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Simultaneous Input and State Estimation for Linear Time-Invariant
Continuous-Time Stochastic Systems with Unknown Inputs

Sze Zheng Yong ?

Abstract—In this paper, we present an optimal filter for
linear time-invariant continuous-time stochastic systems that
simultaneously estimates the states and unknown inputs in
an unbiased minimum-variance sense. The optimality of the
proposed filter is proven by reduction to an equivalent system
without unknown inputs. Then, a second proof is given for
a special case by limiting case approximations of the optimal
discrete-time filter [1], thus establishing the connection between
the continuous- and discrete-time filters. Conditions for the
existence of a steady-state solution for the proposed filter are
also given. Moreover, we show that a principle of separation of
estimation and control holds for linear systems with unknown
inputs. An example is given to demonstrate these claims.

I. INTRODUCTION

For linear continuous-time stochastic systems with known
inputs, the Kalman-Bucy filter [2] is regarded as the optimal
solution to extract information about a variable of interest
from noisy measurements. However, the accessibility of
the unknown/disturbance input is often not possible. This
problem of simultaneous state and input estimation is found
across many disciplines and applications, from the real-time
estimation of mean areal precipitation during a storm [3] to
input estimation in physiological and transportation systems
[1], [4] to fault detection and diagnosis [5].

Literature review. Initial research with the objective of
concurrently obtaining minimum-variance unbiased esti-
mates for both the states and the unknown disturbance
inputs to the system has been focused on particular classes
of linear discrete-time systems with unknown inputs [6]—
[10]. Recently, a less restrictive framework for optimally
estimating both state and unknown input has been proposed
in [1]. However, most state and input/fault estimation solu-
tions for continuous-time systems are limited to deterministic
systems (see, e.g., [11]-[14] and references therein), and they
typically assume bounds on the allowed disturbance input or
rely on the differentiation of measurements, which may lead
to instability when noise is present. Hence, the problem of
simultaneous state and input estimation for linear continuous-
time stochastic systems remains open.

Contributions. To bridge the gap in knowledge about
optimal filters for simultaneous input and state estimation of
linear time-invariant continuous-time stochastic systems, we
propose an optimal filter, that estimates the unknown input
and the system states in the minimum-variance unbiased
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(MVU) sense, i.e., the estimated signals have zero bias and
have variances that are not higher than any other unbiased
estimates for all possible values of the signals.

To prove the optimality of the proposed filter, we reduce
the linear system with unknown input to an equivalent
system without unknown inputs. Thus, we can use existing
results of the Kalman-Bucy filter [2] to obtain the proposed
optimal filter and also the conditions for the existence of
a steady-state solution of the resulting Riccati differential
equation. Next, we derive the optimal filter for a special
case by using limiting case approximations of the discrete-
time optimal filter in [1]. Through this derivation, we gain
a better understanding of the similarities and differences
of the discrete-time and continuous-time filters. Moreover,
we present a second complementary algorithm under the
condition that an additional measurement with information
about the state derivative is not available and that only
the estimation of state is desired. Finally, we show that a
principle of separation of estimation and control also exists
for linear systems with unknown inputs.

Notation. R™ denotes the n-dimensional Euclidean space,
and N positive integers. For a vector of random signals, v €
R™, its expectation is denoted by E[v]. Given a matrix M €
RP*4_its transpose, inverse and rank are given by M T M1
and rk(M). For a symmetric matrix S, S > 0 and S = 0
denote S is positive definite and positive semidefinite.

II. PROBLEM STATEMENT

For ease of exposition, we consider the following
model representation for linear time-invariant continuous-
time stochastic system!'

z(t) = Ax(t) + Bu(t) + Gd(t) + w(t), )
y(t) = Cx(t) + Du(t) + Hd(t) + v(t),

where z(t) € R™ and y(t) € R! are the state and mea-
surement vectors at time ¢. The known and unknown input
vectors, u(t) € R™ and d(t) € RP, respectively, are assumed
to be deterministic and once differentiable (i.e., %(¢) and
d(t) exist). The process noise w(t) € R™ and the mea-

IThis model representation is sometimes referred to as a nonsuccessful
construction [15, Section 3.4]. However, we intentionally choose this more
common representation found in the original Kalman-Bucy filter [2] and
textbooks (e.g., [16]-[18]) over the more accurate stochastic differential
equations [15, Section 7.6]. Since the proofs in this paper, among others,
use existing results from the Kalman-Bucy filter which are derived from
the duality of the optimal control and estimation problems [2], [15] that is
directly applicable to the stochastic differential equation representation, this
choice of representation does not affect the results of this paper beyond the
slight abuse in model representation.
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surement noise® v(t) € R! are assumed to be mutually un-
correlated, zero-mean, white random processes with known
covariance matrices, with noise statistics E[w(t1)w(ts) "] =
Q(tl)é(tl — tg), E[U(tl)v(tz)T] = R(tl)(S(tl — tg) and
E[w(ty)v(t2) "] = 0, where §(-) is the Dirac delta function,
Q(t) =Q = 0and R(t) = R > 0 for all ¢ (see, e.g., [2], [18]
for details about the choice of noise model). The matrices
A, B, G, C, D, H, Q and R are known and constant.
x(tp) = o is also assumed to be independent of v(¢) and
w(t) for all ¢ and an estimate Z(tg) := &¢ of the initial state
Zo 18 available with covariance matrix P§. Without loss of
generality, we assume throughout the paper that n > [ > 1,
l>p>0and m > 0 and the current time ¢ > 0.

