the orthogonal projection
into the non-controllable subspace of (A,E) and Jg is the
unstable subspace of JHAHJQI. This condition appears
in the literature of ARE, as a necessary and sufficient
condition for ¥ to belong to the basin of attraction of
the strong solution of the ARE for detectable systems, see
Proposition 3. From this standpoint, the present paper is
relevant as it clarifies the meaning of the above condition
in the scenario of non-detectable systems.

The paper is organised as follows. In Section II we
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formalise the stability notions and present preliminary
results concerning KFs and AREs. In Section III we
derive the testable condition for semi-stability of the
KF, and in Section IV we extend the result to stability.
Finally, Section V provides concluding remarks.

II. DEFINITIONS AND PRELIMINARY RESULTS

Let D (respectively, D) be the open (closed) unit disk
in the complex plane. Let R"* (respectively, R") represent
the normed linear space formed by all r X s real matrices
(respectively, rx r) and R™*(RV) the cone {U € R :
U =U'} (the closed convex cone {U € R":U =U’ > 0})
where U’ denotes the transpose of U; U >V signifies that
U-VeRY For UeR, A(U), i=1,...,n, stands for
an eigenvalue of U. 4;(U) lying in D (respectively, D)
is referred to as a semi-stable! (stable) eigenvalue of U;
an associated eigenvector v € R" is semi-stable (stable),
otherwise it is unstable. The space spanned by stable
eigenvectors of U is referred to as the stable subspace of
U, and similarly for the semi-stable and unstable spaces.

The Kalman filter estimates is given by x(0) = %y and

(k1) = Ax(k) + Li[y(k) — Cx(k)],

where Ly = ARC'[CP,C' +DD'|7! is referred to as the
Kalman gain, calculated for the available noise covari-
ances E and X via the following Riccati difference equa-
tions (RDEs),

k>0, (2)

Py =A[P.— PC' (CPC' +DD')"'CPRJA' +EE', k>0,

3)
with initial condition Py = X. P, describes the covariance
of the estimation error at time k when E =B and £ =¥,
and it is referred to as the calculated error covariance.
Since we are concerned with divergence of actual error
under bounded calculated error, it is natural to consider

the next assumption.

Assumption 1. For each £ € R™ there is X € R™ such
that P, <X, k> 0.

The actual error covariance X;(B,¥) = &{x(k)x(k)'},
where ¥(k) = £(k) — x(k), is calculated from (1) and (2),
see e.g. [14], Xo(B,¥) =¥ and, for k >0,

Xi11(B,Y) = (A—LiC)X(B,¥)(A—LC) +LiDD'L;, +BB'.
(4)

We omit variables B and ¥ when B=F and ¥ =L,

respectively, e.g. we write X;(E,¥) = X;(\P).

This paper is devoted to study the behaviour of X,
which can be a difficult task in view of the following
facts: Ly is a time-varying gain; it is calculated via the
RDE; it is not the “optimal” gain in the sense that it
is calculated for the available data E and ¥ whereas the
initial condition and forcing terms of (4) are related to
the actual data B and W. The task is much simpler when
L, =L is a fixed gain (stationary filter), e.g. it is a well-
known fact that if A— LC is not stable and the forcing

ITerminology borrowed from [1].

terms excites all modes of A —LC, then X diverges at
least linearly; we present the next related result, for later
reference.

Proposition 1. Assume Ly = L is such that A — L,C is
not a stable matriz, and BB' > 0. Then there exists M > 0
such that || Xul| > | Xo| + 1.

The stability notions for the KF are as follows.

Definition 1. We say that the KF is:

(i) stable if, for each B € H"P and ¥ € R™, there exists
X such that X (B,¥) <X, k> 0.

(i3) stable w.r.t. W if, for each ¥ € R there exists X such
that X, (¥) <X, k> 0.

(i4i) semi-stable if, for each B € H™P, ¥ € R0 and 0 <
& <1, there exists X such that Xi(B,¥) < E~%*X, k> 0.

