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Abstract

Engineering is about design of materials, structures, systems and interconnections to obtain a
desired behaviour. In control engineering the focus is often on systems equipped with sensors
whose output is used to provide feedback control and achieve the desired behaviour. A central
paradigm in control is the separation principle, that is the optimal control action is achieved
by applying the control law that is optimal under an assumption of full information to an
“optimal estimate” of the system state. While in the context of linear-quadratic problems
there is a well developed theory of optimal estimation and control, research on systems with
inputs that are not measured directly is still ongoing. Motivated by automotive applications
where it is not always feasible or practical to have sensors that measure all vehicle inputs,
we aim to advance the theory on simultaneous state and input estimation and apply it to
commercially important automotive examples.

In particular, we formulate a deterministic estimation problem to find the input and
state of a linear continuous time dynamical system which minimises a weighted integral
squared error between the resulting output and the measured output. A completion of squares
approach is used to find the unique optimum in terms of the solution of a Riccati differential
equation. The optimal estimate is obtained from a two-stage procedure that is reminiscent
of the Kalman filter. The first stage is an end-of-interval estimator for the finite horizon
which may be solved in real time as the horizon length increases. The second stage computes
the unique optimum over a fixed horizon by a backwards integration over the horizon. A
related tracking problem is solved in an analogous manner. Making use of the solution to
both the estimation and tracking problems a constrained estimation problem is solved which
shows that the Riccati equation solution has a least squares interpretation that is analogous
to the meaning of the covariance matrix in stochastic filtering. We show that the estimation
and tracking problems considered here include the Kalman filter and the linear quadratic
regulator as special cases. The infinite horizon case is also considered for both the estimation
and tracking problems. Stability and convergence conditions are provided and the optimal
solutions are shown to take the form of left inverses of the original system.

Motivated by the intrinsically discrete nature of operation of modern computers and

sensors, we then focus on systems in which the output is measured only at a discrete
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sequence of times. We derive two forms for the zero informational input limit for the discrete
time Kalman filter in the case that there is direct feedthrough (of full column rank) of the
input to the measurements. The first form is complementary to a zero informational limit
filter derived recently by Bitmead, Hovd, and Abooshahab for the case where the first Markov
parameter has full column rank and there is no direct feedthrough of the process noise. This
form of the limit filter is closely related to a filter proposed by Gillijns and De Moor who
used a constrained optimisation problem to estimate an unknown input in a standard Kalman
filter with feedthrough of the unknown disturbance; more precisely, the filters coincide if
the process noise covariance in Gillijns and De Moor is set to zero. A second form of
the limit filter is derived from the first which takes the form of a standard Kalman filter
without unknown inputs. This form is used to derive necessary and sufficient conditions
for convergence and stability of the filter. These consist of a controllability condition and a
minimum phase condition.

We consider a deterministic estimation problem to find the input and state of a linear
continuous time dynamical system with discrete time measurements which minimises a
weighted sum squared error between the resulting output and the measured output. Similarly
to the estimation problem with continuous time measurements we use a completion of
squares approach to find the unique optimum. The optimal estimate is obtained in terms of
the solution of a Riccati difference equation from a two-stage procedure that is reminiscent
of the discrete time Kalman filter. The first stage is an end-of-interval estimator for the
finite horizon which may be solved in real time as the horizon length increases. The second
stage computes the unique optimum over a fixed horizon by a backwards recursion over the
horizon. The infinite horizon case is also considered and stability conditions are provided.
We apply the algorithm to two automotive examples, the first is on (offline) road elevation
mapping and the second is on (online) slip estimation. In both examples we assume that the
vehicle is equipped with basic sensors (e.g. accelerometers and gyroscopes (IMU), global

positioning system (GPS)) and use very simple vehicle models.
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Chapter 1

Introduction

1.1 Motivation and scope

Over the past century powerful mathematical techniques have been developed for the analysis
and control of dynamical systems. They are frequently used to design information systems
(e.g. algorithms in computer code) due to the wide availability of data (e.g. through sensing
devices) and computational power. They have been applied to a plethora of problems across
diverse fields ranging from engineering to physics, biology, medicine and economics. We
are primarily motivated by automotive design problems, in particular we are interested in
understanding the dynamic behaviour of a vehicle, mapping its environment and designing
feedback control laws for high performance, safety and autonomous features. Central to
those goals is the formulation of estimation problems which fuse information from multiple
vehicle on-board sensors to estimate vehicle states and inputs. More specifically, we are most
interested in the estimation of longitudinal and lateral tyre slips, the road-tyre coefficient of
friction, aerodynamic loads and road profile mapping. We consider basic vehicle on-board
sensors including accelerometers and gyroscopes (IMU), a global positioning system (GPS),
wheel rotation sensors and drivetrain torque sensors. Important vehicle exogenous inputs
(e.g. tyre forces, slips and road profile inputs) are very difficult to measure directly but
they nevertheless appear in direct feedthrough terms in typical sensor measurements (e.g.
IMU). Therefore, we wish focus on problems of simultaneous input and state estimation
in dynamical systems where a direct measurement of the driving inputs is not feasible.
Furthermore, we wish to understand the limits of what is possible given the available vehicle
sensors and generate estimates that are reliable at all times on a high performance vehicle,
especially in highly dynamic situations at the limits of the available road grip. We will
develop algorithms that can be applied both online (e.g. for vehicle control) and offline (e.g.
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for data analysis) that exploit our knowledge of the dynamics of the system (e.g. Newton’s
second law and kinematics of the vehicle, empirical tyre model).

There is already an extensive literature devoted to model based estimation of states
and inputs. Within this literature there is a wide variety of problem formulations and
assumptions: deterministic or stochastic, discrete or continuous time, whether there is
feedthrough of inputs to outputs, and whether real time estimates of the inputs are sought.
In deterministic formulations an optimisation problem is posed based on the available data
and its solution corresponds to the estimated states and inputs. Stochastic formulations treat
the states and inputs as random variables with known prior statistics and the estimates are
given by their posterior expectations. A close connection between the solutions of the two
formulations for a quadratic cost function and Gaussian statistics was observed from early
on. Estimation solutions are also closely connected to control solutions even though the
respective problems appear upon first thought conceptually distant. More specifically, in least
squares optimisation results in estimation can be transformed and applied to control and vice
versa. The mathematical duality between estimation and control and the close connection
between deterministic and stochastic estimation formulations are central in existing literature

and will influence the development of the ideas within this thesis.

1.2 Thesis outline

We will now briefly summarise the contents of the thesis. Starting in Section 2.1 we introduce
some basics on the standard theory of linear quadratic estimation, present a few applications
of historical significance and review the latest literature on systems with unknown inputs.
In Section 2.2 we introduce the stochastic problem formulations of discrete time Kalman
filtering and smoothing, derive their solutions and present some standard theory on the
Riccati equation. In Section 2.3 we present the extended Kalman filter (EKF) and unscented
Kalman filter (UKF) which are extensions of the Kalman filter to nonlinear problems and
discuss Monte Carlo methods in the context of filtering and smoothing.

In Chapter 3 we initially formulate a deterministic optimisation problem for the simul-
taneous estimation of states and inputs in a continuous time system (Section 3.2) and then
formulate and solve the dual control problem (Section 3.3). In Section 3.4 we pose a new
constrained optimisation problem which requires the state to pass through a prescribed point
at a given time. This allows us to interpret solutions of Riccati equations deterministically as
weights which determine how well state positions fit the data. In Section 3.5 we show that
the standard Kalman filter and linear-quadratic regulator (LQR) solutions are special cases of

the estimation and tracking problems of Sections 3.2 and 3.3. In Sections 3.6 and 3.7 we
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consider infinite horizon limits for both estimation (i.e.steady state filtering) and control (i.e.
infinite horizon control) problems.

In Chapter 4 we focus on systems in which the output is measured only at a discrete
sequence of times. In Section 4.1 we consider the zero informational input limit of the
discrete time Kalman filter for systems with full column rank feedthrough to the output. The
filter takes a recursive form which closely relates to the filter of Gillijns and De Moor [20] but
is derived directly by computing a limit. In Section 4.2 we consider a deterministic problem
formulation for continuous time systems in which we impose a zero hold assumption on
the input and then derive the optimal solution. We propose a heuristic algorithm to extend
the results to nonlinear systems. We derive necessary and sufficient conditions for the
convergence and stability of both filters in Chapter 4.

In Chapter 5 we implement the algorithm of Section 4.2 to two vehicle examples. The
first is on (offline) road profile mapping in Section 5.1 and the second is on (online) slip
estimation in Section 5.2. In both examples we assume that the vehicle is equipped with basic
on-board sensors (e.g. accelerometers and gyroscopes (IMU), global positioning system
(GPS)) and use very simple vehicle models (i.e. quarter car model, vehicle bicycle model). In
Chapter 6 we discuss the contributions of the thesis and interesting future research directions.






Chapter 2

Preliminaries

2.1 Introduction

2.1.1 Linear quadratic estimation

The close connection between the deterministic concept of estimation by least squares and
the minimisation of a mean square error in a statistical sense has long been appreciated (see
[49], [54], [57], [33]). Kalman followed earlier work of Wiener and Kolmogorov in taking a
statistical view of signal estimation, though his approach specified a linear state-space model
(see Fig. 2.1) for the system and estimation of the state rather than estimation of a signal
from a noisy measurement with assumptions on the spectral characteristics. The resulting
filter was initially introduced for discrete time systems [37] and then for continuous time
systems first by analogy with optimal control [36] and later as a limit of the discrete time
equations [39]. The discrete (continuous) time filter has the form of a recursive algorithm
(differential equation) which allows for easy implementation in real time applications and a
lot of its success can be attributed to this property. Very important is Kalman’s work [38]
in deriving conditions for the stability of time invariant systems. A (deterministic) least
squares formulation and derivation of the continuous time Kalman filter was given recently
by Willems [60]. As noted in [60] the possibility of such a derivation had been “system
theory folklore" ever since the first appearance of Kalman’s work and he provides a number
of earlier references in this direction. The work by Willems inspired the analogous study in
discrete time systems in [7] which focuses exclusively on minimal systems.

Over the last decades the Kalman filter has proven to be a powerful and useful tool
in a range of problems. An early and historically significant application is in spacecraft
tracking and guidance for the Apollo Project by NASA in the 1960s. It is through this
project that the Extended Kalman Filter (EKF) for nonlinear systems was developed and
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w X =Ax+Bw z
z=0Cx
exggenous output
mput

Fig. 2.1 A linear dynamical system with state x, exogenous input w and output z.

subsequently became standard practice in the aerospace industry and sensor system design
[1]. Nowadays commercial aircraft are equipped with attitude and heading reference systems
(AHRS) which integrate sensor data to estimate and display aircraft attitude, roll, pitch
and yaw on the electronic flight instrument system [2]. The Global Positioning System
(GPS) deployed by the U.S. Department of Defence also uses a Kalman filter with a large
state vector that includes the states of satellites, clocks and parameters relating to signal
propagation delays [1]. Interestingly, the signals from the GPS are used along with an
inertial navigation system (INS) (i.e. accelerometers and gyroscopes) daily for navigation
applications in vehicles, ships and smartphones. The combination of GPS and INS highlights
the ability of the Kalman filter to optimally fuse information from different sources. More
specifically, the INS produces accurate estimates that slowly drift over time while the GPS
has the complimentary properties [3]. In the automotive industry the Kalman filter has been
applied for slip control in anti-lock braking systems (ABS). For example, the PhD thesis
[4] developed a UKF to estimate sideslips for the braking systems of heavy goods vehicles
(HGVs) motivated by the significantly longer stopping distances of HGVs compared to
passenger cars. The use of the filter improved both the stopping distance and directional
stability in combined braking and cornering situations. Other examples of implementations
can be found in the areas of weather forecasting, pollution estimation, seismology, time series
analysis and prediction in economics and trading, noise filtering and enhancement of images
and speech, model identification, simultaneous localisation and mapping, state estimation of
power systems, orbit determination of planets and satellites, battery state of charge (SoC)
estimation, autopilot systems, object tracking in computer vision, medical diagnosis and

human neural decoding.

2.1.2 Systems with unknown inputs

An active branch of study that emerged following Kalman’s initial contribution focused on
estimation in systems with unknown inputs. Noise-free systems were considered first and
observers were designed for systems with a full column rank first Markov parameter and
zero feedthrough matrix [14], [21], [45], [59]. This work was extended to systems with a
non-zero feedthrough matrix in [22] while the first Markov parameter rank condition was
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relaxed in [24]. Noisy discrete time systems were considered next under the same system
matrix conditions. Various filter derivations and properties were given in [43], [12], [13],
[41], [19]. This was extended in [23] to systems with a non-zero feedthrough matrix using
the technique in developed in [22] for noise-free systems. In [20] an additional least-squares
procedure is used for input estimation to derive a filter for systems with a full column rank
feedthrough matrix. More recently [11], [61], [62] inspired by [20] and [12] describe a
procedure to derive filters which relax the above matrix conditions. In [5], [18] filters have
been derived for linear discrete time systems in the zero informational limit for the process
noise as a method to treat the estimation problem for unknown inputs. In [5] there is no
direct feedthrough of the process noise to the measurements and there is an assumption that
the first Markov parameter has full column rank.

Early work on observability of systems with unknown inputs focused on continuous and
deterministic systems without feedthrough of the inputs to the measurements [3]. Procedures
for the construction of full [14], reduced [21], [45] and minimal [59] order observers are
developed assuming that the first Markov parameter (CB in the notation of (2.21), (2.22) for
continuous time systems) is full column rank, the latter being closely related to the use of
the first derivative of the output for the estimation of the unknown inputs. The approach is
extended to the case where there is a non-zero feedthrough matrix in [22] again assuming
use of the first derivative of the measurement output. The rank condition assumed in [14],
[21], [45] and [59] is relaxed in [24] at the expense of using higher order derivatives of the
measured output for input reconstruction.