As observed in [19] for deterministic systems with un-
known inputs, except for some trivial cases (e.g., H has
full rank), derivatives of the measurements are unavoidable
when the reconstruction of the unknown input is desired.
Thus, we expect stochastic systems to similarly require some
form of additional signal information/measurement that is
a counterpart of the derivative of y(¢) in the deterministic
case. The necessity for such a measurement related to the
derivative will become obvious after a similarity transfor-
mation shown in Section III-A, in which we note that the
measurement y(¢) does not contain any information about
a particular component of the unknown input d(t), if H
is rank deficient. However, since numerical differentiation
of noisy measurements is in general to be avoided and a
higher-order system representation via state augmentation
with inputs would not result in a corresponding full rank
H'’ if the original H does not have full rank, we instead
assume that we have additional measurements that contain
information about &(t) given by

7(t) = Ci(t) + Du(t) + Hd(t) + o(t), 2)

with the following noise statistics: E[o(t)] = 0,
E[@(tl)ﬂ(tg)—r] = E(tl)é(tl - tz), ]E[’U(tl)ﬁ(tg)—r] =0 and
E[w(t1)v(t2)T] = 0, and R = 0 is constant and known.
This assumption of an additional measurement is reasonable
in practice, for e.g., accelerations of mechanical systems are
typically measured in addition to state (position and velocity)
measurements. Note that the measurement 3 is not needed
if H is full rank. Finally, to simplify notations, we omit the
explicit time-dependence of the signals throughout the paper.

The objective of this paper is to design an optimal re-
cursive filter algorithm (Section III) which simultaneously
estimates the system state x(¢) and the unknown input d(t)
based on an initial estimate &y and the measurements up to
time ¢, y(7) and, in the case that H is not full rank, with
additional measurements F(7) for all 0 < 7 < ¢. No prior
knowledge of the dynamics of d(t) is assumed. In addition,
the special case® where C = C, D = D and H = H will be

2Note that in Section IV-A, we will consider a heuristic approach for a
special case in which we assume that v(¢) = 0 for all ¢ > 0.

3The additional measurement 7(t) for this special case can be seen
as a pseudo-derivative of the output measurement y(t), which should be
distinguished from the output derivative signal y(t) that is not well defined
due to the differentiation of the discontinuous noise term.

studied in relation to the discrete-time filter for developing an
intuition about the similarities and subtle differences between
continuous- and discrete-time filters.

A secondary goal of this paper is to present a comple-
mentary algorithm for the same special case when H is
rank deficient and with the additional restriction that the
measurement 3 and the signal w(¢) are not available. In this
case, only a particular component of the unknown input can
be estimated. However, this case is of interest for applications
that only require the estimation of state for systems with
unknown inputs, as is done in earlier literature on linear
discrete-time systems [3], [20], [21]. Moreover, for reasons
that will be expounded in Section IV, this algorithm is only
presented for the case that v(¢) = 0 for all ¢ > 0.

III. MINIMUM-VARIANCE UNBIASED FILTER FOR INPUT
AND STATE ESTIMATION

A. Similarity Transformation

Similar to its discrete-time counterpart [1], we first carry
out a similarity transformation of the system. Let tk(H) =
pr. Then, we rewrite the direct feedthrough matrix H using
singular value decomposition as

T
m=o wlly ol i ()

where ¥ € RPE*PH jg a diagonal matrix of full rank, U; €
Rixpu [, € RlX(l—pH)’ Vi € RP*PE Y, € ]RPX(P—:DH), and
U = [Ul Ug] and V = [Vl Vg] are unitary matrices.
Note that in the case with no direct feedthrough, ¥ is the
zero matrix, U; and V; are empty matrices, and Uy and Vs
are arbitrary unitary matrices.

Then, we transform the (completely) unknown input into
two orthogonal components:

dy=V,'d, dy=V, d. (4)

Since V is unitary, d = Vidy + Vads. Next, we decouple the
output y using a nonsingular transformation
7= [T1] = [fow —UPRUUS RU) T U] )
T, 0 Ta—pm) U, |’
and extract a projection of 7 using Ty = UQT to obtain

x:Ax+Bu+G1d1+G2d2+w,

y=Cx+ Du+ Hid; + v,

2z = Tiy = C1x + Dyu+ Xd; + vy, (6)

zo = Toy = Cox + Dou + va,

Zo = Toyy = Cox + Dot + To,
where U is obtained from the singTular value decomposition

- —=[2 0] |V

of H = Wl U2}|; 0:| |}/;—r ’
Cy = ToC = UJC, Ty := ToC = U, C, Dy := Ty D,
D2 = TQD = U2TD, 52 = TQE = UQ ﬁ, Gl = G‘/i,
Gy = GVy, Hy := HV;} = Ulji_l, vy = Tiv, vg =

while Cy := T1C,

Tov = U;v and Ty := ToT = U, v. Note that with the
above transformation, the signal ds does not show up in
the measurement y, which means that there is insufficient
information in the measurement y to estimate the signal d,
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specifically the component given by d3, which is nonempty
when H is not full rank. Thus, in order to estimate the
unknown input signal d in the case with rank deficient
H, the additional measurement given by ¥ is necessary, as
previously stated in Section II.