Classical sufficient conditions for stability of the KF
rely on detectability and stabilizability and can be traced
back to the sixties, see [13]. More recent results appear
n [14]. Consider the algebraic Riccati equation (ARE)
in the variable P € R associated with the RDE (3),

P=A[P—PC'(CPC' +DD')"'CP]A’ + BB’ (5)

P and L are said to be stabilising when the stationary
gain L=APC'[CPC’'+DD']"! is such that A — LC is stable,
and similarly for semi-stabilizing P and L. P and L are
said to be strictly semi-stabilizing when they are semi-
stabilizing but not stabilizing. Consider the following
hypothesis:

H1. (A,C) is detectable.
H2. Unreachable modes of (A,E) do not lie on the unit
circle.

Remark 1. H1 implies Assumption 1, see e.g. [1].

Proposition 2 ([14]). Assume HI-H2 hold. If P, con-
verges to a stabilising P or, in particular, if either (A,E)
is stabilizable or ¥ > 0, then the KF' is stable.

A wuseful condition for Py = X to converge to a semi-
stabilizing solution of the ARE, related to the con-
dition of Proposition 2, is presented in [3, Theorem
1]. We now convert this condition into a form con-
venient for comparisons purposes, and which involves
the use of the orthogonal projection H into the non-
controllable subspace. Consider the controllability matrix
C=[E AE A"1E], let H=1— (CC')*CE’ where
(CC)* stands for the pseudo-inverse of CC', Jy be the
similarity transformation such that JHAHJI;1 is in Jordan
form and Jgy be the unstable space of JHAHJI;I.

H3. ker{JyZJ}} Ndn ={0}.

Proposition 3 ([3]). Assume H1 holds. H3 is a necessary
and sufficient condition for limy_... P, = Ps, given Py =X,
where Ps is the semi-stabilizing solution of the ARE (5).

We shall also need the following result characterizing Ps.
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Proposition 4 ([7], [9], [12]). Assume H1 holds. The
semi-stabilizing solution of the ARE (5) is stabilising if
and only if H2 holds.

It is quite standard and natural to consider H1 in the
quest for stability of the KF, but it is constrictive when
dealing with semi-stability. Actually, even the weaker
assumption of convergence of P, is conservative, see e.g.
a semi-stable filter with periodic P in [5, Example 3].
The main consequence for the study of semi-stability
is that it can not benefit from tools like orderings and
comparisons involving P, P, and X, which are common
in the literature of KF and RDE. In fact, rather than
employing those tools, our approach for semi-stability
explores links between a condition for semi-stability of
the KF and a condition for partial stability of a certain
non-linear system, which have been recently developed in
[5], [6]. The results that are essential for our approach are
presented hereafter. For U,V € R" and W € R™, consider
the non-linear system

Zyiq :HkUZkU/Hlé,
Xi+1 = uxu'+vv’,
(Zo,Xo) = (HoHg, W)

eU,V,W) : k>0, (6)

where (Z;,X;) is the state, Z, X € R™; Hy, k> 0, stands
for the orthogonal projection onto ker{X;}. We employ
the notation X, (U,V,W) and Z;(U,V,W) to emphasise the
dependence on the variables U,V and W. Note that

k—1
X (U,v,W)=UWU"+ Y v'vv'u"
(=0

7
2U.V.W) = (T, (1) ) (Ho) (T, (Hi))

where Hy, = Hi(U,V,W) stands for the projection onto the
null space of X (U,V,W).

Proposition 5 ([5]). Consider Assumption 1. Consider
system O(A,E,X) and the corresponding state component
Z(AE,X). The KF is semi-stable if and only if, for each
0 <&z <1 there exists Z € R™ such that E2XZ; < Z, k> 0.

Proposition 6 ([6]). Consider system ©(A,0,%) and the
corresponding state component Zy(A,0,%). Let J represent
the similarity matriz for which JAJ™' is in Jordan form
and let J stand for the unstable space of JAJ~'. For each
0< &z < 1 there exists Z € R™ such that §ZZka <Z, k>0,
if and only if

ker{JZJ'} NJ = {0}. (8)

Moreover, if V.€ R0 satisfies ker{V}NJ = {0} then
ker{AfVA"Y N g = {0}, k> 0.