Starting with [43] discrete time filters are derived for stochastic systems with unknown
inputs that do not feedthrough to the measurements, again assuming that the first Markov
parameter has full column rank. The problem is posed as a constrained optimisation with a
free gain matrix parameter. The work continued with [13] that reformulated the problem as a
state estimation of a singular stochastic system which is solved by employing a generalised
least squares approach. Later, [12] shows the optimality of the filter in [43] among the set
of recursive filters and produces stability results, while [41] verifies optimality among the
set of all linear filters. In [19] the scope of the filter in [43] is expanded by simultaneously
estimating both the state and unknown input.

In [23] the case of a rank deficient feedthrough matrix is considered. The unknown
input decoupling technique developed in [22] to transform the original system is used to
construct an optimal filter. In [26] and [25] the input is treated as a stochastic process with
a wide-sense representation. Paper [47] considers the system in [43] with some additional
partial measurements of the inputs with no noise. In [56] the work of [47] is continued to

derive results on existence, optimality and asymptotic stability. In [40] a system is considered
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that includes constant biases in addition to unknown inputs. A solution is proposed based on
a system augmentation and transformation.

In [20] a discrete time stochastic system with a full column rank input feedthrough matrix
is considered. The input is estimated based on a generalised least squares approach and state
estimation is posed as a constrained minimisation problem using Lagrange multipliers. The
approach is reminiscent of [43] and others but applied to a different problem. The paper
does not present any asymptotic stability results. Further, the detectability of the equivalent
system with known inputs is assumed without proof (a condition that will be shown to be
necessary but insufficient for asymptotic stability in this thesis). The work of [11], [61] and
[62] attempts to produce more general filters which do not require the input feedthrough
matrix to be full column rank. A linear recursive filter is proposed that is inspired by both
[20] and [12]. More general multi-step delay filters can be derived at the cost of increased
complexity.

The recent work of [5] takes a new approach to the problem of estimating highly uncertain
inputs. The unknown input is treated as white noise whose covariance becomes unbounded.
More precisely the limit is taken in the filter equations as the inverse of the input covariance
tends to zero, which is the zero informational limit. It is shown that the resulting filter
equations take the same form as those of Gillijns and De Moor [19]. Both [5] and [19]
consider the case where there is no direct feedthrough of unknown input to the measurement

vector and with the assumption that the first Markov parameter is full rank.

2.2 Kalman filter and smoother

2.2.1 Stochastic formulation

In engineering literature real time estimation is often referred to as filtering, the name
originates from notions of sorting out entities or entities passing through a barrier (e.g.
filtering impurities in water) and modern usage often has the more abstract notion of extracting
useful information from a large amount of data. Smoothing (prediction) on the other hand
refers to the estimation at a past (future) time using information up to the present time and
smoothed estimates usually appear smoother across time since data from the distant future
are often not very informative of the present. In this section we will introduce a stochastic
problem formulation for filtering and smoothing in discrete time linear systems which was
introduced by Kalman [37] (see [1], [51], [27] and references within for a more in depth
analysis). Consider the linear, finite-dimensional, stochastic, discrete time system with the
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state space description:

X1 = AXg + Bwg, (2.1
2% = Cxp +vi 2.2)

where the subscript k € N™ (non-negative natural numbers) is a discrete time index, x; € R" is
the system state, z; € R” is the vector of measurements, wy € R™ is the process noise or input
and v € R? is the measurement noise, the system matrices A € R"*" B € R"™™ C € RP*" are
assumed to be known. We assume that wy and v; are independent, zero mean, Gaussian white
noise processes with covariances Q > 0 and R > 0, i.e. E(ww! ) = Q&y, E(viv! ) = Ry
and E(wkvlT) =0 for all k,/ € N where &, is the Kronecker delta and the initial state x is
Gaussian random variable with mean £ _; and covariance Fy_; > 0. We denote the set of
measurements {2o,...,z;} by Z; and introduce the notation for the conditional state mean
;= E(x|Z;) and covariance Py; = E((xx — £x ;) (xx — %) 1Z)).

The Gaussian form of the distributions allows for tractable and exact estimation through
computationally efficient algorithms. The standard Kalman filtering and smoothing algo-
rithms are derived in the next two sections. The Gaussian assumption used under this
formulation can be applicable to many problems as a result of the central limit theorem,

namely by arising from a large sum of non-Gaussian disturbances.

2.2.2 Filtering algorithm

In this section we will derive a filtering algorithm for this problem. Using the assumptions
and notation of Section 2.2.1 we have:

L1k = E(Axg + Bwy|Zy) = AE(xk|Zy) + BE(wk |Zy) = Afp, (2.3)
Pii1je = V(Axg + Bwi|Zi) = AV (x| Zi)A" + BV (wi|Z4)B" = AP A" + BOB".  (2.4)

We call these equations the propagation (or prediction) step of the Kalman filter. We now

compute the conditional expectations of the state given a measurement and a prior. We first

T
note that for a bivariate Gaussian random variable [Xl X2:| with mean and covariance:

w= 1] L xo X X2
153 o1 X
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the conditional probability density function of X; given knowledge of X, = x, is a Gaussian

random variable with mean and covariance:

Hipp = M1+ 1255 (x2 — 1), (2.5)
Tip =21 — I . (2.6)

Applying this conditional probability lemma to the augmented “prior” vector of random
T

variables |xyi 1 zxx—1| gives the conditional expectations:

Bk = Bepe—1 + Ki(zx — CRppe—1), (2.7)
P = (1= KiC) Pyt (2.8)
Ky = Py 1C" (CPyg—1C" +R) ™! (2.9)

where we have introduced the “Kalman gain” K} for convenience. We call these equations
the update (or measurement) step of the Kalman filter. We note that the update equation
shrinks the uncertainty envelope of the estimate, i.e Py < Fx—1 (see Section 2.2.4). The
recursive application of the prediction and update steps gives the filtered estimates of the

state at all times.

2.2.3 Smoothing algorithm

In this section we will derive a smoothing algorithm which computes expectations over a fixed
length interval of horizon length N given measurements in the same interval. First assume
that the filtered estimates x;, and Py, have already been computed as described in Section

2.2.2. Now let x;11 = xj,; be known, applying the conditional probability lemma to the

augmented vector [xk‘ ko Xt k} gives the following mean and covariance (i.e. expectations

given measurements up to time k and state xj 1):

B = S+ Pre(py —Afpp) = Prxiey g + (I — PrA) Ly, (2.10)
Pl = (1= @A) Py, 2.11)
@ =Py ATP ) " (2.12)
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where we have introduced @y for convenience. Assuming Xy 1y and Py 1y are known, then

by averaging over x| the mean and covariance of x;y are given by:

Bn = E(Ppxpy 1 + (1 — BpA) R Zy) = PrE (i 11|Zn) + (T— PrA) i

= q)kXAk+1|N + (I - CIDkA))Ek|k == )’C\k|k + q)k(xAk+1|N —A)Ek|k), (213)
Py = V(D1 + (1= PrA) S| Zn) + B = PuV (01 [Zn) D + (1— PrA) P
= P v ®f + (1= PrA) P = P+ Pu(Pes 1y — P 16) Pk - (2.14)

We may interpret this step as a backwards in time Kalman filter where the model is given
by (2.10)-(2.12) (note that this model is time varying even though the original system is
not). The end-of-interval estimates £y and Pyy are available from the filtering stage, it
follows from the backwards in time recursive application of the smoothing equations that the

smoothed estimates Xy and Py can be computed for all k = {0,...,N—1}.

2.2.4 Riccati equation

Consider the non-linear matrix difference equation:
P =APAT + BOBT —APCT (CPCT +R)"'CPAT (2.15)

in the unknown matrix function P : N — R"*" where A,B,C,R > 0,Q > 0 are fixed real
known matrices. The recursion is known as a Riccati difference equation (RDE) and is central
to discrete time estimation problems, including the Kalman filter. To see this substitute from
(2.8) into (2.4) which gives the required recursion. Assuming Py > 0, then the RDE has a
unique positive definite solution P, > 0 for all £ > 0 (see [6, p. 165]). In steady-state the
RDE (2.15) is given by the algebraic Riccati equation (ARE):

P =APAT + BOBT —APCT (CPCT +R)"'cPAT (2.16)

in the unknown matrix P € R"*". A real symmetric nonnegative definite solution of the ARE
is said to be a strong solution if all the eigenvalues of A —AKC are on or inside the unit circle,
where K = PCT (CPCT +R)~!. If all the eigenvalues are strictly inside the unit circle, the

solution is said to be a stabilizing solution [4], [10].

Lemma 1 The strong solution of algebraic Riccati equation exists and is unique if and
only if (C,A) is detectable. The strong solution is the only nonnegative definite solution of
algebraic Riccati equation if and only if (C,A) is detectable and (A, B) has no uncontrollable

mode outside the unit circle. Furthermore, the strong solution coincides with the stabilising
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solution if and only if (C,A) is detectable and (A, B) has no uncontrollable mode on the unit
circle. The stabilising solution is positive definite if and only if (C,A) is detectable and (A, B)

has no uncontrollable mode inside, or on the unit circle.

Proof: See [15, Theorem 3.2] and [10, Theorem 3.1]. [

Lemma 2 Let (C,A) be detectable, P, be the solution of the Riccati difference equation
(2.15) with initial condition Py, and P be the unique strong solution of the algebraic Riccati
equation. Then if (A, B) has no uncontrollable mode on the unit circle or Py > P, then P

asymptotically converges to P as k — oo.

Proof: See [15, Theorem 4.1, Theorem 4.2]. O

The equivalent continuous time equation is the non-linear matrix differential equation:
P=AP+PA" —PC"R™'CP+BQB" (2.17)

in the unknown matrix function P : R — R"*", It is known as a Riccati differential equation
(RDE) and is fundamental to continuous time estimation problems. Assuming P(0) > 0, then
the RDE has a unique positive definite solution P(¢) > 0 for all # > 0 (see [6, p. 165]). In
steady-state the RDE (2.17) is given by the algebraic Riccati equation (ARE):

AP+PAT —PC"R™'CP+BQOB" =0 (2.18)
in the unknown matrix P € R"*". Similarly the differential equation:
S=FS+SFT +SHTR'HS — GOG" (2.19)

in the unknown matrix function S : R — R"*”" is an RDE central to control problems, e.g.
linear-quadratic-regulator (LQR). Assuming S(0) > 0, then the RDE (2.19) has a unique
positive definite solution S(¢) > 0 for all # < 0. This follows from the positive time case
by considering the transformation t — —¢. In steady-state the RDE (2.19) is given by the
algebraic Riccati equation (ARE):

FS+SFT+SHTR'HS — GOGT =0 (2.20)
in the unknown matrix S € R™*",

Lemma 3 The ARE (2.18) has a unique solution P* that is stabilizing, i.e. A— P*CTR™'C
is Hurwitz, if and only if (C,A) is detectable and (A, B) has no uncontrollable modes on the
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imaginary axis. If these conditions hold P~ > 0. Furthermore, P” is nonsingular if and only

if (A, B) has no stable uncontrollable modes.

Proof: See [63, Theorem 13.7], [9, p. 985], [48] or [44]. U

Lemma 4 Let the conditions of Lemma 3 hold such that P is the unique positive semi-
definite and stabilising solution of the ARE (2.18). Then the unique positive definite solution
P(t) > 0 for all t > 0 of the RDE (2.17) with the initial condition P(0) > 0 has a limit as
t — o which is given by P”.

Proof: See [9], [35], [8] and [46, Theorem 3.7] noting that the null space of P(0) is empty by

assumption. []

Remark 1 These results carry over easily to the reversed time case. Namely the ARE (2.20)
has a unique solution S that is “anti-stabilizing", i.e. —F —S*HTR™'H is Hurwitz, if and
only if (H,—F) is detectable and (F,G) has no uncontrollable modes on the imaginary axis.
If these conditions hold S* > 0. Furthermore, S is nonsingular if and only if (F,G) has no
unstable uncontrollable modes. The unique positive definite solution S(t) > 0 fort < 0 of the
RDE (2.19) with the terminal condition S(0) > 0 has a limit as t — —eo which is given by S*.

2.2.5 Filtering in systems with feedthrough

We now consider the same problem formulation for a system which has an additional

feedthrough of inputs to outputs:

Xk41 = Axy + Bwy, (2.21)
Zx = Cxp + Dwy + vy (2.22)

where D € RP*™ is assumed to be known and introduce the notation vy ; = E(wy|Z;),

P = E((wi — i) 0wk — b)) 127) and BEY = (PET = B((xg — ) 0w — i) 1Z)).

The filtering recursions for this system can be similarly derived [16] and are given by:

Rk = Rt + Kok 2k — Cligpy), (2.23)
Wik = Kk (zk — CRik—1); (2.24)
Pk = Prjk—1 — Kx,kaK)Zk, (2.25)
W =0 — KOy, (2.26)

= (BT = —KaOKyl g, 2.27)
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Kek =P CT O, (2.28)
K, =0D"®. ! (2.29)
O = CPy—1CT +DQD" +R, (2.30)
. %
fue= 4 8] | (2.31)
[Py P T
Pt = [A B] Kk ""‘] [A B} (2.32)
PWX PWW
L ke Tk|k

where (2.23)—(2.30) is the update step and (2.31)—(2.32) is the propagation step.

2.3 Nonlinear filters

The Kalman filter and smoother exactly compute state expectations in linear systems given
Gaussian assumptions on the noise and initial state. In most problems of interest the systems
have dynamics that are not linear and are not known precisely and the Gaussian assumptions
do not apply. In all but a few special cases, these problems do not have exact closed form
solutions and the statistics are computationally intractable. In this section we will review
widely used algorithms which aim to approximate the true solutions and have been shown
to be successful in real world problems. We will start with the extended and unscented
Kalman filters which attempt to approximate only the mean and covariance of the probability
distributions. Then we will discuss Monte Carlo algorithms which attempt to approximate

the probability distributions directly through a large set of samples.