The similarity transform was also chosen such that the
measurement noise terms for the decoupled outputs are
uncorrelated. The autocorrelations and correlations of vq, vg
and s, with the initial state and process noise are:

E[vr (t1)v1(t2) '] = ToR(8) Ty 6(t1 — t2) := Ri(t1)8(t1 — t2),
Elva(t1)va(ta) '] = ToR(t1)Ty 6(t1 — t2)
= Uy R(t1)U26(t1 — t2) := Ra(t1)d(t1 — t2),
Efv1(t1)va(ta) '] = 6(t1 — t2) (U R(t1)Us
— U\ R(t1)Us(Uz x R(t1)Us2) "' U3 R(t1)Uz) = 0,

E[Ua(t1)02(t2) 1] = TaR(t1)Ts 6(t1 — t2) = Ra(t1)8(ts — t2),
Efv (1) (t2) ) = TiE[o(t)v(t2) " |T5 =0,
Elvs(t1)02(t2) '] = ToE[v(t1)v(t2) T |T2 =0,
Efv1(t1)w(tz) '] = TiE[v(t1)w(t2) '] = 0,
Efva(t1)w(tz) '] = ToE[v(t1)w(t2) '] = 0,
E[vi(t)zg ] = TlE[v(t)mJ} =0,
] = ToE[v(t)z ] =0,
]
]

where Ry, R, and R, are positive definite.

B. Filter Description

We know from the discrete-time version of the MVU
filter [1], [21] that only the projection of the output y,
corresponding to z5 in this paper, can be considered in the
innovation/residual computation that is then used to update
the state estimate. This has been shown to be necessary
in order that the state estimate is unbiased. On the other
hand, the component of the output corresponding to z; is
used to estimate dy. In contrast with the discrete-time filter
in which the dy component can only be estimated with
a unit time delay, in the continuous-time version, we use
Zo for the estimation of ds. Since the distinction between
the propagation and update steps of discrete-time filtering
does not exist in continuous time, unlike [1], only one filter
structure is considered, which is as follows:

Cil = M1(21 — Cl.f — Dlu),
dg == MQ(EQ - 621456 - 628“ - €2G1d1 - EQ’[L), (7)
d =Vidy + Vada,

& = A& + Bu+ Gydy + Gady 4 L(zo — Cad — Do), (8)
where the matrices I € R**(=pr) ), e RPHXPH gpd
M, € R=pm)x(=pn) are filter gain matrices that are
chosen to minimize the state and input error covariances.

A summary of the optimal continuous-time filter is given

in Algorithm 1. This algorithm has the following properties,
which we will further describe and prove in Section III-C:

Algorithm 1 Input and State Estimation Algorithm
1: Initialize: &(to) = @03 P*(to) = P&; Mi =71 Q=Q +
G1M1R1M1TGT; A =A— G1M101;
2: while t <ty do
> Unknown input estimation

Ry = Ca(AP*AT 4+ Q)C5 + R

My = (G4 Cs Ry 'CaG2) " 'G3 Ty Ry %

Cil = M1 (21 — Cl.f — Dlu);

(jQ = MQ(EQ — 62A:ﬁ — ézBu — 62G1dAl — ﬁzﬂ);

d = Vidy + Vada;

P = ViM,y (CLP*CY + Ry) M V,T
JFV?(Gg@gR;162612)71V2T+V1M101PIAT€;M2TV2T
FVaMaCo APTCT M VT — ViMy RyM{ G Ty My V'
—V2M262G1M1R1M1TV1T;

> State estimation

9: Z = (I — GQMQ@Q)A;

10: @ = (I_G2M262)Q(I—G2MQ@Q)T‘FGQMQEQMJG;
11: L=P°CyR;Y;

12: %:A£+BU+G1(21 +G2622 +L(2’2 7Cgi‘*D2u);
133 P*=AP" + P*A +Q - P*CJ R;'C,P";

14: end while

e S A

Theorem 1 (Minimum-variance unbiased estimation). If
tk(C2G2) = p — pg and (A, Cs) is detectable, where the
matrix A is as defined in Algorithm 1, then the filter gains,
L, My and M, given in Algorithm 1 provide the unbiased,
best linear estimate (BLUE) of the unknown input and the
minimum-variance unbiased estimate of system states.

Theorem 2 (Convergence to steady-state). Let 1k(CGy) =
p—pn. Then, with P*(ty) = O, the filter’s Riccati differential
equation given by
P* = AP + P74 +Q — P°CJ Ry'CoP%, (9)

with A and Q given in Algorithm 1, (exponentially) con-
verges to a unique stationary solution if and only if

(i) The pair (A, C3) is detectable, and

T

(ii) The pair (A, Q%) is stabilizable,

where the matrices A and Q are as defined in Algorithm 1.