III. A NECESSARY AND SUFFICIENT CONDITION FOR
SEMI-STABILITY

In this section we start adapting the condition in
Proposition 6 to a general system @(A, E, X). The adapted
condition is directly extended to semi-stability of the
KF via Proposition 5. The basic idea is to employ an

intermediate form O(HA,0,X) matching the setup of
Proposition 6 and simultaneously related to the setup
of Proposition 5. Let Xy,rx and X¢ stand for the free and
forced solutions of system @(A,C,X), given by

Xotx = A'2AY,
= Lo AU (9)
Xip=) A'CCA" k>1; X;0=0,
(=0
in such a manner that Xi(A, C,X) = Xu¢x + Xex. We intro-
duce the orthogonal projections H,Hg; € R" as
H=1—(CCH*(ee),
Hpgo=1— (Xer)" (Xeg)-

The next result follows from basic matrix properties [11].

(10)

Lemma 1. H, = (I— (Hf,anf,kHék)*(Hf,anf,kHék))Hf,k-

Lemma 2. The following statements hold.

(i) ker{Xzx} = ker{CC'}, k > 0.

(1t) Hrg =H, k> 1, and Hgg = 1.

Proof. (i). From (9) it follows that X;; = Y)_,A‘CC'AY =

€€, so it is enough to show that ker{X¢} =ker{X¢;}, k>
0. For each v € R” such that vX; ;v =0, we have that

0= V/Xf,lv = V/GG/V
=V(EE'+AEE'A' + -+ A" \EE'A" )y,

leading to VA‘EE’'A"™v =0, 0 < ¢ < n— 1. Employ-
ing the Cayley-Hamilton theorem one can check that
VA'EE'A"v =0, 0> 0, yielding
k=1
V/Xf’kv = v’[ AZGG’AE’} v
(=0
k=1
=v'[ Y AYEE'+AEE'A + - + A" 'EE'A" A"y =0
(=0
and we conclude that ker{X;;} C ker{Xgs}. For the con-
verse relation, note that

k—1 k=2
Xpp= Y Alee/a” =a( Y a'ee'a”)a’ +ee,
=0 =0

hence for each v € R" for which v'Xgv =0 we can write
VXg1v=VCC'v=0, and thus ker{X; } D ker{Xg}. (ii) the
result is trivial for k =0, as Hro is the projection onto
the null space of X;o = 0; for k> 1 it follows immediately
from assertion (i). O

Lemma 3. (HA)*c = HA*c, k> 1.

Proof. For k=1 the result is trivial. From (10), H is
the orthogonal projection onto ker{ €'} =ker{€'}. Then,
for each v € R", (I — H)v L ker{C'}. Since the space
orthogonal to ker{C} is A-invariant [4], we have that
A(I—H)v Lker{C'} and HA(I — H)v=0. Therefore setting
v=Ao, yields

(HA)*o = (HA)*'[Ac] + (HA)* ' [(H — I)Ao]
= (HA)* 'Ac, k> 2,
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and the result follows in a straightforward manner. O

Lemma 4. The following statements hold:
(i) Hy=1—X*%;
(ii) Hy = (I — (HA*Z(HAX)* (HAZ(HA)H, k> 1.

Proof. (i) is immediate from the definition of Hp. (ii)
We employ Lemma 3 and assertion (ii) of Lemma 2,
respectively, to write

(HA)*S(HA)" = HA*SAVH = Hy A'SAV HY | = HygXogiHjy
and Lemma 1 completes the proof. O

Lemma 5. Consider the systems ©(A,C,X) and
O(HA,0,X) and the associated state trajectories. Z(A,C,X)
is bounded if and only if Z(HA,0,%) is bounded.

Proof. For ease of notation, let Z;(A,C,X), Xx(A,C,X),
Z(HA,0,%) and X;(HA,0,X) be denoted respectively by
Zx, Xi, 7 and X. Let H, and Hj stand respectively for
the projection onto ker{X;} and ker{X;}. It is simple to
check by inspection that X; = (HA)*Z(HA)¥ and

He=1-X% =1— (HA)'S(HA)¥ ) (HA)'L(HA)¥)

in such a manner that from Lemma 4 we have that H, =
H.H and that

Zii1 = HHAZA'H] = H (HA)Z (HAYH], k>0. (11)

Since Zy = HoH}, = (I — 2*X)(I — %) = HoH}, = Z), em-
ploying (11) in a recursive fashion for k =0,1,..., yields

Zx =2, k>0. O
Corollary 1. Consider the system ©(A,C,X) and the
associated state component Zi(A,C,X). There exists Z €
RO such that E2X7;, < Z, k>0, 0< &z < 1, if and only if
HS3 holds.