2.3.1 Extended Kalman filter

The “extended Kalman filter" (EKF) proposes that the nonlinear system is linearised at the
filtered state estimate and the standard Kalman filter update and propagation steps are applied.
This approach uses the first order of the (multi-dimensional) Taylor series expansion of the
nonlinear dynamics but ignores all higher order terms. This simple extension of the Kalman
filter comes at the cost of accuracy, especially when the system nonlinearities are significant
relative to the level of state uncertainty. The accuracy of the estimation can be improved by
including higher order terms of the expansion, for example the second term of the expansion
can be included at the computational cost of finding the Hessian matrices. For systems
derived from the discretisation of continuous time systems, reducing the time-step size can
also improve accuracy at a computational cost. The computational cost also increases sharply

with the dimensions of the state and outputs.
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A common manifestation of the errors introduced in the approximation is filter inconsis-
tency, namely the filter becomes unjustifiably confident about the state position (i.e. the state
covariance is underestimated). Monte-Carlo simulations can be used here to evaluate how
confident the filter can justifiably be (we will discuss the limitations of using Monte Carlo
simulations for estimation in a later section). A common consequence of filter inconsistency
is filter divergence, this occurs when a biased state estimate leads to an inaccurate linearisa-
tion and because the filter is too confident on the position of the state, the measurements are
not trusted, they are effectively discarded and the state estimate diverges further from the
true value. A heuristic approach often used in practice to resolve the inconsistency and diver-
gence problem is to add process noise, which artificially increases the state covariance. The
extended Kalman filter does not come with any performance guarantees and its assumptions

pose fundamental constrains on the accuracy of the estimation.

2.3.2 Unscented Kalman filter

The “unscented Kalman filter” (UKF) developed in [30] proposes an alternative approach to
extend the Kalman filter to nonlinear systems. It is based on a selection of a small number
of non-random samples of the state and input, called sigma points, to parametrise the mean
and covariance of the transformed system state and output . At a similar computational cost
to the EKF and without requiring the direct computation of Jacobians, the UKF is able to
capture the transformed state and output mean and covariance up to second order.

We will now briefly present the key ideas of the algorithm in [30]. Consider a random
variable X € RE with mean x and covariance P, and a second random variable Y related to X
through the transformation ¥ = f(X). A general closed form solution for the density of ¥

does not exist. Let the Taylor series expansion of f(X) about x be given (up to first order) by:
Y=f(x)+Vf(X—x)+... (2.33)
then taking expectations gives the mean and covariance:

y=f(x), (2.34)
P, = (VAP(VS) (2.35)

where we have truncated the series after the first term. This is equivalent to linearising as it is

done in the EKF and it is accurate if the second and higher order terms are negligible. Now
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consider the small number of weighted samples (sigma points) given by:

A

Xi=X W() = m fori=0 (236)
1 .

Xi:X+Pi W/ZZZ(L——{—M fOI'lZI,...,L (237)
1 .

Xi:X—Pl’ m:m fOTl:L+1,...,2L (238)

where P; denotes the ith column of /(L + A)P, and A is a constant. The weighted sample
mean and covariance of x; are x and Py, i.e. the same as the mean and covariance of X.
Transform the sigma points through the function, i.e. evaluate y; = f(x;), and then compute

their weighted sample mean and covariance:

2L
y=Y Wi, (2.39)

i=0

2L
Po=Y Wilyi—y)i—y)". (2.40)

i=0

The mean and covariance of Y are given correctly up to second order by y and P, respectively
[29], [32], [28]. This is an improvement over the linearisation approach used in the EKF,
which calculates the mean correctly only up to first order. In particular, in the limit as
L+ A — 0 (note that A can be freely chosen) all the samples x; tend to x (i.e. x; — x) and the
computed mean and covariance tend to:

v =100+ 5 V2B @41)
P, = (VA)P(VS) (2.42)

which are the expectations truncating the Taylor series expansion after the second order
term. This approximation is used in the second order Gauss filter and requires the additional
computational effort relative to the EKF of computing the Hessian matrix. It should be noted
that because any square root is an orthogonal transformation of another [55], all choices of
matrix square roots capture the mean and covariance. The Cholesky decomposition is often
used as a numerally efficient and stable method [29].

This method of approximating the mean and covariance of a transformed random variable
is known as the unscented transform (UT) and is the central idea behind the UKF. More
precisely, in the propagation step of the filter the UT method is applied directly to find
the statistics at the next time step, in the update step it is applied to the augmented state
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and output vector and the conditional probability lemma then applies directly. The UKF
algorithm can be found in detail at [30], [58] and [31]. It is worth noting that white noise
added to a transformed random variable, e.g.process and measurement noise, only increases
the variance of the output by the variance of the white noise. When this was realised the
UKEF algorithm was adapted since it is computationally advantageous over unnecessarily
generating and transforming more sigma points and then computing expectations.
Interesting estimation applications of the UKF and EKF algorithms are presented in [58],
including nonlinear system identification, duel estimation and training of neural networks
where the UKF consistently outperformed the EKF at a comparable complexity. More
recently [2] the EKF and UKF were applied in a vehicle estimation application and tested in
simulations and experiments with a BMW 5 Series. It was observed that 1) the UKF was
more robust and accurate, especially in cases of large sampling time-steps, and 2) the EKF
diverged in some tests where the filter was initialised correctly. Lastly, we should note a
practical advantage of the UKF over the EKF algorithm. Namely, it does not require finding
analytic expressions for the Jacobian (and potentially Hessian) of nonlinear models. It is thus

easier to implement quickly in multiple complex models.

2.3.3 Monte Carlo methods

The EKF and UKF algorithms capture only the mean and covariance of the transformed
probability distributions (up to first or second order). This approach fundamentally limits
the achievable estimation accuracy, especially when the probability distributions are not
adequately described only through the first two moments. Further, the accuracy achieved by
these algorithms cannot be increased with increased computational power and convergence
guarantees do not exist. In this section we will discuss particle methods, which are Monte
Carlo algorithms that give approximate solutions to inference problems [17]. They are
normally nonlinear and seek out the true probability distributions (unlike the EKF and UKF
algorithms). They attempt to address limitations of the EKF and UKF algorithms but they are
more computationally expensive and hence potentially less suitable for real time applications.
Lastly, we will discuss some of the current challenges with particle methods in both filtering
and smoothing, especially in relation to problems with a large horizon.

Consider a hidden Markov model (HMM) and a known prior state distribution. Simi-
larly to the Kalman filter and smoother, inference given output measurements is based on
computing conditional posterior distributions. Applying Bayes theorem and the Markov
assumption we can derive recursive expressions for filtering (which have a prediction and
update step) and smoothing. However, we do not make any further assumptions, e.g. a linear
Gaussian model as in the Kalman filter, and thus in most cases closed form expressions for
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the posterior distributions do not exist. Particle methods are numerical methods where a large
number of random samples called particles is used to approximate the posterior distributions
for both filtering and smoothing.

Sampling directly from complex and high dimensional target distributions for the state
trajectory is not practical. Instead, we can sample from a proposal distribution which is
easy to sample, e.g. a multivariate Gaussian, and associate a weight to each sample based
on the target distribution, this method is known as importance sampling (IS). Furthermore,
by selecting a proposal distribution which allows us to sample (and update the weights)
sequentially at each time step the computational cost increases only linearly with the number
of time steps, this is known as sequential importance sampling (SIS). It is worth noting that
if the hidden Markov model is a nonlinear state space model with Gaussian disturbances and
noises, then the proposal distribution can be chosen to be a Gaussian such that all the weights
are equal, which has some advantages we will now discuss.

The samples of an approximation using importance sampling are weighted and they are
not approximately distributed according to the target distribution. When there is a large
disparity in the sample weights, some of the samples have a negligible weight and hence
contribution to the approximation, i.e the effective sample size (ESS) is lower, but still have
an equal impact on the computational effort. To address this, techniques which sample
from the important sampling approximation are used (e.g. systematic resampling, residual
resampling, multinomial resampling [42]) and are sometimes applied only when an ESS
threshold criterion is satisfied. Resampling in essence rejects particles of low weight with
high probability and hence computational effort is not expended on areas of low probability
density. The downside is that every resampling step reduces the number of unique sample
trajectories especially in the distant past (degeneracy), but it is fundamentally a consequence
of attempting to represent a distribution on a space of increasing dimension (i.e. expanding
time horizon) using a finite number of samples. Hence, resampling aims to reduce the
weight variance to improve the sample representation in the future at the expense of sample
representation in the present and past, this poses a major challenge in smoothing applications

with long horizons.



Chapter 3

Estimation and control for continuous
time systems: A deterministic view

3.1 Introduction

Our goal in this chapter is to pose and solve a filtering/estimation problem for the simultane-
ous estimation of inputs and states in a continuous time linear finite dimensional dynamical
system. We assume that a model of the system is available. The output of the dynamical
system 1is the vector of all variables that are measured (e.g. by means of sensors). The
filter should make use only of these measured outputs for estimation and produce the best
estimate of the system variables treating the exogenous inputs and states on an equal footing.
The meaning of “best” is to minimise a weighted integral squared error between output and
measured output. The problem set-up is illustrated in Fig. 3.1. The filtered signals w (¢),x; ()
provide best estimates of w and x at a given time instant # based on measurements up to that

time, while the estimates w(z),£(¢) provide the best estimates over a time interval [0, 7]

w system Z 2z filter/ Wi,
_ 5 EEE——
x (state) estimator w, £
€xogenous Olltpllt measured
input output

Fig. 3.1 Block diagram of a dynamical system with state x, exogenous input w and output z
which is measured with sensors interconnected with an estimator.

The problem formulation differs from the Kalman filter [39] in two respects: (1) there is
no notion of “process noise”’; (2) the problem is purely deterministic. In regard to (1), if there

is a noisy measurement of an exogenous input, our formulation advocates that this should be
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included in the measurement vector along with the other measured variables. In regard to (2),
our approach is inspired by Willems who showed in [60] that the continuous time Kalman
filter admits a deterministic least squares formulation.

The estimation problem of Fig. 3.1 has a strong motivation in engineering applications.
For example, the motion of an automobile is determined by the external forces acting on it
(principally tyre and aerodynamic forces). These are very difficult to measure directly but
may be estimated together with the system state from an appropriate set of sensors. Similar
considerations apply to other types of vehicles, e.g. aerial or nautical vehicles or vessels. In
the field of structural dynamics an example would be the estimation of forces applied to a
structure together with the resulting vibrational displacements in the structure.

The use of the standard Kalman filter in such examples imposes a Gaussian assumption
on the exogenous input which may not be justified. A similar issue arises in the deterministic
formulation of the Kalman filter [60] since the optimisation problem requires a best fit of the
observed signal using an input disturbance that has minimum integral squared norm. Such an
assumption may not be physically motivated. The formulation in Fig. 3.1 dispenses with this
requirement.

Our solution to the problem of Fig. 3.1 is otherwise directly inspired by the approach of
Willems. In particular, we rewrite the cost functional in a convenient form to determine the
unique optimal solution by means of completion of squares. This involves the construction
of a dynamical system which turns out to be an “end-of-interval estimator” to generate the
signals wy(7),x;(¢). The form of the solution involves a feedback from a projected error
signal with a gain based on the solution of a Riccati differential equation that is reminiscent
of the Kalman filter and can be solved in real time. A further construction is required to
determine the optimal solution W(¢),%() on a fixed interval [0, T]. The latter corresponds to
the “smoothed” estimate in regular Kalman filtering and is not computable in real time since
it involves the further solution of a system backwards in time.

In the stochastic approach to the Kalman filter the Riccati equation solution is a state
covariance. In this work we wish to go beyond [60] to obtain a least squares interpretation of
the Riccati differential equation solution P (¢) arising in our filter. To do this we pose and
solve a constrained optimisation problem which requires the state to pass through a prescribed
point at a given time. The optimal cost for the new problem is increased by a term which is
the norm squared error between the state and the optimal state at the given time weighted by
the inverse of a matrix Lyapunov differential equation solution P> (¢). The latter coincides
with P (¢) if the prescribed time for the state constraint is at the end of the interval, i.e. t =T.
This allows the interpretation that if Pj(¢) is small, the measurements suggest strongly that

x1(t) is an accurate estimate of the state at time # given measurements up to that time, while
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!'is near singular then there exist trajectories with x(z) far from

conversely if its inverse Py (1)~
x1(¢) that fit the measurements Z up to time ¢ almost as well. There is a similar interpretation
for P»(¢) valid for any time ¢ within the fixed horizon length. These interpretations are closely
analogous to the meaning of the filtered and smoothed state covariances in the stochastic
formulation.

In order to solve the constrained optimisation problem, a tracking problem is introduced
that has a close relation to the estimation problem and has independent interest. In one
respect the estimation and tracking problems are identical, namely it is desired to minimise
the weighted integral squared error between the output of the dynamical system and another
signal that is given, i.e. a set of sensor measurements or a desired trajectory. In the estimation
problem we seek the input and state that is the best explanation of the observed trajectory
given the measurements made, while in the tracking problem we seek the input (and state)
that gives the closest output trajectory of the system to the desired one. In another respect the
two problems differ in that there is a quadratic penalty in the cost criterion on the initial state
(estimation problem) or on the final state (tracking problem). This results in the two problems
having solutions which are dual to each other: in the tracking problem the first stage of the
solution solves a Riccati differential equation backwards in time after which the optimal
control and state trajectory are found by integrating forwards in time, which is the opposite
way round to the estimation problem. This duality is reminiscent of, and closely related to,
the well-known duality between the Kalman filter and the linear quadratic regulator.

Throughout the chapter we make an assumption that the direct feedthrough matrix of
the system has full column rank. It is possible that this could be relaxed at the expense of
making the filter equations more involved. However, we demonstrate in Section 3.5 that the
formulation is still sufficiently general to include the regular Kalman filter, the Kalman filter
with direct feedthrough of process noise to measurements and the linear quadratic regulator
as special cases. We mention that the full column rank assumption is closely related to the
need to avoid differentiating the measured output in the estimation problem.

The chapter goes on to consider the infinite horizon case for the estimation problem in
Section 3.6. It is shown under mild conditions that the limiting form of the end-of-interval
estimator can be written as a linear system solved forwards in time with the system matrices
determined via the solution of an algebraic Riccati equation. We show that the end-of-interval
estimator of the input is a stable left inverse of the original system. We also show that the
unique solution of the estimation problem has a limiting form which includes a second stage
of processing via an anti-stable system, equivalently a system that is stable in the backwards

time direction. We show that the series connection of the end-of-interval estimator (with
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judiciously chosen output) and this anti-causal “smoother” is also a left inverse of the original
system.