Remark 1. In the special case (C =C, D =D, H = H),
from which follows Cy = Ca, a system property known
as strong observability* implies that the pair (A,Cy) is
observable; and that Cy and G have full rank. A full-rank
G4 is a necessary condition for rank(C2G2) = p — pm,
while Cy with full rank is also necessary if | = p. Hence,
strong observability is closely related to the fact that a
minimum-variance unbiased estimator exists and admits a
steady-state solution. A similar condition also holds for the
optimal discrete-time filter in [1].

C. Filter Analysis

We first provide a proof of Theorem 1 by showing an
equivalence of the problem to a continuous-time system
without unknown inputs and as such, we can apply the results
of the Kalman-Bucy filter. Then, we provide an alternative

4Strong observability is the condition under which the initial condition
zo and the unknown input signal history, d(7) for all 0 < 7 < ¢ can be
uniquely determined from the measured output history y(7) for all 0 <
T < t (see, e.g., [22])
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derivation for the special case by means of limiting case
approximations of the optimal discrete-time filter [1]. In the
process, we gain insight into the subtle difference between
the special case continuous-time filter and the discrete-time
filter in [1]. Finally, we provide a proof of Theorem 2
based on the steady-state Kalman-Bucy filter properties of
the equivalent problem.

1) Proof 1: By Equivalent System without Unknown In-
puts: As was observed in [1], the unknown input can be
viewed as consisting of a known component given by the
input estimate, and a zero-mean random variable with known
variance which can be dealt in the same manner as with
process and measurement noises:

dy = C§1 + (dh —6?1) = 6§1 +CZ;17

d2 = d2 + (dg — dg) = d2 + dg.
From (7) and chooiing the matrices My and M such that
Ml&: I and M,C2G4 = I, which is possible because X
and C'sG'2 have full rank by assumption, we obtain

(10)

dy = —M1(Cl.i‘+1}1), (11D

d2 = 7M262AA‘% + MgégGlMl’Ul — Mgfg — Mgég’w,
where A := A — G1M;,C;. Since we can design L such
that £ := a — 2 tends exponentially towards zero (shown
below), and ~the process and measurement noises have zero
mean, both d; and dy exponentially tend towards zero-mean
random variables with the following (auto-)correlations:
E[dl (tl)czl(tz)—r] = Pld(tl)é(tl — tg)
= (MiRy M| + M,CLP*C] M, )(t1)6(t1 — to),
Eldy(t1)da(t2) "] := Pih(t1)3(t1 — t2)
= (MG, P*ATCy My —My Ry MY GTCy M )(t1) (13)
O(t1 — ta),
E[dg(tlzdg(tg)T] = Pg(tl)é(tl — tg)
= (MyRo My ) (t1)6(t1 — ta),
E[d(t1)d(t2) "] := P4(t1)6(t1 — t2)
= (Vi PRV, VL PV, Vo P VT4V PEVLT) (1) (15)
5(t1 — ta),
where we defined E[Z(t1)Z' (t2)] = P*(t1)6(t; —
ta), Ro

12)

(14)

= Co(AP*AT + Q)Cy, + Ry and Q :=
Q + GiM iRy M G, as well as omitted E[Z(t;)v] (t2)],
E[&(t1)Tg (t2)] and E[Z(t1)w T (t2)] due to their negligible
contributions to the above correlations.

To obtain the best linear unbiased estimate of both pro-
jections of the unknown inputs, cfl and Ciz, as in its discrete-
time counterpart [1], we choose M; and M such that the
assumption in the Gauss-Markov Theorem is satisfied, as
outlined in [18, pp. 96-98]:

My =37\, My = (GJC, Ry 'CaG2) 1 GI T, RyE. (16)
Next, substituting (10) into the system dynamics (6), and
using (8) and (11), we obtain the state estimate error system
I=&—&=A%+W— L(Coi 4 v3), a7)

where Z :7(_[ — GQMQ?Q)A and w := (I — GQMQ@Q)/LU —
(I — GQMQCQ)GlMl’Ul — G2 M>v5. Note that even during

transients, where the (17/1 and Jg have non-zero means, the
terms contributing to these biases are functions of & and
are thus absorbed into the A. More importantly, the state
estimate error dynamics in (17) is the same state estimate
error dynamics of a Kalman-Bucy filter [2] for a linear
system without unknown inputs:

Ge = Axe +W, Yo = CoTe + va.

Since the objective of both systems is the same, i.e. to obtain
an unbiased minimum-variance filter, they are equivalent
systems from the perspective of optimal filtering. Hence, the

optimal filter is obtained, as in [2], when L is chosen as
L= P°Cy Ry', (18)

where the state estimate error covariance, P, is obtained
from the Riccati differential equation given in (9) where the
noise intensity, (), is obtained from

E[@(t)w’ (t2)] := Q(t1)d(t1 — t2)
= ((I = G2M2C2)Q(I — GoM>Co) T
+GaMaRo My G )(1)6(t1 — ta).

Moreover, since we assume that (Z, C5) is detectable, the
eigenvalues of A — LC5 can be designed to have negative
real parts. Since the linear error system (17) is stable, E[Z]
tends to zero, and the effect of the initial condition % decays
exponentially. In summary, the proposed filter provides the
best linear unbiased estimate of the unknown input and the
minimum-variance unbiased estimate of the state; thus, we
have proven the claims of Theorem 1.