Proof. Proposition 6 with A replaced by HA provides that
H3 holds if and only if Z;(HA,0,X) is bounded, and this
is equivalent to require that Z;(A,C,X) is bounded, as
stated in Lemma 5. O

Lemma 6. Consider the systems ©(A,E'.X), O(A,C,X)
and O(A,C,A"LA™) and the associated state trajectories.
The following statements are equivalent:

(i) Z(A,E,X) is bounded;

(ii) Z(A,C,X) is bounded;

(i11) Z(A,C,A"EA™) is bounded.

Proof. (i) = (ii). Since CC' = EE' + ... + A" 'EE'A" 1
one has that EE’ < C€, which yields AKEE'AF < AKCE’A¥
k>0, and

k—1
Xi(A,E,x) = A*2AY + Y A'EE'A"
(=0 (12)

k—1
<AFEAY 1+ Y Ale@A” =X (A,€.X).
(=0

Then, for each v such that Xi(A,C,X)v =0 we have that
VX (AE, )y < VX (A,C,X)v = 0, allowing to conclude
that X;(A,E,X)v =0. This means that

ker{Xy(A,E,X)} D ker{X;(4,C,X)}

and recalling that H(-) is the projection onto the null
space of the associated X(-), it is simple to check that
for each v € R", Hy(A,E,X)v = H(A,C,X)v+r for some
r L Hy(A,C,X)v. This allows to evaluate, for each V € R,

Hk(A7E7 Z)VHk(AuEaz) > Hk(A7 G,Z)VHk(A, G,Z)
and to obtain the ordering condition
Zk(AaEuz) > Zk(Au G,Z)

(ii) = (iii). The basic tool for this proof is provided by
Proposition 6, with A replaced by HA and the associated
similarity matrix Jy for which A = Jy(AH)J;' is in
Jordan form. Since Z(A,C,X) is bounded, from Corollary
1 we have that ker{JyXJ;'}Ndy = {0} and Proposition
6 yields

ker{A"(JZJ HA™ Ngy = {0}. (13)

Note that
AT A" = gy (HA) I (IuZdyy) (Ju (HA) ;'Y
=Ju (HA)"Z(HA)" Ty,
and from (13) we get that ker{Jy (HA)"L(HA)"J,} N
du = {0}. Employing the fact that (HA)" = HA", see
Lemma 3, we have that
ker{JgLJy} Ny = {0}

where £ = HA"YA"H'. Proposition 6 implies that
Z(HA,0,%) is bounded, and from Lemma 5 we get that
Z(A,C,X) is bounded. Now, recalling H is an orthogonal
projection, one can check that

£ = (W, "W, HA"SA"H' (W, 'W,)’ < A"xA™,

hence

k—1
Xi(A,€.5) =AKED)AY + ) Alee’a”
=0

k=1

< AMA"EA™M)AY +) ATCCIAY < Xi(A,C,ATEA™).
=0

Note that this is in analogy with (12), and arguments

similar to the ones of part (i) lead to

ker{X;(A,C,£)} D ker{kXx(A,C,A"LA™)}
= ker{X;(A,C,A"LA™)}
and to the ordering condition

Zk(AaGai) ZZk(AvevAnZAn) (14)

(iii) = (i). In this part of the proof we shall need as
an auxiliary system the version of system @(U,V,W) in
(6) with the initial condition on the Z-component, HyH)),
replaced by HyAH| with A € R™: we refer to this system
by I['(U,V,W,A). Consider the system I['(A,C,A"YA™ +
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CC',A), and let the associated state components be
denoted simply by X; and Z;(A) and the associated
projection onto the null space of the X-component be
denoted by Hy. Consider the system @(A,E,X) and let the
associated state components and projection be denoted
by X, Zi and Hy. We set