Section 3.7 considers the infinite horizon tracking problem. On a finite horizon the
tracking problem solution has a natural two-stage form where the first stage involves a
backwards-in-time integration and the second stage has an integration forwards in time. This
form is maintained in the infinite horizon limit with, under mild conditions, the first stage
being an anti-stable system (equivalently a stable anti-causal system) and the second stage
being a stable system. The analysis takes care to show that the optimal control converges
for any fixed time 7 to the solution described above. Moreover, we show that the first stage
system is an anti-stable left inverse of the original system, and that the series connection of
the first stage’s computation of a modified output and the second stage system is also a left

inverse of the original system.

3.2 Estimation

Consider the linear, finite-dimensional, continuous time system with the state space descrip-
tion:

X =Ax-+ Bw, (3.1)
z=Cx+Dw (3.2)

where A € R"" B € R™" C € RP*" and D € RP*™ (full column rank) are fixed known
matrices! and w € Ly x €Ly and z € 7 are input, state and output related through this
linear system. We consider the problem to estimate w and x from the measurement of the
signal z, which is the same as estimating w and x(0) since x is generated by (3.1). We assume
that the state x and driving input w are not measured directly, other than (indirectly) through
the measurement of z (i.e. all measurements of the system are made through the output vector
7). Each element of z may correspond to an individual sensor or multiple entries of z may be
generated by a single device. To pose our problem precisely we will denote by Z the actual

measured output signal in an experiment (see Fig. 3.1). We introduce the performance index:

T
Cr(wx(0)) = [ 120) =2(0) st + 1¢(0) = 72 (33)

I'The assumption that the system matrices are constant is for notational convenience. We note that all finite
horizon results in Sections 3.2-3.5 are valid if the system matrices A, B, C, D are time-varying, with no change
required in the proofs.
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where 0 <R€RP*P 0 < e R yeR", 0 < T € R are specified. The problem we wish

to solve is:

ng(g) Cr(w,x(0)) (3.4)

subject to (3.1) and (3.2). In particular we wish to compute the optimal w and x(0) which we

will denote by w and £(0). A key step in our solution of (3.4) is a “completion of squares’
construction for the performance index (3.3) which is given in the following lemma.

Lemma 5 Consider the system:

X = (A1 —K1Cy)x; + (B + K1)z, (3.5)
Py =AP +PAT — K\RKT + B|RBT (3.6)
Ky =PCIR, (3.7)
wi =D (z—2z1), (3.8)
21 =Cx (3.9)

with the initial conditions Py (0) = I and x1(0) = v, where we have defined:

A =A-BC, (3.10)
B, =BD", (3.11)
¢, =TI1.C, (3.12)
. =1-TI, (3.13)
I1=DD", (3.14)
D' =(D'R™'D)"'DTR™! (3.15)

Then the RDE (3.6) has a unique positive definite solution Pi(t) > 0 for all t € [0,T].

Furthermore, the performance index defined in (3.3) is given by:

d = 2
CT(WaX(O))Z/O T (2(1) —21(2)) Ml g1l
T
+/0 ITI(RBY Py (1)~ (x(t) —2x1(1)) +2(t) = 2(0)) [ 1dt + [X(T) = x1(T) |, 7)1 (3.16)

(w1 is defined here for convenience and will be first used in Theorem 2).
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Proof: The parallel projection IT satisfies IT*> = IT and:

’rR"'D=0. (3.17)

Hence the following identities hold:
Ki\D =0, (3.18)
KCy =K;C. (3.19)

From (3.2) w = D'(z — Cx). Substituting into (3.1) gives:
x=Ax+Biz= (A1 —K|C))x+ (B +Kj)z (3.20)
using (3.18) and (3.19). From (3.20) and (3.5) we obtain:
fc—fcl:(A1—K1C1)(x—x1)—(Bl+K1)(Z—z). (3.21)
We note that IT.(z — z;) = C;(x — x1) from which it follows that:
Cilx—x1)+(Z—2) =(Z—z1) +I(Z—2). (3.22)
Hence from (3.17) and (3.22):
IC1(x = x1) + (2= 2) g1 = ITe(Z = 20) 71 + ITLEZ = 2) [+ (3.23)
Using (3.6), (3.21) and (3.23) we verify the calculation:
d d _
E(”X_lei’ﬂ) = E((X—xl)TPl 1(x—x1)>
:2(x—x1)TP1_1()'c—x1)—(x—xl)TPflplPl_l(x—xl)
=2(x—x1) P (A1 = KiCr) (x —x1) — (B1 + K1) (2—2))
—(x—x) (P A+ AT TRy + P BIRBY P (x — 1)
= 20x—x)" (P 'Bi+CTR ) (Z—2) — (x—x1)T (P 'BIRBI P +CTR™'Cy) (x— x1)
= —[|RBT P (x = x1) + T1(Z = 2) |51 + T2 = 2) [ 5

— GG —x1) + E=2) g1 +1E=2) -
= —|[RBI P (x —x1) + TL(Z = 2) |31 — Te(Z—20) |51 + (2= 2) |3+ (3.24)
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where in the penultimate step we have noted that B{II = By. Integrating (3.24) in the interval
[0,T] gives the required expression on noting that RB! = IIRBIT. U

Theorem 1 The optimisation problem in (3.4) has a unique solution w, £(0) which is ob-
tained as follows: first integrate (3.5)—(3.7) forwards in time in the interval 0 <t < T with
initial conditions P (0) =T and x1(0) = y; then integrate:

1= ArX+Br7» (3.25)
backwards in time with terminal condition:
(T) =x1(T) (3.26)

to compute X(0) (and indeed X); and lastly set:

Ww=D"(z— %) (3.27)
where:
Ay =A—By(y, (3.28)
B, =B, (3.29)
C,=C—RBIP !, (3.30)
7 =Z7—RB] P 'x. (3.31)

Furthermore, the minimum of the performance index (3.3) is:

T
inf Cr(wx(0) = [ ITLe(2(0) = 21(0)) s (3:32)

w,x(0)

T
= [ 10 =211+ 15(0) I (339
where we have denoted the optimal output by:
Z=Cx+Dw. (3.34)

Proof: We note by an application of [6, Theorem 1, p. 40] that (3.25) may be integrated
on the interval [0, 7] to yield £. Next we verify that (3.1) driven by w = from the initial

state x(0) = £(0) generates the state trajectory x = £, i.e. £ = A%+ Bw. This is easily seen by
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substituting for w to obtain (3.25). We now claim that the following lower bound:

T
Crlwx(0) > [ IT(2l0) = 21(6) 3 1 (335)

holds for all w and x(0). To see this note that all terms in (3.16) are non-negative and the first
term is independent of w and x(0). We proceed to claim that for x(0) = £(0) and w = W the
last two terms in (3.16) are zero. To see that the second term is zero we substitute w = w
from (3.27) and x = X into (3.16) with z defined in (3.2), i.e. z =2 = CX+ Dw. The third
term is zero with x = £ from (3.26). We therefore conclude that w =W, x(0) = £(0) achieve
a minimum of the performance index with the minimum given by (3.33). The second line in
(3.33) is given by substitution of the optimal solution into (3.3). It remains to show that this

solution is unique, which we will now establish by contradiction. Let:

ox, (3.36)
ow (3.37)

be another solution that satisfies (3.1) with dx, dw not identically zero in the interval [0, 7.
Substituting (3.36) and (3.37) into (3.1) gives:

8x = A8x+B&w (3.38)
by noting that X, w also satisfy (3.1) by construction. The difference in the output is given by:
0z =Cdéx+Dow. (3.39)
We now substitute (3.36) and (3.37) into the performance index (3.16) which gives:
T T
Cr(wx(0)) = | ITIe(2(e) =21 () s+ [ ITURBTPL (1) 6x(0) = 82(0)) |-
+18x(T)[7, 7)1 (3.40)

using the fact that with x = £ and w = W the integrand in the second term of (3.16) is
identically zero in the interval [0,7]. Under the assumption that the trajectory in (3.36),
(3.37) is a solution to the optimisation problem, the last two terms in (3.40) have to be zero,

which gives:

D'(RBIP['6x—82)=0 (3.41)
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on the interval [0, 7] since D is full column rank, and:
ox(T)=0 (3.42)
since P;(T) > 0. Substituting 6z from (3.39) into (3.41) gives:
Sw=—D'C,5x (3.43)
using (3.30). Substituting dw from (3.43) into (3.38) gives:
Sx = A,8x (3.44)

using (3.28). Solving (3.44) backwards in time with the terminal condition (3.42) gives
0x = 0 identically in the interval [0, 7], and from (3.43) we have w = 0 identically in the
same interval, which results in a contradiction. []

We now turn our attention to the filtered estimates (i.e. end-of-interval estimates) of the
state and input, namely £(7) and w(T). In real time applications, the horizon T is itself a
variable. It would appear at first glance that a new optimisation problem needs to be solved
at every T to compute end-of-interval estimates. The following result shows that this is not
the case.

Theorem 2 Consider the system (3.5)—(3.8) where P;(0) =T and x,(0) = . Then for any
fixed T:

() =x1(T), (3.45)
(3.46)

pSY
=
Il
=
=

Proof: The result follows from (3.8), (3.26), (3.27), (3.30) and (3.31). [J

Theorem 2 shows that integrating (3.5)—(3.7) as the measurements 7 become available is
sufficient to recover the end-of-interval estimates without computing x(0) or w. We further
note that the filter is non-anticipating, meaning that the end-of-interval estimates x;(7) and
w1(T) do not depend on future measurements, i.e. Z(¢) for # > T. This property is required

of any filter to be applied in a real time application.
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3.3 Tracking

In this section we will consider a related tracking problem (see [63, Ch. 14] for standard

results in optimal control). Assume the state g and input u satisfy:

= Fq+ Gu, (3.47)
y=Hqg+Ju (3.43)

where F € R G € R H € RP*" and J € RP*™ (full column rank) are fixed known
matrices and u € fz”fe, qc fz'f Jandy e ff , are input, state and output related through this
linear system. We wish to find an input u such that the output y best tracks a desired signal
ye ,2”21’ . over a finite horizon T together with a penalty on the deviation of the terminal state
from a desired state & for a given but arbitrary initial state 1. More precisely, we introduce

the performance index:

T
Wr(w) = [ 150 =5 Ol3-1di+ la(T) =& - (349
where £ € R", 0 < E € R™*" and propose the problem:
inf Wr (u) (3.50)
u

subject to (3.47), (3.48) and ¢(0) = n. We denote the optimal solution to (3.50) by . This
problem differs from the standard finite horizon LQ tracking problem [53, Ch. 8] (see also
[52] and [63, Ch. 15]). In particular, note that this formulation has a full column rank input
feedthrough matrix and no penalty on the input norm. We first give a completion of squares
result similar to Lemma 5 which we then use to solve (3.50) in Theorem 3.

Lemma 6 Consider the system:

¢ = (F1 + M1Hy)q1 + (G — M1)3, (3.51)
Sy =[S +S1F +MRM] — G \RGT, (3.52)
My =S HIR!, (3.53)
w =J"(F—y1), (3.54)

y1=Hgq (3.55)
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with the terminal conditions S1(T) = E and q1(T) = &, where we have defined the matrices:

F =F—GH, (3.56)
G, =GJ', (3.57)
Hy=AH, (3.58)
Ac=1—A, (3.59)

A=JJ", (3.60)
J=UTR'\ ) UTR. (3.61)

Then the RDE (3.52) has a unique positive definite solution Si(t) > 0 for all t € [0,T].

Furthermore, the performance index in (3.49) is given by:

T
Wr(u) = [ A0 =31 (0)) [
+ [T IARGTS10) ™ at6) = a1(6) =50+ 3D st + 1~ 1 O) o)1 G2)

Proof: We sketch the outline of two proofs. A direct proof is a completion of squares
argument analogous to Lemma 5. It differs from Lemma 5 only in the signs of some
terms. An indirect proof is to recognise that Lemma 6 is the time reversed Lemma 5.
The transformations % — —%, A—-—-F,B—- -G, C—H,D—J, Pp—= S, x1 —q,
Z1 — ¥1, Z — ¥ and consequential correspondences A; — —F] etc. suffice to give the result.
Furthermore, S;(¢) > 0 for all # € [0, T] is guaranteed by the reversed time Lemma 20 (see

Remark 1). [J

Theorem 3 The optimisation problem in (3.50) has a unique solution it which is obtained as
follows: first integrate (3.51)—(3.53) backwards in time with terminal conditions S1(T) = &
and q1(T) = &; then integrate:

g=F§+Gi (3.63)
forwards in time with i given by the feedback law:

it = J' (5, — Hg) (3.64)
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and initial condition §(0) = 1, where we have defined:

Hy=H+RG!S!, (3.65)
J2=35+RG] S 'q1. (3.66)

Furthermore, the minimum of the performance index (3.49) is:

T
intWr() = [ IAGEO) =31 @) Fsde+In—a Ol g 36D

Proof: We note that (3.63) with 4 given by (3.64) and §(0) = n may be integrated [6,
Theorem 1, p. 40] on the interval [0, T] to yield g, while @ can be computed by substituting §
into (3.64). We now claim that the following lower bound:

T
W) 2 [ A0 =01 O)]F-1di+ m =1 0) [, o) (3.68)

holds for all u. To see this note that all terms in (3.62) are non-negative and the first and third
terms are independent of u. We proceed to claim that for u = #i the second term in (3.62)
is zero. To see this we substitute u = @i and g = § into (3.62) with y defined in (3.48), i.e.
y =¥ = H§+ Ji, and noting that A> = A. We therefore conclude that u = 7 is a solution
to the optimisation problem and the minimum of the performance index (3.49) is given
by (3.67). It remains to show that this solution is unique, which we will now establish by

contradiction. Let:

q=q4+dq, (3.69)
u=i+du (3.70)

be another solution that satisfies (3.47) with 8¢, du not identically zero in the interval [0, 7.
Substituting (3.69) and (3.70) into (3.47) gives:

8qg=F8q+Gdu (3.71)
using (3.63). The difference in the output is given by:

oy=Hdoqg+Jou. (3.72)
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We now substitute (3.71) and (3.72) into the performance index (3.62) which gives:

T
W) = [ IA0) =31 (0)) e
+ [ IARGTS10) ' 84(0) + 850+ = 010,01 BT

using the fact that with ¢ = § and u = ii the integrand in the second term of (3.62) is identically
zero in the interval [0,7]. Under the assumption that the trajectory in (3.69), (3.70) is a
solution to the optimisation problem, the second term in (3.73) has to be zero, which gives:

J'(RGTS18g+8y) =0 (3.74)

on the interval [0, T] since J is full column rank. Substituting dy from (3.72) into (3.74)

gives:
Su=—J"H,8¢ (3.75)
using (3.65). Substituting du from (3.75) into (3.71) gives:
8q=(F —GH»)dq. (3.76)

Solving (3.76) forwards in time with the initial constraint §q(0) = 0, which follows since
q(0) = 4(0) = n, gives 6g = 0 identically in the interval [0, T]. Using (3.75) we have u =0
identically in the same interval, which results in a contradiction. [J

3.4 Constrained estimation

We now turn our attention to the constrained optimisation problem:

inf Cr(w,x(0)) subject to x(7) = ¢ (3.77)

w,x(0)
for { € R" and 0 < 7 < T where (3.1) and (3.2) hold. Here Cr(w,x(0)) is defined as in (3.3)
with the same meaning for Z, ¥ and I'. Again we wish to compute the optimal w and x(0)
which we will denote by w and £(0). A solution of this optimisation problem will show how
the optimal cost increases compared to the unconstrained value when we demand that the
state passes through a prescribed point at a given time. This will give an indication in a least

squares sense of how “likely" it is that the state passes through the optimum point for the
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unconstrained problem. For example, if there is a sharp rise in the cost when the state is
required to pass through a different point, then we may have more confidence in the value of
the unconstrained optimum state at that time. We will first give Lemma 7 before deriving the
solution to the optimisation problem (3.77) in Theorem 4.

Lemma 7 Let x|, P, z1, Ay, B, Ca, 2> be defined as in Lemma 5 and Theorem 1 and consider

the system:
Xy = Aoxo + B2, (3.78)
Py = AP, + P AT — ByRBY, (3.79)
wy = D' (7 — Coxy) (3.80)

with the terminal conditions P,(T) = P|(T), x2(T) = x1(T). (Note that x», wy are the optimal
trajectories of the optimisation problem given by (3.4), namely x, = X, wo = W as defined in

Theorem 1.) Then Cr(w,x(0)) is equivalently given by:

T T
Cr(w,x(0)) :/0 [T (2(2) —zl(t))\|§_,dz+/() ITL(Z2() = Cox(t) — Dw(t)) |-t
+ /:Hn(@(z) — C3x(t) — Dw(t))|[%-1dt + ||x(t) — x2(7) ”1%;1(1) (3.81)
where C3 and Z3 are given by:

C3;=C+RBIP; !, (3.82)
73 =2 +RBIP; 'x,. (3.83)

Proof: Using (3.2), (3.30) and (3.31) we obtain:
I(RB] P ' (x —x1) +Z—2) = I1(Z, — Cox — Dw). (3.84)

Substituting (3.84) into (3.16) gives:

T T
CT(w,x(0)>=/0 HHc(Z(t)—Z1(t))\!§_1dt+/o IT(22(1) — Cox(t) — Dw(t)) |14t
+ /TTHH(Zz(t) — Cox(t) — Dw(1)) ||%-1dt + ||x(T) — x; (T)||1201,1(T). (3.85)

We next note that Lemma 6 remains true for time varying matrices. The proof will apply
Lemma 6 to the last two terms of (3.85) in the interval [, T] rather than [0, T']. First we make
the following notational substitutions: ¢ — x, u —w, y — 1%, F -+ A, G — B, H — I1C;,
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J — D and setting & = x1(T), E = P|(T). Making these replacements in (3.56)—(3.61) and
then (3.53) gives F| = A, G| = By, Hy =0, A=T1, J' = D' and M; = 0. Substituting
these into (3.51), (3.52) and (3.54) with the notational substitutions g; — x2, S| — P> and
u; — wy gives (3.78)—(3.80). We next note that the expression in (3.49) with the notational
substitutions and the lower limit replaced by 7 is the same as the last two terms in (3.85).
Therefore, using Lemma 6, we can replace these terms by the expression in (3.62), which
gives (3.81) using (3.82) and (3.83) and the fact that the first integral on the right hand side
of (3.62) is zero since (I —I1)IT=0. O

Theorem 4 The optimisation problem (3.77) has a unique solution w, £(0) which is obtained
as follows: first integrate (3.5)—(3.7) forwards in time in the interval 0 <t < T with initial
conditions P (0) =T and x1(0) = y which gives x| and P, in the interval 0 <t < T then
integrate (3.78)—(3.80) backwards in time in the interval T <t < T with terminal conditions
Py(T) = P|(T) and x»(T) = x1(T) which gives x, and P, in the interval T <t < T, then

integrate:
£=A%+BW (3.86)
backwards in time in the interval 0 <t < T with the feedback law:
W=D (z — Ck); (3.87)

and the terminal condition x(t) = { to find X, W in the interval 0 <t < t; then integrate
(3.86) forwards in time in the interval T <t < T with the feedback law:

W= D'(z; — C3%) (3.88)

and the initial condition x(t) = { to find X, W in the interval T <t < T. The minimum of the

performance index is:

T
]I =210 Fdr+ 1§ =) 21 o (3.89)

Proof: We proceed similarly to the proof of Theorem 1. The first and fourth terms of the
performance index in (3.81) are independent of x(0) and w, subject to the constraint x(7) =
(i.e. they are constants with respect to the variables of the optimisation problem). The two
integrands in (3.81) are identically zero in their respective intervals for x = X and w = W,
which can be verified by substitution. Uniqueness is proven similarly to Theorem 1 for the
intervals 0 <t < 7and 7 <t < T separately. []
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The solution to the constrained optimisation problem (3.77) given in Theorem 4 intro-
duced the vector and matrix variables x;, w, and P,. We recall that x, and w; coincide with
the state and input trajectories on the interval [0, 7] that minimise the performance criterion
(3.3) as shown in Theorem 1. We may now provide an interpretation of the matrix variable
P>. The unique minimum of the constrained optimisation problem (3.77) is given in (3.89)
and consists of two terms. The first term coincides with the minimum of the unconstrained
problem given in (3.32). The second term is a quadratic which is zero when § = x,(7), in
which case we recover the results of Theorem 1. Consider now the eigenvector-eigenvalue
decomposition of P»(7). Components of { — x,(7) in those eigenvector directions of P»(T)
which have small eigenvalues (i.e. large eigenvalues of P, ! (1)) give a large contribution to
the second term in (3.89). Hence the measurements provide high confidence that the state
x(7) should be close to x,(7) in those directions. Fig. 3.2 illustrates the interpretation of
P>(7) in the 2-D case. The figure shows an ellipse with centre x,(7) whose axes are aligned
with the eigenvectors of P»(7) and lengths given by the corresponding eigenvalue square

roots. All points on the ellipse increase the minimum performance index (3.89) by 1.

Fig. 3.2 An ellipse with semi-axes of length given by the eigenvalue square roots of P;(7),
/A1(7) and /A;5(7), and aligned with the corresponding eigenvectors.
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3.5 Special cases

3.5.1 Standard Kalman filter

We now show how the continuous time Kalman filter can be derived as a special case of the
filter in Theorems 1 and 2. We therefore consider a system described by:

X =Ax+Bw (3.90)
z=Cx (3.91)

with noisy measurement Z of z. Note that we assume as standard that sensor measurements
of the state are not directly affected by the process noise w. In the standard Kalman filter
the process noise w can be interpreted as a small magnitude disturbance to the system. To
translate into our framework we need to incorporate a weighted 2-norm constraint on w in

the performance index (3.3). In particular, we consider the following optimisation problem:

T T
ng(g)( | 120 =20 e+ | |rw||g_.dr+ux<o>—y||%_l). (3.92)

To translate this into the framework of this work we introduce a virtual measurement of w
which is equal to zero. More precisely, we consider an augmented system with (real and

virtual) outputs given by:

C 0
Zq = 0 x+ I w (3.93)
and for which we have the measurement:
- Z
Za = [O] . (3.94)
We define an augmented block diagonal weighting matrix R, given by:
R O
R, = ) (3.95)
0 0

The following result is obtained by applying Lemma 5 and Theorem 1 to this augmented
system.
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Theorem 5 Consider the system:

%1 = Ax; +K(Z—Cxy), (3.96)
P =AP, + P AT —KRKT + BOB”, (3.97)
K=PCT'R! (3.98)

for P (0) =T and x,(0) = y. The optimisation problem (3.92) where z is defined by (3.90)—
(3.91) has a unique solution W, £(0) where W is defined by the feedback law:

Ww=0B P (2 —x) (3.99)

and %(t) is obtained by solving X = A%+ BW backwards on the interval [0, T with terminal
condition X(T) = x1(T). Furthermore, the optimal cost (3.92) is given by:

T
/O 12— Cx1 ||3- 1 dt. (3.100)

Proof: Replacing (3.2) by (3.93), 7 and R in (3.3) by (3.94) and (3.95), and applying Lemma
5 gives equations (3.96)—(3.98) after some simplification. Equations (3.99) and (3.100) are
obtained by substituting from (3.93), (3.94) and (3.95) into (3.27) and (3.33) respectively. [J

The filter (3.96)—(3.98) is an end-of-interval estimator (cf. Theorem 2) in the sense that
X(T) =x1(T), w(T) = wi(T) and takes the form of the standard Kalman filter with gain K.
The above result reduces to that given in [60] with R =1 and Q = L. It is interesting to note

that by substituting for w from (3.99) we obtain an equation for the optimal state estimate:
£=A%+BOB"P (2 —x)) (3.101)

where £(T') = x1(T) that coincides with the standard form for the smoothed estimate in
Kalman filtering (see [34, eqn. 34(a)]). Similarly by specialising (3.79) to the present case
we have the equation:

Py = (A+BOB"P P, + P,(A+BQOB" P )T — BOB" (3.102)

where P,(T) = P;(T), which is the corresponding form for the smoothed covariance (see
[34, eqn. 34(b)]).
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3.5.2 Kalman filter with input feedthrough

We consider the extension of the standard Kalman filter to the case where there is direct
feedthrough of the input to the measurements. In particular we consider a system described
by:

X =Ax+ Bw, (3.103)
7 =Cx+Dw (3.104)

with noisy measurement Z of z. As in section 3.5.1 we incorporate a weighted 2-norm
constraint on w in the performance index (3.3) and consider the optimisation problem (3.92)
with z given by (3.104) rather than (3.91). To solve this we proceed similarly and consider an
augmented output given by:

w (3.105)

and for which we have the measurement Z,, as in (3.94) and we define an augmented weighting
matrix as in (3.95).

Theorem 6 Consider the system:

X1 = Ax; + Bwy + K (Z— Cx; — Dwy), (3.106)
P =AP, + P AT —K,RK,” + (B—K,D)P,,(B—K,D)", (3.107)
w1 = K,,(—Cxy), (3.108)
K, = oDT(DODT +R) !, (3.109)
K,=PC'R™!, (3.110)
P, = (1-K,D)Q (3.111)

with P1(0) =T and x1(0) = 7. The optimisation problem (3.92) where z is given by (3.103)-
(3.104) has a unique solution W, £(0) where W is defined by the feedback law:

W= K (Z—C%)+P,B P (£ —x1) (3.112)



38 Estimation and control for continuous time systems: A deterministic view

and %(t) is obtained by solving X = A%+ BW backwards on the interval [0, T| with terminal
condition X(T) = x1(T). Furthermore, the optimal cost (3.92) is:

T
/O 12— Cx1 | {pgpr 4 &)-141- (3.113)

Proof: We will apply Lemma 5 replacing (3.2) by (3.105), Z and R in (3.3) by (3.94) and
(3.95). Substituting into (3.15) gives:

D = [KW I—KWD} (3.114)

where we have used the definition (3.109) and the matrix inversion identities (3.1) and (3.2)
of Section 6.3 in [1]. Substituting into (3.10), (3.11), (3.12) and (3.8) using (3.114) gives:

A, =A—BK,C, (3.115)

B :B[Kw I—KWD}, (3.116)
- DK

. vl e (3.117)
_KW

and (3.108) respectively. Noting the symmetry DK,,R = (DK,,R)” we find after substituting
into (3.7) using (3.117) and the definition (3.110) that:

K =K, [I—DKW —RvaQ_l}. (3.118)
We now verify:
1-pk, " [R 0 - - DK,,
—K,, 0 0 —K,
=R Y(I-DK,)+KID"R™ Y (~1+ DK, +R(DODT +R)™!)
=R (I1-DK,) (3.119)
= (DOD" +R)™" (3.120)
=R '(R—DP,DT")R™. (3.121)

From (3.7) using (3.117), (3.119) and (3.110) we obtain:

KiC, = K.(1- DK,,)C. (3.122)
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Similarly from (3.7) using (3.117), (3.121) and (3.110) we obtain:
KiR.,K = K,RK! — (K,.D)P,,(K.D)". (3.123)

Substituting into (3.5) using (3.115), (3.122), (3.116), (3.118) and (3.108) gives (3.106).
Using (3.109), (3.110) and (3.111) we obtain:

K,CP, = P,(K.D)". (3.124)
By substituting from (3.114) we obtain:
D'R,D'" =P,. (3.125)

Substituting into (3.6) using (3.115), (3.123), (3.124) and (3.125) gives (3.107). Equation
(3.112) follows from (3.27) using (3.114) and (3.125). Equation (3.113) follows from the
first expression in (3.33) using (3.114) and (3.120). [J

We again note that by substituting for w from (3.112) we obtain the differential equation

for the optimal state estimate:
% =A%+ BK,(Z—C%)+BP,B" P (—x1) (3.126)
where £(T') = x; (7). Similarly (3.79) specialises to:
P, = (A—BK,C+BP,B"P "\P, + P,(A— BK,,C +BP,B" P\ T —BP,BT.  (3.127)

Finally, we point out that the augmented input feedthrough matrix in (3.105) is full
column rank for all D. Furthermore, the regular Kalman filter can be recovered trivially by
setting D = 0 in (3.106)—(3.111), (3.126) and (3.127).