2) Proof 2: By Limiting Case Approximations: An al-
ternate derivation of the optimal filter for the special case
(C=C,D =D, H=H = Cy = (5) can be obtained
from the optimal discrete-time filter [1] using limiting case
approximations. Although this derivation lacks rigor due to
various approximations, this is interesting for understanding
the connection between the continuous- and discrete-time
filters and also from a pedagogical point of view, since this is
often used to derive the continuous-time Kalman-Bucy filters
in textbooks (e.g., [17], [23]).

If the sampling period At is small, we can use Euler’s
approximation to write the discretized version of (6) as

~ (I + AAt)xy + BAtug, + G1Atdy g
+G2Atd27k + Wi

= Agzi + Baug + Gh,qd1 i + Go.qda ) + Wi,

Yk = Cxy, + Duy, + Hidy + vy,

= Cyzry + Dguy, + Hdek + Vg,

19)

Tr4+1

(20)

216 = Crok + Dyug + Xdy g + 01k
= Ch,azk + D1,qur + Xady i + v1 ks
2o = Comp + Doup + va i 1= Co gz + Do qui + va i,

where the process and measurement noises are wyp -~
(0,QAt) and vy ~ (0,R/At), in which Qg ~ QAt as
At — 0, and the discrete measurement noise is approximated
as the average value of the continuous noise [16].

Since the first component of the unknown input can com-
puted pointwise without delay, we expect M j, — M;. Thus,
we have the estimate cfl as in (7) directly from the discrete-
time version given by Jlffk = M k(21,6 —C1,ad g — D1,au)
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[1]. On the other hand, the limiting case approximation of
the second component of the unknown input is given by:

D R
dyy 1 = Ma (22 — C2a(Aa®r—1)h—1 + Baug—1

+G1 4d1 k—1) — Do qug)
N 22 k—C2 a®p_1|k—1—D2,dur—1 W —Uh—
~ Mg,kﬂt( A‘t — Dy i 1

—CoBug—1 — Co ALy _q)j—1 — CyGrdy 1)
= My p A (ZAZ =t — Co Ay o1 — Do 5=
*OQBUk—l — CQGldl,k’—l)v

where the first equation is the discrete-time version from
[1], and we defined My := lima;,0 M2 At and 2,1 :=
Tg’dyAkfl = Tg’d(cdﬁ\?k_uk_l +Dduk,1), as well as substi-
tuted the approximate matrices Ay ~ I + AAt, By ~ BAt,
027d ~ Cg, Dg,d ~ DgAt and Gl,d ~ Glﬂt from (20)
Taking the limit of At — 0, we obtain

d2 MQ(ZQ — CQA.%‘ — CQBU — CQGld] DQQ), (21)

where we have replaced the term lima,_o 24202 =

— Yy CaZp_1)k—1+Vk— s — _
Pty SOt L) with 7y = Thy =

T2 (hmAt—)O At At
To(limps—o 221 + ”“"Atf(Z’j:”’“‘l)) which we assume
is obtained from the noisy measurement of i according to (6)
(with C = C, D = D, H = H) and where we have defined
Tp—_1|k—1 = Th—1 — Tg—1)k—1- This indirectly implies that
the optimal discrete-time filter “differentiates” the second
projection of the output, z,, using finite difference. Moreover,
we can infer that the equivalent discrete-time estimation of
d, ;—1 corresponding to (21) is given by

do 1= Mo g(zap — Co,q(AaZ_1)k—1 + Baug—1
+ G qd1 j—1) —
which would be unimplementable in discrete time because
the noise terms and the true state are not available. Thus, to
obtain the best linear unbiased estimate of both projections of
the unknown inputs, d; , = dgk and da ;,—1, we choose M i,
and My, as in [1], such that M; 1 3Xq = I, M3 1,Cs ¢G2 g =
I and the assumption in the Gauss-Markov Theorem is
satisfied [18, pp. 96-98]:

Ml,k = Zgla

My, = (G5 4C3 4Ry 1 C2,4G2.a) ' G] 4C5 4Ry,

where Ry = Chq(Agq — I)Pk—1|k—1(Ad - I)TCzT)d +
Cjz,koACg,d + RoAt, Ag = Ag — G1,4My ;Cy 4 and
Qr-1:= Qq + G1,dM1,k71R1,d]\{1Tk_1G1T7d, and we have

= ngd ~ %. Then, using th@ ap-
proximate matrices (20), substitutingPy ,, | ~ =
ng = %, as well as taking the limit of At — 0, we
obtain My = lima¢—o My and My = limas0 Moy, as
are given in (16).

(22)

Do quy, — Co qTj—1|—1 + V2,a At —va 1),

(23)

applied ]E[UQ,dﬁg,d}
and

Furthermore, with dl,k = chk and cig,;g given by (22), the
unknown input estimate errors are given by:

dy i
do j—1

=dy; — (21,13 = =M 1 C1 4T — M1 gv1k,

=da k-1 —dap

= —Ms1Co 4(Aq — I)Tp—1p—1 — M2 xCa qwp_1
+M3,1,C2,dG1,aM1 k—1vV1, k-1 — M2 5029t

Hence, the error covariance matrices can be computed as

P, :ZE[d1,kciIk] M (CraP Oy g + Rug) My,
Pldz,k—l = E[Cilkr 1d2k 1] .
~ M g-1CraPy_q ) (A = DCY My
—My - 1R1k M, 1G1d02dM2k7
Pg,k—l = E[dgk 1d2k 1] My kRQ kMzk

As above, substituting the approximate matrices and taking
the limit of At — 0, we obtain the expressions for P{ :=
lima;_o P1 JWAYA P12 = limay o P12k 1At and Pd =
lmas_g P2 w1t given by (12), (13) and (14).