A=A(H,1A)--- (HiA)HoHy(H1A) - (H, 1 A)'A'.
With this notation,
Zy(A) = Ho(A(H,1A) -~ (H1A)Ho:-
-Hy(HA) - (H,—1A)'A") H,

Moreover, from (7) we have that

B n—1

X, =A"SA" + Y A'EE'A" = A"SA" +CC =Xy,  (15)

=0

which yields H, = Hy and allows to write

Zy = (HpA) -+~ (HLA) (HoHp) (L A)' - (HL,A)

=Hy(A(H,-1A) - (HA)(Ho- (16)
-Hy)(H\A)' -+ (H,—1A)'A)Hy = Zy(A).
Equations (15) and (16) yield, for k >0,
X =Xirn, Ze(A) =Zyyn. (17)

Now we are ready to present the main arguments: since
Zi(A,C,A"£A™) is bounded by hypothesis, (omitting de-
tails) we have that there exists Z such that Z; < Z,
k>0, and (17) immediately leads to Z;,, < Z. This
allows to write that Z; < zI, k > 0, where we set 7 =
max(|| Z|, [ Zoll,- -, [ Zu—1])- O

Lemma 6 allows for a direct extension of the necessary
and sufficient condition for semi-stability of Corollary 1.

Theorem 1. Consider Assumption 1. The KF is semi-
stable if and only if H3 holds.

Remark 2. H3 is not equivalent to ker{Z} NN = {0},
where N stands for the unstable subspace of HA. This
means that the condition cannot be expressed in terms
of the original bases. For example, setting

2 1 0 0
S S

we have H =1, JyAHJ;' = [(1) g} JuEly = [} ﬂ ;

yielding ker{Z} NN # {0} but ker{JxZJ},} NJn = {0}.

Remark 3. Assume HI. In this context, combining
Proposition 3 and Theorem 1 we conclude that the KF is
semi-stable if and only if P, converges. This implies that
a periodic behaviour for P, is not allowed.

IV. STABILITY OF THE KALMAN FILTER AND
COMPARISONS WITH PREVIOUS CONDITIONS

There is no available proof of necessity for the con-
ditions in Proposition 2 for stability of the KF. The
necessity of H1 (detectability of (A,C)) is a simple matter.
However, if we disregard the results for semi-stability of
the KF obtained in Section III, necessity of convergence
of the RDE solution is far from obvious because, in
principle, the solution could present a complex behaviour
(e.g. periodicity) that is difficult to analyse. In a sense,
this analysis is carried out in Section III where we
indirectly show that such complex solutions are related
to KFs that are not even semi-stable, see Remark 3.

Theorem 2. The KF is stable if and only if H1, H2 and
H3 hold.

Proof. (Sufficiency). Propositions 4 and 3 yield that P,
converges to the stabilising solution of the ARE, thus
satisfying the conditions of Proposition 2, which leads to
the result.

(Necessity). Theorem 1 trivially makes clear that H3 is
necessary for a KF to be stable, otherwise it is not even
semi-stable. Regarding H1, if we assume that (A,C) is not
detectable then there is at least one unobservable mode
of A that is not stable, hence A — L;C preserves the same
mode no matter how L; is chosen and thus the KF is not
stable. It only remains to show that H2 is required for
stability of the KF, under H1 and H3. Let us deny this
assertion and assume that H2 is not satisfyied and the
KF is stable, hence from Definition 1 we have that for X,
defined by

X1 = (A—LOX(A—Li«C) +LiDD'Ly +1,  (18)
there is X € R such that
X <X, k>0. (19)

Proposition 3 states that P, converges to the semi-
stabilizing solution Py, in such a manner that, for each
€ > 0 exists kg > 0 such that

L =Ll <& k> ke, (20)

where, according to Proposition 4, L is the (strictly) semi-
stabilising gain L = APsC'[CPsC' +DD']!. Let us define
Xk S fR”O, k> ke, by ng = ng and

Xii1 = (A—LOX(A—LC) +LDD'L' +1, k>ke. (21)