3.5.3 Standard linear quadratic regulator

We now show how the solution of the standard linear quadratic regulator (LQR) on a finite
time horizon can be derived as a special case of the tracking problem in Theorem 3. In the
standard LQR we wish to find a low energy input u that brings the state g to the origin. More
precisely, we consider the optimisation problem:

T
inf( / ()17 +Hu(t)H§1dt+Hq<T>Hé1> (3.128)
u 0 q u
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where the state g and input u satisfy:
g=Fq+Gu (3.129)

and the initial state ¢(0) = 7 is known. To put this into the form required to apply Lemma 6
and Theorem 3 we choose:

! + 0 (3.130)
= u, .
Y= ol?T |y
7=0,& =0and:
R, O
R= [ 4 ] ) (3.131)
0 R,
Theorem 7 Consider the RDE:
S| =FSi+S1F" + SR, 'S| —GR,G" (3.132)

with the terminal condition S1(T) = E. The optimisation problem (3.128) has a unique
solution i which is defined by the feedback law:

i=—-R,G'S'q (3.133)

and §(t) is obtained by solving § = F§+ Gi forwards in the interval [0, T] with the initial
condition §(0) = n. Furthermore, the optimal cost (3.128) is:

1715, 0)-1- (3.134)

Proof: We apply Lemma 6 with y, R given by (3.130), (3.131). Note that J© — [o 1} F =F,

T

G =G [O I} and H| = [I O} . Since =0, q;(T) = & = 0 we have g (¢) = 0 for all 7.
Equation (3.132) follows from (3.52). Applying Theorem 3 we obtain (3.133) and (3.134) by
substituting into (3.64) and (3.67) respectively. [J

This is recognised as the classical LQR result on a finite time horizon.
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3.6 Steady state filtering

3.6.1 Stability

We first consider the convergence properties of the filter of Lemma 5 (end of interval
estimator) as T — oo. In order to express convergence conditions directly in terms of
A,B,C,D we first need to establish the following two Lemmas.

Lemma 8 Let D have full column rank. so € C is an uncontrollable mode of (A1, B,) if and
only if it is an uncontrollable mode of (A,B).

Proof: 1If s¢ is an uncontrollable mode of (A,B) then there exists 0 # x € C" such that
x*A = x*so and x*B = 0. Hence x*(A — BD'C) = x*s¢ and x* BDT = 0. The converse follows
since D has full row rank. [J

Lemma 9 Let D have full column rank. so € C is an unobservable mode of (Cy,A}) if and

[A—SOI B

only if it is an invariant zero of the system (3.1)—(3.2), i.e. does not have

full column rank.
Proof: The proof is a more general result to [63, Lemma 13.9] to all system modes. [

Theorem 8 Suppose (A,B) has no uncontrollable mode so € C with Re(sg) = 0, the system
(3.1)—(3.2) has no invariant zero sy € C with Re(so) > 0 and %(t) € ££[0,00). Then the ARE:

AP+ PPAT —KTRKT +BiRB] =0 (3.135)
where K° = Py° CITR*1 has a unique solution P° such that:
A=A —K[C (3.136)

is Hurwitz. Furthermore, Pi° > 0 and Pi(t) — P[° as t — oo where P (t) is given by (3.6)
with the initial condition P, (0) =T'. Consider the system:

X =A"x7 4Bz, (3.137)
wy =D'(z—Cx7) (3.138)

with any initial condition x7(0) € R" where:
B” =B +K7. (3.139)

Then:
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1. x1(t) —x7(t) > 0ast — oo;
2. wi(t)—wi(t) = 0ast — oo
where x1(t) and w(t) are given by (3.5) and (3.8) with the initial condition x1(0) = 7.

Proof: The claims in regard to (3.135) follow directly by applying Lemmas 19 and 20 to the
RDE (3.6) and expressing the convergence conditions in terms of A, B,C, D using Lemmas 8
and 9. The convergence results 1) and 2) follow from Lemma 26. [

We remark that the system (3.137)—(3.138) is the “limiting form” of the end-of-interval
estimator of Lemma 5 in which P (¢) is replaced by P;°. We do not assert any convergence
property other than 1) and 2) in Theorem 8.

3.6.2 The steady state filter as a stable left inverse

We adopt the notation introduced in [63, Ch. 3] and denote the transfer function of (3.1)—(3.2)

by:
A |B
C|D

We consider the transfer function of the steady state filter (3.137)—(3.138):

=C(sI—A)"'B+D. (3.140)

A® | B

oo | (3.141)

We will now show that under certain conditions (3.140) is stable left inverse of the system.
Conditions for the existence and stability of inverses of linear time invariant systems are

available in [50] and an example of an inverse when D is full column rank can be found in
[63, Ch. 3].

Theorem 9 Suppose (A,B) has no uncontrollable mode sy € C with Re(so) = 0 and the
system (3.1)—(3.2) has no invariant zero so € C with Re(sg) > 0. Then (3.141) is a stable left
inverse of (3.140).

Proof: To see this we consider the cascade connection of (3.141) with (3.140) and verify the

calculation:
A®  B*C| B*D A BC|B
A% \Bw A \ B
- 0 Al B | = 0 A |B| (3142
_Dfc \ Dt || C \ D

_DiC DTC\DTD _DiC DTC\I
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where we have used the transfer matrix product operation in [63, Sec. 3.6] and noting that
K7°D = 0 (cf. (3.18)). The product is equivalently given by:

A 010
0 A|B|=I (3.143)
-pic 01
using the similarity transformation:
I —I
0 I

after some simplification and noting that K7°Cy; = K°C (cf. (3.19)). We recall from Theorem
8 that A* is Hurwitz. [

3.6.3 Filtering error

We now return to the series connection of the original system, sensors and filter as shown in
Fig. 3.1. Suppose w and x are any input and state which satisfy equations (3.1)—(3.2). This
may or may not be the trajectory which generated the measured output 7 in an experiment.
We may define the state estimation errors e = x —x; and e” = x — x7°. Let the conditions of
Theorem 8 hold. Then the following equations follow from (3.1), (3.2), (3.5) and (3.137):

é=(Al—K1C1)€+(Bl+K1)<Z—Z), (3.144)
¢ =A% +B"(z—13). (3.145)

We note that ™ is the state of an asymptotically stable linear time invariant system driven by
the error z — 7 and that e (1) — e(¢) — 0 as t — o (by Lemma 26).

3.6.4 The infinite time smoother as a left inverse

Lemma 10 Suppose (A,B) has no uncontrollable mode sy € C with Re(so) < 0 and the
system (3.1)—(3.2) has no invariant zero so € C with Re(so) > 0. Then P° > 0. Furthermore,
let:

AS =A—B(CY, (3.146)
Cy =C—RBT(P)!. (3.147)
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Then —AY is Hurwitz.

Proof: P;° > 0 follows by applying Lemma 19 to the ARE (3.135) using Lemmas 8 and 9 to
express the convergence conditions in terms of A, B,C, D. Now note that:

A3 = A +BiRB] (P7)! (3.148)
by substituting (3.147) into (3.146) and then using (3.10). We may then verify that:
ASPP + PR (A =0 (3.149)

by substituting for A, A5 and using (3.135). Hence (A”)" and —AS5 are similar which
means that —AY is Hurwitz. [J
We now assume that the conditions of Lemma 10 hold and consider the cascade connec-

tion of two systems. The first system has input Z and output Z5'. It is given by:

X7 =A"x{ +B7zZ, (3.150)
7% =z—RBI(P?)"IxT (3.151)
and has the transfer function:
A~ ‘ B~ (3.152)
~RBT(P)~'[ 1 | '

(Note that (3.150) coincides with (3.137).) The second system is driven by the output of the
first and has output w™. It is given by:

2 = AT + B3y, (3.153)
W =D (35— C5%™) (3.154)

AS | By
-Dicy | DY

This cascade connection is the “limiting form™ of the construction for the optimal estimator

and has the transfer function:

) (3.155)

of Theorem 1 and is shown next to be a left inverse of the original system. We do not assert

any formal convergence property for this cascade connection.
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Theorem 10 Suppose (A,B) has no uncontrollable mode so € C with Re(sy) < 0 and the
system (3.1)—(3.2) has no invariant zero sy € C with Re(so) > 0. Then the cascade connection

of (3.152) with (3.155):

A7 | B
-picy | Df

(3.156)

A B
~RET(Fr) 1| 1

is a left inverse of the system (3.1)—(3.2).

Proof: To see this consider the cascade connection of (3.156) with (3.140) which is given by:

A3 —BiRBT(PP)"! B,C | B
0 A= B°C | B

(3.157)
0 0 A |B

-p'cy -D'RBI(PF)~' DC|1

where we have used the transfer matrix product operation and noting that B,D = B and

B”D = B (cf. proof of Theorem 9). The product is equivalently given by:

A —BRBT(P®)"' 0|0
|

0 A 00

1 =1 (3.158)

-p'cy —DIRBI(PP)"' 101

using the similarity transformation:

I 0 —I
01 —I
0 0 I

after some simplification. []

Remark 2 The conditions of Theorem 10 can be written is several alternative ways, e.g.
(Cy,A}) detectable and (—A,By) stabilizable, or equivalently (—A, B) stabilizable. We can
interpret this as a forwards in time detectability condition for the first stage of the inversion

and a backwards in time stabilisability condition for the second stage.

Remark 3 It is interesting to note that there is a natural state transformation given by

x = (PP Y~1x1 which leads to the alternative state space representation of the transfer
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function in (3.152):

(=43)" | (P7)~'B~
—RB | 1

(3.159)

We will make use of the analogous state transformation for the infinite horizon tracking

problem in the next section.

3.7 Infinite horizon tracking

3.7.1 An anti-stable left inverse

We begin by considering the convergence of the construction of Lemma 6 as the horizon
length increases. We show that ¢ (¢) and u; (¢) converge for any fixed t to the state and input
of an anti-stable time invariant system solved backwards in time. For convenience we first

restate Lemmas 8 and 9 with the relevant notational substitutions.

Lemma 11 Let J have full column rank. sg € C is an uncontrollable mode of (Fi,G)) if and
only if it is an uncontrollable mode of (F,G). O

Lemma 12 Let J have full column rank. sy € C is an unobservable mode of (Hy,F) if and
only if it is an invariant zero of the system (3.47)—(3.48). U

Theorem 11 Suppose (F,G) has no uncontrollable mode sy € C with Re(sg) = 0, the system
(3.47)—~(3.48) has no invariant zero sy € C with Re(so) < 0 and §(t) € ££[0,0). Then the
ARE:

FiST+STF +M7RMTT — GRGT =0 (3.160)
where M{® = S‘i"HlTR’l has a unique solution ST’ such that —F® is Hurwitz where:
F* =F+M{H,. (3.161)

Furthermore, ST > 0 and S\ (t,T) — ST as T — oo for any fixed t > 0 where S (t,T ) equals
S1(t) in (3.52) with the terminal condition S1(T) = E. Consider the system:

g7 = F2q7 + G5, (3.162)
uy =J'(5—Hg) (3.163)
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with any terminal condition g5 (T) € R" where:
G* =G| — M. (3.164)
Then:
1. qi1(t,T)—q7(t,T) = 0as T — oo for any fixed t > 0;
2. w1 (t,T)—uy(t,T) = 0as T — oo for any fixed t > 0

where q1(t,T) equals qi(t) in (3.51) with the terminal condition q\(T) = & and u;(t,T)
equals uy(t) in (3.54).

Proof: The claims in regard to (3.160) follow directly by applying Remark 1 to the RDE
(3.52) and expressing the convergence conditions in terms of F,G,H,J using Lemmas 11

and 12. The convergence results 1) and 2) follow from the time reversed Lemma 26. []

Remark 4 [t is interesting to note the contrasting form of of 1) and 2) in Theorems 8 and 11.
At first sight this is unexpected since the estimation and tracking problems are dual to each
other. The difference arises since the infinite horizon limit of the time window [0, T] is taken
10 be [0,0) in both cases, namely the left hand limit is fixed at the origin while the right hand

limit tends to oo, which is not symmetric since the two problems are dual by time reversal.
We now consider the transfer function of the system (3.162)—(3.163):

F* | G”

: 3.165
—JH | Jf (3109

Theorem 12 Suppose (F,G) has no uncontrollable mode sy € C with Re(sy) = 0 and the
system (3.47)—(3.48) has no invariant zero sy € C with Re(so) < 0. Then (3.165) is an
anti-stable left inverse of the system (3.47)—(3.48).

Proof: To see this we consider the cascade connection of (3.165) with the transfer function
of the system (3.47)—(3.48) and then perform the transfer matrix product and similarity

transformation similarly to the proof of Theorem 9. [

3.7.2 The infinite horizon controller

We now consider the convergence properties of the unique solution # of the tracking problem
(3.50), which is given in Theorem 3, in the infinite time horizon limit, i.e. as T — oo,
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Theorem 13 Suppose (F,G) has no uncontrollable mode sy € C with Re(sg) > 0, i.e. it

i
is stabilizable, the system (3.47)—(3.48) has no invariant zero so € C with Re(sg) = 0 and
$(t) € Z[0,0). Then the ARE:

SSF +FlSy —S5GIRGY S +HIR™'H; =0 (3.166)

has a unique solution S5 that is stabilising, i.e. Fy" in (3.169) is Hurwitz, and S5 > 0.