Next, we derive the continuous-time state estimate and
error covariance dynamics from the ULISE variant of the
discrete-time filter [1] in a similar manner:

Ak ~ 3 3
& = AaZp—1)k—1 + Baug—1 + G1adik—1 + Ga,ada k-1,

T = T + Ly (22 — C2 A%y — D2,aur)
~ (I + AAt)xk 1k—1 + BAtu + G1A\tdy
+G2Atd2 + Lk(ZQ — Co(I + ANE) Ty 1]k—1
—DQU - CQBAt’LL + Glﬁtdl + GQAtdQ),

Tpie—Tr—11k—1 ~ L A
= 7 (29 — Coftp—1jp—1 — Dou)

+AZ_q -1 + Bu+ Gidy + Gado,

where we have neglected higher order terms in the latter term
in the final equation above. Taking the limit of At — 0,
we obtain the continuous state estimate dynamics as above,
ie. (8), if we define L := lima;_sq %, as is done for the
continuous-time Kalman-Bucy filter. From the state estimate
error covariance given by

P,f‘k =E[(zr — $k|k)(3?k - xk\k) ]

T
Pl — Ly,Cs,4P;; ik — P Ca, aL + LeRi Ly,

(24)

(25)
where P,:ﬁC = E[(zx — xk‘k)(ajk - xk‘k) ] and Ry :=
Coq k\kCQ 4 T R2,4, we can find the optimal Ly by mini-
mizing the trace of (25) to obtain

Ly = Pli.Cy 4(Coa Py 4+ Roa) ™",

26
= Z’; = Pl:ﬁcCT (Cq, dP]:ﬁCCT At + Ry gAt)~1 (26)
As At — 0, if Pgﬁc is finite, and we let P]:ﬁ — P7%, then

we obtain the filter gain L as given in (18).

Substituting the optimal ik (26) into (25), we obtain P,fl &
and into the discrete-time optimal state estimation dynamics
(24) to derive the state error covariance matrix, Pk*ﬁC (similar
derivation in [1]):

Py = P, — PiiiCo uRy ' Coa P,
P = (A — G2,dM2,kC2,d(Ad — 1) Pi_1jk-1
(Ad — GQ,dMQ,kCQ,d(Ad — 1))T + (I — G2,aM2,1C2.q)
Qk—l(l - GQ,dMQ,kCQ,d)T + GQ,dMQ,kEQ,dMZTkG;,d(At)z-

27

Applying the approximation matrices defined in (20) and
neglecting higher order terms, we have

Pk = Pilajp
At
+ (I — GaMyC2)Q(I — GaM3Ca) " + GaMaRy My Gg

— Pk 105 (CoPY"y 109 At + Ra) ' CoP* 4.

~ *T * X
R AP -1 + Pl A
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Next, if P} is finite, as At — 0, we obtain the Riccati
differential equation governing P given in (9), where we
applied P* = P**, which can be deduced from ), ~
&4 5 + Gada At by taking the limit of At — 0.

3) Filter Convergence and Optimality: For linear time-
invariant systems, the conditions for the convergence of the
filter gains to steady-state of the proposed filter are closely
related to the existence and the uniqueness of stabilizing
solutions of its continuous-time algebraic Riccati equation
(CARE), i.e. (9) with P = (). These conditions are given
in Theorem 2 and the proof of the results can be found in
[18, Sections 16.7-16.8]. The optimality of the filter also
follows from the equivalence of the proposed filter to a
Kalman-Bucy filter [2] without unknown inputs. From the
perspective of limiting case approximations, the discrete-time
filter in [1] is globally optimal and converges to a steady-
state solution for arbitrary At, and the Euler approximation
converges to the continuous system. So, from the optimality
of the Kalman-Bucy filter, it can be inferred that limiting
case filter is also optimal. Furthermore, for the special case
(Cy = () the connection between strong observability and
the observability of (A4, Cy), as well as Cy and G being full
rank (Remark 1) follow directly from

N e i o oA 2_%
nTp=r c H|™T C U {o 0] vT
o sh—4 - GO I 0
=Xl T c U villo v

0 0
[sI — A -GV sI—A -G, -
=rk ¥ 0| =rk Ch by 0
¢ TU [o o} Co 0 0
I G1271 0 sI—A —-Gi -G
=1k [0 I 0 Cy ) 0
0 0 I Co 0 0
sI—A 0 -Gy
=1k | Y 0 |=rk {515 A _8;2} +pu
| C2 0 0 °
o sr=A -G I 0
=Moo {—MQCQA )t
. sI— A Go
=rk Co 0 + pH,

where the first equality is the rank condition for strong
observability given in [22], the third from last equality holds
because X is square and has full rank py, and we have
assumed that n > 1> 1and [ > p > 0.