One can check from (18), (20) and (21) that the deviation
between X and X is proportional to time and € or, more
precisely, that

X = Xil| < ok — ke, €)[|X (ke )[| < o(k,€)[|X |, &k > ke,
(22)
where o(k, €) is increasing with respect to k and €, with
0(-,0)=0(0,-) =0. For the semi-stable matrix A — LC and
X as in (19), set M as in Proposition 1 and € in such

a manner that o(M,&) < 1/2||X||"!. Then, we employ
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respectively the triangular inequality, Proposition 1 and
(22) to evaluate

K-l = = [1Xig-sr = K |+ 1| K-+
= —o(M, &)X+ [1Xe[| + 1> [[Xee | +1/2.

For each integer m > 1 we can proceed similarly as above
(replacing Xy, and X;, with Xi, s and Xy, mu, respec-
tively) to conclude that || Xesmarll > [ Xeps (mo1ymll +1/2,
m > 1, yielding

Xt | = Xl +m/2 > m/2, m>1

3

which is an absurd in view of (19). O

Remark 4. H3 requires that ¥ completely excites un-
stable spaces of A that are not already excited by E.
H2 further requires that the strictly semi-stable (i.e.,
semi-stable but not stable) spaces of A are excited by E.
Indeed, for granting stability it is not enough to excite
semi-stable modes via X, since this noise may vanish as
time evolves and the KF may “deteriorate” to a semi-
stable one.

The situation when all unstable modes of A are excited
by X or E, but some of the semi-stable modes of A are
excited only by X, yields stability w.r.t. ¥. The proof for
this fact involves several adaptations of results in [5], [6]
and therefore is not presented.

Proposition 7. Let H be as in (10), Ju be the similarity
transformation such that JHAHJI;1 1s in Jordan form and
ds be the subspace spanned by the eigenvectors associ-
ated with the eigenvalues of JHAHJg1 lying inside D. If
ker{JyZJ};} NJs = {0} then the KF is stable w.r.t. V.

We finish the section with some links with classical
conditions for stability of KF.

Proposition 8. (A,E) semi-stabilizable or £ > 0 implies
H3.

Proof. Provided (A, E) is semi-stabilizable, it is a straight-
forward matter to check that HA is a semi-stable matrix,
recalling that the projection H “cancels” controllable
dynamics of A, and semi-stabilizability of (A,B) yields
that the remaining dynamics are semi-stable. A semi-
stable HA leads to Jy = {0} and H3 holds. In particular,
for controllable (A,B) one can easily check that H = 0.
For ¥ >0, it is immediate that ker{JzXJ},} = {0}. O

Example 1. Consider system ® with

— 2 1 _ _ _ )
A—{O 2:|,C—D—I,Z—GG,E—VV,

where o,v € R, Consider the following setups. (i) 6 =
[0 1} andv=0. It is simple to check that: Assumption 1
holds (since H1 holds), =0, H=1, AH is in Jordan form
and Jg =1. Although (A,X) is stabilizable, we have that
ker{Z} NR" = [u] where u =[1 0], thus H3 does not hold
and the KF is not semi-stable. (i) 6 =0 and v = [O 1].
A stabilizable (A,E) is enough to provide stability; indeed,

now C=1I1, H=0 and AH =0, providing Jy = {0} and H3
holds trivially. Note that ¥ in (i) equals E in (i); this
illustrates in what sense ¥ has to “completely” excite the
unstable spaces of A (whereas E has only to excite them).

V. CONCLUDING REMARKS

We have shown that KFs presenting bounded error
covariance Py are semi-stable if and only if H3 holds, i.e.,
the non-persistent noise model employed in calculations
(characterised by X) has to completely excite unstable
modes of A that are not already excited by E. The
result is valid independently of convergence of P, or any
conditions on C, hence clarifying the meaning of the con-
dition H3 for non-detectable systems (or non-stabilizable
systems in the dual control scenario), complementing
available results for detectable systems [3]. We combine
the condition H3 with conditions H1 and H2 to obtain a
necessary and sufficient condition for stability of the KF.
A condition for stability w.r.t. ¥ is also derived, which
holds trivially when X > 0, see Proposition 7.
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