Consider the system:

§7(t) =F§=(t) + Gi™ (1), (3.167)
(1) = J' (55 (1) = H>§™ (1)) (3.168)

with the initial condition §*(0) = 1 where:

Fy =F —GHS, (3.169)
G5 =HIR'-55G, (3.170)
HyY =H+RG'S3, (3.171)
75 (1) =5(1) +RG1 g5 (1), (3.172)
g5 () = /t BTN GEg()dr. (3.173)

Then the unique optimal control input ii(t,T) of the tracking problem (3.50) with the initial
condition q(0) = 1 (i.e. i as defined in (3.64)) converges as T — oo, i.e. im0 i(t,T)
exists for any fixed t > 0, and the limit is given by 4 (t).

Proof: Let S1, g1 be defined by (3.51), (3.52) with the terminal conditions S;(7T) = &,
q1(T) = &. We introduce the variables:

Sy =571, (3.174)
2 =5"q. (3.175)

Hence S», ¢, are generated by solving:

Sy = —SoFy — FLS, +$,G1RGY S, —HIR™'Hy, (3.176)
i = (—FIT +SzGlRGlT>q2 + <S261 —H{R—‘)y (3.177)
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backwards in time with the given terminal conditions:

Sy(T) =857 (T)=2"", (3.178)
¢2(T) = S, (T)q1(T) =E7'¢. (3.179)

We now apply Remark 1 to the ARE (3.166) and the RDE (3.176). The conditions of the
theorem are obtained in terms of F,G,H,J using Lemmas 11 and 12. Furthermore F,”° is

Hurwitz and:

lim S (¢,T) = 1lim $,(1,7) = 7 (3.180)
—>00

T—oo

for all = > 0 and for any fixed # > 0. We introduce the anti-stable and time-invariant equation:
45 =—F"q5 — G55 (3.181)

We now consider the time reversed equations (3.177) and (3.181) for a given T (i.e. solved
forwards in time). These equations take the form of (A.28) and (A.29) on the interval
[0,T], where we note that u(t) depends on T, but with supy—, <7 [u(t)| < ||7(¢)]|e for any
T. Now choose any € > 0 and find the 7j guaranteed by Lemma 26. Then the time reversed
solutions are within € in norm for Ty <t < T providing Tp < T. Hence, for any 7 > Ty,
|q2(t) — g5 ()]s < € for 0 <t < T —Tp. It follows that:

lim > (t,T) = g3 (¢) (3.182)
T —>o0

for any fixed > 0, where ¢5(¢) is given by the convolution form (3.173). We now return to
compute the limit of the unique optimal input (¢, T) given in Theorem 3, i.e. limy_,c0 i(#,T).
Taking the limit in (3.65), (3.66) and substituting from (3.180), (3.182) gives:

lim Hy(¢,T) = Hy, (3.183)
T —o0

lim 5,(¢,T) = 35 (1) (3.184)
T —o0

where 35 (t) and H5® are given by (3.169)—(3.173). Rewriting (3.63) for the infinite horizon
with a notational substitution and taking the limit in (3.64) gives the feedback law (3.168). [
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Remark 5 Evaluating g5 for all finite t using (3.173) is costly even if it is possible. It can

be approximated for any finite toy as accurately as required by:

fo+A -

gk (1) = / e (T GSy(t)dT (3.185)
Iy

for a sufficiently large A > 0 since F;° is Hurwitz. Integrating (3.181) forwards in time for

t > ty with the initial condition q% (to) obtained from (3.185) gives ¢ (t) approximately for t

near to but errors amplify since (3.181) is anti-stable. A practical compromise is to evaluate

(3.185) at regular intervals and to integrate (3.181) within those intervals.

3.7.3 The steady state controller as an unstable right inverse

Theorem 14 Suppose (F,G) has no uncontrollable mode sy € C with Re(sg) > 0, i.e. it is
stabilizable, and the system (3.47)—(3.48) has no invariant zero sy € C with Re(so) = 0. Then
the infinite horizon controller is given by the cascade connection of an anti-stable system

with input y and output y5 and transfer function:

~F)T | -GS
( ZT) -G (3.186)
RGT | 1
followed by a stable system with input y; and output ii and transfer function:
fy |G (3.187)
~JTHy | JT | '
Furthermore, their cascade connection, given by:
Fy |G —F)T | -GS
7 |G| 2T) =G (3.188)
—JtHy | U RG! | 1

is a left inverse of the system (3.47)—(3.48).

Proof: Apply the transfer matrix product operation and a system similarity transformation
similarly to the proof of Theorem 10. Note that F,° is Hurwitz from Theorem 13. [



Chapter 4

Estimation in systems with discrete time

measurements

4.1 A stochastic formulation: The zero informational in-

put limit

4.1.1 Introduction

In this section we aim to simultaneously estimate the inputs and states of a stochastic discrete
time linear finite dimensional dynamical system where no direct measurement of the driving

inputs is available. In particular, we consider a system with the state space description:

Xk+-1 :Axk+Bwk (4.1)
Vi = Cxp + Dwy + v 4.2)

where the system matrices are assumed known and the initial state xo and the measurement
noise vy, for all k € N are uncorrelated Gaussian random variables with known probability
distributions. There is a wide variety of problem formulations and assumptions in the
literature of this field, we have given a brief account in Section 2.1.2. We approach this
problem similarly to [5], namely we let the input wy be a Gaussian white noise process
of known covariance and consider the limit as the inverse of the input covariance tends to
zero (the zero informational limit). We consider the case that there is direct feedthrough of
the unknown inputs to the measurement vector through a matrix that is full column rank.
In comparison, [5] considers systems without feedthrough and a full column rank Markov

parameter. The approach differs from that of Chapter 3, which formulates an optimisation
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problem for deterministic continuous time systems. The filter recursions take an interesting
form which closely relates to the filter of Gillijns and De Moor [20]. However, the filter of
[20] was derived using a hybrid approach, involving both the computation of expectations
and the formulation of an optimisation problem. More specifically, the contributions of this

section are as follows:

1. To derive directly a (first) form of the Kalman filter in the zero informational limit on
the input when the input feedthrough matrix is full column rank; to note that this limit
filter is closely related to the recursive filter of [20] and thereby to provide a simpler

notion of optimality for that filter.

2. To show that the limit filter equations can be transformed to an alternative (second)

form which is a standard Kalman filter for a new system.

3. To show that the second form of the limit filter allows necessary and sufficient condi-
tions for the stability and convergence of the filter to be stated, which may be expressed
as a controllability condition and a minimum phase condition in terms of the invariant

zeros of the original system.

4.1.2 Estimation

We derive the zero informational limit of the Kalman filter with feedthrough (see Section
2.2.5), namely the limit as the information matrix Q_] — 0, under the assumption that D has
full column rank. We take Fy 1, Xo|_ and z0,21,22,. .. as given and consider the limits of
Rilks Wilie> Pk P]:TIZV P,f‘vlg, X1k and Py 1, as the information matrix Q! — 0. We show that
the limits exist for all k£ and introduce the notation:

Xk|k: 171m x\k\k (43)
0710

and similarly for wy;, Pk| %> etc. We name the resulting recursive equations the limit filter. We
first derive a form of the limit filter written directly in terms of the system matrices A, B, C,
D. For convenience we state the matrix inversion lemma (see [1, Sec. 6.3]) which is used in

the proof.

Lemma 13 Let S=5S7 >0, T =T7 > 0 and H be arbitrary of compatible dimension. Then:

S—SHT(HSHT +T) 'HS = (S '+ HTT'H)™!, (4.4)
SH'(HSHT +T) ' = (S " +H T 'H) 'HTT". (4.5)
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Theorem 15 Let D have full column rank. Then %y (Q), Wik (Q), Pui(Q), etc. for all k have
well-defined limits Xy, Wi, Isk‘k, etc. as Q~' — 0 given recursively by:

Xk = Xrk—1 + Lok (2 — Cxgp—1 — D) (4.6)
Wik = Ly (zk — Cxje—1), 4.7
P = Prp1 — Lo (Z — DP,;Tg”DT)L){k, (4.8)
_/ETLV = Lw,kikLﬁ,k, (4.9)
B = —LoaSiLiy (4.10)
Lo =Py CTEC (4.11)
_ Tvy—1 -1 Tv—1
Ly = (DTE,'D)"'DTE; !, 4.12)
Sk =CPy1CT +R, (4.13)
%
Fer 1t = [A B] _""] , (4.14)
| Wik
_ [P, P T
Pep=|A B | o p’jV";] A Bl (4.15)
ke Tk
with P0|_1 = P0|_1 and.fo‘_] = XA0|_].

Proof: We will proceed inductively, first considering the recursive expressions (2.23)—(2.32)
in the limit as Q~! — 0. Suppose for a given k, Zije—1(Q) and P (Q) tend to well-defined
limits Xk\k—l and Pk\k—l (Q) as Qil — 0. We will show thatﬁk‘k(Q), Wk\k(Q% Pk|k(Q)’ P/ZT]ZV(Q)’
P,f‘V,:(Q), 4116(Q)s Prs1x(Q) have well-defined limits given by (4.6)—(4.15). Substituting

for ®; from (2.30) into (2.29) and using (4.5) gives:
K= (Q '+D'L, 'D)" DTy ! (4.16)
where:
Yk = CPi—1(Q)CT +R. (4.17)

Taking the limit as Q! — 0in (4.16), K, approaches L,,, where Y, is defined in (4.13). It
follows that (2.24) has a well-defined limit given by (4.7). Now substitute for K,  in (2.27)
and let L, ; be defined as in (4.11). Then (2.27) has a well-defined limit given by (4.10).
Applying (4.4) to (2.30) gives:

®k_1 :Zk_l_lelD(DTEk_ID‘}_Q_l)_lDTzlzl (418)
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Substituting for (2.28) and then (4.18) into (2.23) and taking the limit as o '—=o, £k|k has a
well-defined limit given by:

Tk =1 + P CTE (I =D(DTE'D) T IDTE ) (2 — Cgpy).- (4.19)

Making use of the expressions for wy; and Ly in (4.19) gives (4.6). Substituting for K,
from (2.29) and ®; from (2.30) into (2.26) and applying (4.4) gives:

W = (0" +D"y, D) (4.20)

Taking the limit as Q—! — 0, P,zlv,zv has a well-defined limit given by:

P = (DTE'D) (4.21)

This expression can be equivalently written in terms of L,, ; in the form (4.9). Substituting
for K,  from (2.28) and @k_l from (4.18) into (2.25), taking the limit as 0! — 0, and then
using the expressions for L, ; and P’:\V/Zv from (4.21), P, has a well-defined limit given by
(4.8). Taking the limit as Q~! — 01in (2.31) and (2.32), X1k and Py 1), have well-defined
limits given by (4.14) and (4.15) respectively. The result follows by induction since, by
definition, To|_; = £o_1 = limy-1_,%|_y and Poj_j = Poj_y = limy-1_, Py—y. O

A block diagram illustrating the limit filter equations (4.6), (4.7) and (4.14) is shown in
Fig. 4.1, where L,, ; and L, ; are defined through (4.8)—(4.13) and (4.15). Fig. 4.2 shows the
recursive form of the limit filter.

,,,,,,, Propagation
B [—
Kilk—1 | + Xt 1]k
| +
A [—

Fig. 4.1 Block diagram of the limit filter recursion with decomposition into update and
propagation steps.

We now derive an alternative (second) form for the limit filter which takes the form of
the standard Kalman filter for a new system with matrices A, By, C;. Note that A, By, Cy,
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Zkl [Wldk Zk+1l IWH]H]

Xlk—1 Update + X1k Update + C+2]k+1
—_— . . >
Propagation Propagation

Fig. 4.2 Block diagram of an interconnection of limit filter recursion steps.

I1., IT, and D' are defined in (3.10)—(3.15). This form will be very convenient to analyse

convergence and stability. We first establish the following lemma.

Lemma 14 Suppose D has full column rank, R =R >0, S = ST > 0 and Il is given by
(3.13), then:

1 1 T 1 1T 1 T T -
(S+R)"" = (S+R)'D(DT(S+R)"'D)'DT(S+R) "' =TI <HCSHC +R) M. (4.22)
Proof: We first introduce the projection:
g =D(D'(S+R)'D)'DT(s+R)". (4.23)

We observe that IT given in (3.14) and I1g are parallel projections onto the same space, namely
the column space of D, but have different null spaces. Further note that 2 = IIgIT =11,
113 = I = I and:

(I —IDIs =0, (4.24)
(I-TIg)IT=0, (4.25)
AR (1-11) =0, (4.26)
7 (S+R) (I —TIg) = 0. (4.27)
We first claim that:
((1— s —1m)7 +R> - = (5+R) (1 —TIy). (4.28)

To see this note that:

(I—IDS(—I)T +R = (I —II)(S+R) + (R (- H)S> 7 (4.29)
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using [1IR = RIIT. Therefore using (4.24) and (4.27):

((1— m)s( —11)7 +R) (S+R)~\(1 —Is)
— (I—TI)(I - ) + (R— (I—H)S)HT(S-I—R)_](I—HS)
— (-1 (4.30)

from which (4.28) follows. Further from (4.27) and (4.28):
-1
HT((I—H)S(I—H)T+R) (I—1I) = 0. 4.31)
Hence, substituting I1g from (4.23) into (4.28) gives (4.22). []

Theorem 16 Let D have full column rank. Then the limit filter recursions (4.6)—(4.15) are

equivalent to:

Tpjke = Frfe—1 + Ki(zx — CiEe—1), (4.32)
Py = (I = KiC1) P15 (4.33)
Xt 1k = A1 Xk + Bizx, (4.34)
Pii1jx =A1PyAT +BIRBY (4.35)
Ky = Py 1C{ (C1Pyp1C] +R)™! (4.36)
with the input estimate:
Wik = D' (zx — Cxyp)- (4.37)

Proof: We first establish several identities that are needed in the proof.
(1) We claim that:

Ry = Ly j(I—DLy). (4.38)

To see this note that on substitution from (4.11) and (4.12) the right hand side of (4.38)

becomes:

P CT(Z =5 'D(DTE D) IDTE) (4.39)



4.1 A stochastic formulation: The zero informational input limit 57

which equals:
P CT ((1— m7 ((I—T)S(I -7 +R) (I - n)) (4.40)

after applying (4.22) with § = CP;_;C" and noting that £; = S+ R from (4.13). Using the
transpose of (4.31), the I —IT on the right in (4.40) can be removed, which gives (4.36) on
substituting from (3.12). This establishes (4.38).