IV. STATE-ONLY ESTIMATION

In this section, we once again consider the special case
with the restriction that the measurement 7, as well as @ are
not available. As argued in Section III-A, the unknown input
cannot be (fully) estimated, thus the objective of this section
is to derive a state-only estimation algorithm that does not
require the measurement of ¥.

The approach taken for this derivation is to modify the
input and state estimation algorithm in the previous section
(Algorithm 1) to accommodate the absence of the measure-
ment y by replacing z, with 25 := T5y in (7), for which we

Algorithm 2 State-Only Estimation Algorithm
1: Initialize: &(to) = Zo; P®(to) = P& M1 =% A=A —

Gi1M,Cy; B= B — G1M,Dy;
2: while t < iy do
Ry = CQ(APIAT + Q)C;,
My = (G3 C3 Ry 'C2G2)"*Gy C Ry
Z = (I — GQMQCQ)A;
EZ (I — GQMQCQ B;

)
G = (I — G2MC>2)Ghr;
)

Q= (I —GaM:2C)Q(I — GaMoC) T

9:  L=P°Cy Ry%;

10: va ~ N(0, R2);

11: 6= (A*LCQ)Z%‘F(B*LDQ)U‘FGMlZl+L(22+'U2);
12: T = GoMszo — GoMaDou + 0;

133 P*=AP"+ P"A +Q— P*Cy Ry 'CoP";

14: end while

AN AN

only have the measurement of y. However, this substitution
requires that the measurement noise term v is differentiable,
even when g is never explicitly computed. Therefore, we
further restrict the class of problems to the case in which
v = 0 (an assumption we will relax in a future work). On
the other hand, we note that the computation of L in (18),
we require the invertibility of Ry. Thus, a fictitious zero-
mean noise v, with noise intensity Ry > 0 is added to the
measurement zp, i.e. 25 = 23 + vq. Finally, to circumvent
the need to have direct access to y and u, we propose
an algorithm in Section IV-A that produces the same state
estimate as (8) with only y and u, which are known.

In brief, the modifications result in an algorithm similar
to Algorithm 1, but with B, = 0 and Ry = 0, and
with the same state estimate in Section IV-A. A summary
of the new algorithm is given in Algorithm 2. Given the
equivalence of the algorithms in the special case, it follows
directly that Theorem 2 and Remark 1 hold, i.e. the condition
rk(CoG2) = p — py and the strong observabiliry of the
system are sufficient conditions for the existence of a steady-
state filter. Note, however, that the addition of a fictitious
noise may degrade the performance of the proposed filter.

A. State-Only Estimation Algorithm

After rearranging and combing terms, the state estimation
(8) can be rewritten as follows:

i‘ = Az + Bu + G1M1(Z1 —Ciz — Dlu)
—|—G2M2(22 - C2Aj? - CQBU - CQGlMl(Zl
7015% - Dlu) - DQU) + L(Z/2 - CQ(% - DQU)
= (Z — LCQ)Q/'} + (E - LDQ)U + éMlzl
—‘rLZé + GoMsze — Go Mo Dot
= h(i‘, u, 21, Zé) + @12:’2 + ‘I)Q’L.L,
where E = (I — GQMQCQ)(B — GIMIDI)’ é = (I —
G2 M5C5)G1 My, and zs is replaced with 2, = 2042, where
V9 1s a fictitious zero-mean noise with a chosen intensity Ro.
Then, to derive an equivalent without ¢ and i, we let

(28)

0 = h(E,u,21,2y), &=®129 + Pou+6. (29)
Taking the derivative of &, we have

&= D129 + Dol —|—9 = P29 + Dot + h(ﬁc,u,zl,zé).
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So the output & of (29) is identical to that of & in (28).
However, (29) does not include 2, and 1, as desired.

V. SEPARATION PRINCIPLE

We now investigate the stability of the closed-loop system,
when the controller is a state feedback controller with
disturbance rejection terms using the estimates from (7),(8):

w=—K3i — Jidy — Jods, (30)

where K is the state feedback gain, and J; and Js are the
disturbance rejection gains (J; = J2 = 0 in Algorithm 2).
The following theorem shows that a separation principle for
linear stochastic systems with unknown input holds, i.e., the
designs of the controller and the state and input estimator
can be carried out independently.

Theorem 3 (Separation Principle). The state feedback con-
troller gain K in (30) can be designed independently of the
state estimator gain L in (18) (cf. Algorithms 1 and 2).

Proof. Substituting (30) into (6) and from (17),(10), (11) (for
ALISE, with C = C, D = D and H = H), we have
m _ [A —~ BK B(K — JiM:Cy — JZMEQA)] m

z 0 A—LC, €T
Gy —BJy, G2 —BJs| |dy
o |1 o
- w
_ Yol BJ2M>C2G1 M, . w
n I — BJoM>Csy 0 "BIM, 0 —BJ2M> o l.
0 I 0 —L 0 v2
U2

Since the state matrix is triangular, the eigenvalues are of
A — BK and those of A — LC5. Thus the stability of the
state and input feedback and estimator are independent. MW

Hence, the state feedback gain K can be independently
designed (e.g., with Linear Quadratic Regulator (LQR)) with
no effect on the stability of the estimator in Algorithms 1
and 2. Moreover, J; and J5 in Algorithm 1 can be chosen
such that the effect of disturbance input on the closed loop
system is reduced. However, J; and J> must be chosen such
that u, di and dy can be uniquely determined, since the
equations for d; and dz in (7) become implicit equations
and the dependence on w in d» also results in a differential
equation for wu.

VI. ILLUSTRATIVE EXAMPLE

Fig. 1.

A helicopter near hover [24].

We consider the linearized longitudinal dynamics of a
helicopter [24] depicted in Fig. 1:

0=q,

¢ = —0.415q — 0.011u + 6.275. — 0.01 1wy,

4 = 9.80 — 1.43¢q — 0.0198u + 9.86, — 0.0198wy,,

Y =u,
where the system states are the fuselage pitch angle 6, the
pitch rate ¢, the horizontal velocity of the center of gravity u
and the horizontal distance from the desired hover point y;
while the only control input is the tilt angle of the rotor
thrust vector J.. The variable w, = wg + w represents
a horizontal wind disturbance with a deterministic time-
varying component, wq, and a stochastic component, w,
modeled as one of the following:

(32)

(i) A first order Gauss-Markov process, i.e. w = —0.2w +
6, driven by a zero-mean, continuous time, Gaussian
white noise, ¢, with intensity Q = 5 x 1074,

(ii) A zero-mean, continuous time, Gaussian white noise,
w, with intensity Q =5 x 1074

In both cases, we have measurements of y, v and ¢ only,
each with a measurement noise intensity of 1 x 1073, 1.6 x
1073 and 0.9 x 1073, respectively, while 7 is assumed to be
available with C = C, D = D and H = H and similarly
are noisy with noise intensity of 2 x 1073, 1 x 103 and
1.9 x 1073, respectively. Furthermore, the measurement of
u is plagued by the presence of an additive a time-varying
bias, e,,, which in this example is a sinusoidal signal.

Since there is a separation principle for the controller
and estimator of this system (Section V), we design them
independently. The controller we chose is the LQR, whereas
the estimator is the filter proposed in this paper. For the
LQR gain, K, we have chosen the following cost matrices:
QLQR = CLTQRCLQR and RLQR = 5, where OLQR =
[0 0 0 1], while J; =0 and J, = —1.943 x 107° are
chosen to minimize |G; — BJy| and |G2 — B.J3|.

We implemented the LQR state feedback control law and
the filter described above in MATLAB/Simulink on a 2.2
GHz Intel Core i7 CPU for both cases and the results are
shown in Fig. 2, when the horizontal wind is modeled as the
sum of a deterministic time-varying component and a first
order Gauss-Markov process (Case (i)) and in Fig. 3, when
the horizontal wind is modeled as the sum of a deterministic
time-varying component and a zero-mean Gaussian white
noise (Case (ii)). Note that the projections of the unknown
input vector, i.e. d; and do, obtained with the transformation
(5), correspond to real unknown signals, in that d; = ey,
and dy = wy. Thus, we observe from the figures that the
proposed filter successfully estimates the system states and
also the unknown inputs, wy and e,,, and the traces of the
continuous estimate error covariance matrices of both states
and unknown inputs converge in less than 0.5 ms. Note that
in Fig. 2 and 3, the measured ¢ (green) is faulty, hence the
estimates (blue) in both cases were shown to be capable of
tracking the actual/true value (red) while rejecting the fault.
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Fig. 2. Actual states 6, g, y, u and their estimates; unknown inputs d1, d2,
and their estimates; as well as trace of estimate error covariance of states
and unknown inputs, when the horizontal wind is modeled as the sum of
a deterministic time-varying component and a first order Gauss-Markov
process (Case (i)).
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Time, ¢(s)

Estimated = = = Actual

10 15 20 25
Time, ¢(s)

Estimated = = = Actual

s

—200

400

o 5 10 15 20 25 0
Time, ¢(s)

1000 1500

573000 <
g, 1000
2000 g
£ 500
1000 =

0 0
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Time, t(s)

10 15 20 25
Time, t(s)

trace
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Fig. 3. Actual states 0, g, y, u and their estimates; unknown inputs d1, da,
and their estimates; as well as trace of estimate error covariance of states
and unknown inputs, when the horizontal wind is modeled as the sum of
a deterministic time-varying component and a zero-mean Gaussian white
noise (Case (ii)).

VII. CONCLUSION

This paper presented an optimal filter for linear time-
invariant continuous-time stochastic systems that simultane-
ously estimates the states and unknown inputs in an unbiased
minimum-variance sense. The proposed filter was derived by
reducing the system to an equivalent system such that the
Kalman-Bucy filtering techniques can be directly applied,
and by limiting case approximations of the optimal discrete-
time filter for a special case. We also provided conditions
under which the proposed filter has a steady-state solution,
and presented a complementary algorithm for the special case
when the ‘required’ additional measurement is not available.
Moreover, a principle of separation of estimation and control
was shown to also hold for linear systems with unknown
inputs, and the simulation of a helicopter hovering example

demonstrates these claims. A possible future direction is the
extension of the filtering techniques to linear time-varying
continuous-time systems and nonlinear systems.
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