(2) From (4.38) it is easy to see that:

KD =0 (4.41)
since L,, ;D = I. Hence:
KiC = K,.Cy. (4.42)
(3) We claim that:
RiCi Py = Lux (5 — DBYDT )L (4.43)

To see this note that on substitution from (4.11) and (4.21) the right hand side of (4.43)
becomes:

Ley(I-D(D"L'D) "' DTE N CPhy— (4.44)

which equals KyCPyy_; using (4.38). Applying (4.42) establishes the claim.
(4) We claim that:

L,x=D'(I-CKy). (4.45)
To see this consider:

Ly —D'(I—CK;) = Ly — D' +D'CL, 4 (I — DL,)
=L,y —D'+D"(Z —R)Z; (I - DLyy)
= —D'RE_ (I —DL,)
=—(D'R'D)"'D'L ' 1-D(D'E 'D)'DTE )
=0 (4.46)

where we have used (4.38), (4.11), (4.13), (3.15) and (4.12).
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(5) We claim that:
B = —By(DC)T. (4.47)

To see this substitute from (4.11) and (4.45) into (4.10) and then use (4.33) and (4.42).
(6) Lastly we claim that:

ik = D' (CPyC" +R) (D). (4.48)
Substituting (4.13) and (4.45) into (4.9) gives:
i = D' (1= CRO)CPy €T + R~ CRR — (1~ CROSK(CR)T) (DN, (4.49)
Using (4.42) note that:

kK = (CPy—1C +R)KY (4.50)
KiEi K] = Ki(C1Py—1Cl +R)K = Py 1C{ K| (4.51)

from which it follows that:
(I-CK)ZK! =RK[ . (4.52)

Noting that DTRIZkT = 0 from (4.41) the last two terms in (4.49) are zero. The claim follows
using (4.42) and (4.33) on the first term. We now use the identities to establish the theorem.
Substituting (4.7) into (4.6) and using (4.38) gives (4.32). Substituting (4.43) into (4.8) gives
(4.33). Substituting (4.45) into (4.7) and using (4.32) gives (4.37). Substituting (4.37) into
(4.14) gives (4.34). Substituting (4.47) and (4.48) into (4.15) gives an expansion of (4.35). [

A block diagram illustrating the limit filter equations (4.32) and (4.34) is shown in Fig.
4.3.

4.1.3 Convergence

We will now study the behaviour of the limit filter as the horizon extends to infinity (i.e.
k — o). Substituting from (4.33) into (4.35) gives the Riccati difference equation:

Pei1je = A1Py—1A] +BIRB] — A1 Py Cl (C1Py—1C] +R)"'C1P 1Al (4.53)
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Fig. 4.3 An equivalent block diagram of the limit filter recursion with decomposition into
update and propagation steps.

If P |k converges to P, as k — oo, then P., satisfies the algebraic Riccati equation:
P.=AP.AT + BIRBT — A\ P.CT (C\P.CT +R)"!C P.AT. (4.54)

A real symmetric nonnegative definite solution of (4.54) is said to be a strong solution if all

the eigenvalues of A| — A1 K.C) are on or inside the unit circle, where K. is given by:
K. = P.CT(C\P.CT +R) . (4.55)

If all the eigenvalues are strictly inside the unit circle, the solution is said to be a stabilizing
solution [4], [10]. The standard form taken by Theorem 16 and (4.54) allows well-known
stability and convergence conditions in terms of A, B; and C; to be stated in the next two
lemmas.

Lemma 15 Let D have full column rank, then:
1. the strong solution of (4.54) exists and is unique if and only if (Cy,A}) is detectable,

2. the strong solution is the only nonnegative definite solution of (4.54) if and only if
(C1,A}) is detectable and (A1, By ) has no uncontrollable mode outside the unit circle,

3. the strong solution coincides with the stabilising solution if and only if (C1,A}) is

detectable and (Ay,B1) has no uncontrollable mode on the unit circle,

4. the stabilising solution is positive definite if and only if (C,A}) is detectable and

(A1,B1) has no uncontrollable mode inside, or on the unit circle. [
Proof: See [15, Theorem 3.2] and [10, Theorem 3.1]. [J

Lemma 16 Let D have full column rank and:
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1. (A1, By) have no uncontrollable mode on the unit circle,
2. (Cy,A)) be detectable,
3. Py-1>0
or
1. (C1,A1) be detectable,
2. b1 2 P

then P, +1|k given by the Riccati difference equation (4.53) asymptotically converges to the

unique strong solution P, of the algebraic Riccati equation (4.54) as k — .

Proof: See [15, Theorem 4.1, Theorem 4.2]. [

We will now express the convergence conditions in terms of the original system matrices
A, B, C and D using Lemmas 17 and 18. We begin with the controllability of modes of
(A1,By).

Lemma 17 Let D have full column rank. Ay € C is an uncontrollable mode of (A1,B)) if
and only if it is an uncontrollable mode of (A, B).

Proof: If Ay is an uncontrollable mode of (A}, B;) then there exists 0 # x € C" such that
x*A = x*Ag and x*B = 0. Hence x*(A — BD'C) = x* A and x*BD" = 0. The converse follows
since D has full row rank. OJ

We now turn to the detectability of (Cj,A).

Lemma 18 Let D have full column rank. Then (Cy,A1) is detectable if and only if the system

. [A —zd
matrix

B
D] has full column rank for all z € C with |z| > 1.
Proof: The lemma and proof are the same as [63, Lemma 13.9] except that modes on or

outside the unit circle are considered (rather than the imaginary axis). U

Theorem 17 Let D have full column rank. Then P, +1|k &iven by the Riccati difference
equation (4.53) with Py > 0 asymptotically converges to the unique stabilising solution
P of the algebraic Riccati equation (4.54) as k — oo, providing the system with realisation
(A,B,C,D) has (1) no uncontrollable modes on the unit circle, and (2) no invariant zeros on

or outside the unit circle.

Proof: This follows from Lemmas 15, 16, 17 and 18. [
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Remark 6 Condition (2) in Theorem 17 that there are no invariant zeros on or outside the

unit circle is a type of minimum phase condition.

Remark 7 From Lemma 18 we see that a necessary condition for (C1,A1) to be detectable
is that (C,A) is detectable, under the assumption that D is full column rank, though it is
clearly not sufficient, e.g. A= —B = C = D = 1. We note that the detectability of (C,A) is
assumed in [20].

Remark 8 The assumption that D is full column rank requires that p > m, i.e. the number
of measurements is no less than the number of unknown inputs. It is interesting to note that

the conditions of Theorem 17 may still hold even if p = m.

4.2 A deterministic formulation: The zero hold input as-

sumption

4.2.1 Introduction

In this section we pose and solve a filtering/ estimation problem for the simultaneous
estimation of the inputs and states in a continuous time linear finite dimensional dynamical
system. The output of the dynamical system is the vector of all variables that are measured at
a discrete sequence of times. The filter should make use only of these discrete time output
measurements. This is in contrast to the formulation of Chapter 3, where the filter has
access to measurements that are continuous time signals. Similarly to Chapter 3 we make
the assumption that the direct feedthrough matrix of the system has full column rank. The
formulation proposed here is motivated by practical considerations, namely that the operation
of modern computers and even sensors (e.g. angular rotation sensors in vehicle wheels) is
intrinsically discrete in nature. The filter should produce the best estimate of the system
states and exogenous inputs. The meaning of “best” is to minimise a weighted sum squared
error between the output at the discrete sequence of times and the corresponding output
measurements. The problem set-up is illustrated in Fig. 4.4, where 7 is the measurement
of the output at a discrete sequence of times. We adopt the same notation as in Chapter
3, namely the filtered signals wy(¢),x(¢) provide best estimates of w and x at a given time
instant # based on measurements up to that time, while the estimates W(t),£(¢) provide the
best estimates over a fixed time interval.

To ensure the estimation problem is well posed we assume that the exogenous input
is piecewise constant (i.e. zero-order hold) within the measurement intervals. This is the

simplest sensible assumption that can be imposed on the form of the input. Alternative
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w system discrete filter/ Wi, X
x (state) Sensors discrete estimator W, £
eX(')g enous output measured
input output

Fig. 4.4 Block diagram of a dynamical system with state x, exogenous input w and output
z which is measured with sensors at a discrete sequence of times interconnected with an
estimator.

assumptions for the form of the input are likely to give rise to more complicated algorithms.
Some possible alternatives will later be discussed.

Our formulation here differs from Section 4.1 in two respects, the system dynamics are in
continuous time and the estimation problem considered is deterministic in nature. However,
they are not as different as they appear at first for the following reasons. The zero-order hold
assumption imposed on the input allows us to integrate the continuous time system and in
effect replace it by a discrete time system. Furthermore, we will show in this section that the
close relation between the stochastic and deterministic formulations of the Kalman filter and
smoother extends to problems with unknown inputs. To see this compare the filtering forms
of Section 4.1 and Section 4.2 under an appropriate mapping of the matrices.

Our solution to the problem of Fig. 4.4 is inspired by both the work of Willems in [60] and
more recently French in [7] for the continuous and discrete time Kalman filter respectively. In
particular, we rewrite the cost functional in a convenient form to determine the unique optimal
solution by means of completion of squares. This involves the construction of a forwards
in time algebraic recursion which generates the filtered signals wy (¢),x1(¢) evaluated at the
discrete sequence of times the output measurements are available. The filtering recursion has
a two-stage form of “update"” (containing a projected error signal with a gain based on the
solution of a Riccati algebraic equation) and “propagation” that is reminiscent of the discrete
time Kalman filter and can be solved in real time. A further backwards in time recursion is

required to determine the optimal solution W(z),£(¢) on a fixed interval.

4.2.2 Estimation

We start by considering the same system of Chapter 3, namely the linear continuous time

system with the state space description:

X =Ax-+ Bw, (4.56)
z=Cx+Dw (4.57)
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where A € R™" B € R™" C € RP*" and D € RP*™ (full column rank) are fixed known
matrices' and w € Ly x €Ly and z € ‘,2”2’? , are input, state and output related through
this linear system. Let the systeni output be measured at the discrete finite sequence of times
to <t; <---<ty € Rwhere N € N and denote by Z; the actual output measurement at time
t;. We consider the problem to estimate w and x from the finite set of measurements Z; (see

Fig. 4.4). We introduce the performance index:
2 S 2
C(w,x(t0)) = [lx(t0) = Y1 + Y117 — 2(t) [l (4.58)
i=0

where 0 < R € RP*P, 0 < T € R™", y € R" are specified. The problem we wish to solve is:

inf C(w,x(1)) (4.59)
wx(to)
subject to
W(Z) = W(l‘,’) forall t € [ti,ti+]) (4.60)

where x, w and z satisfy (4.56)—(4.57). Our solution to (4.59) is based on two “completion of
squares” arguments for the performance index (4.58) which are given in the following two

lemmas.

Lemma 19 Let x; € R" and P, € R"™" where P, > 0 be known, Cy,11.,11 and D' are
given in (3.12)—(3.15) and define x;“, Pl-Jr by the update equations:

X =x; +Ki(z—Cix; ), (4.61)
P =(1-KC)P, (4.62)
K; =P Cl(CiP Cl +R)™". (4.63)

Then PiJr > 0 and:
ez 171+ ITevill = e Ipe)-1 + ITei = Coy I, oy (4.64)

where:

e =x(ti) —x;, (4.65)
e = x(t;) —xi, (4.66)
vi=z(t;) —Z (4.07)

IThe assumption that the system matrices are constant is for notational convenience.
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for any x(t,), z(t;) satisfying:
I.z(1;) = Cix(t;). (4.68)
(Note: (4.68) always holds if (4.57) is satisfied for some choice of w.)
Proof: First note that K;IT = 0. Then from (4.61):
X7 = (I—KCi)x; +KIl.Z (4.69)
and from (4.68):
x(t;) = (I — KiC1)x(t;) + Killez(t;) (4.70)
and hence the difference is given by:
e = (I—KiCi)e; + Kl 4.71)
It can be verified directly that:
(I-kC) ' =1+P C[R ', (4.72)
and hence Pf > 0 follows from:

1

(PO T =rP)  1-KkC) . (4.73)

Using (4.71) and (4.73):
(P el = (P7) ey +(PT) T KTy, (4.74)

1 1

Using (4.63), (4.73) and (4.72):

KT (P K=K () +CTRT 1)K,
= (CP T +R) ' P CTR!
=R ' (/P CT+R) . (4.75)
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Therefore using (4.71), (4.74) and then (4.75) we verify:

lef" [ty 1 = () (P el = ()T (F7) ey — (Crey )T (CLRTCT +R)™'Cie;

1

- 2(Hcvi)T(C11’i_C1T +R)'Cre; + (Mev))T R 'Mw; — (T1vy) T (C P CT + R) MLy

= Hei_”?pi*)—l + HHcViH]zefl — | Tevi — Cie; H (C1P~CT+R)~! (4.76)
from which the required result follows using (4.68). [
Lemma 20 Let x;“ e R", P;r € R™" ywhere P;r > 0 be known and Ay, By, given by:
At
= Mi By C, (4.77)
By, = /0 AT TR, (4.78)
with Ay, nonsingular where At; = t; | —t; and B\ is given by (3.11). Define X Py by the
propagation equations:
1 =Ax B, (4.79)
Pl;l =A,PYA] +B,RB] . (4.80)
Then P, > 0 and:
||€+|| 1t ||HVi||%g—1 = [ley ||%pi;l)—1 +|[Mv; — RB], it H—l) €it1 I (R—RBY (Py)~'B1,R)~!
(4.81)

for any x, w, z satisfying (4.56), (4.57) and (4.60) where e;, ef, v; are given by (4.65)—(4.67).

(Note: the condition that Ay, is nonsingular is required for the inverses in (4.81) to exist.)

Proof: First note that By, = By I1. Then from (4.56), (4.57) and (4.60):

x(tiy1) = A1 x(t;) + B, Iz(t;) (4.82)
and hence using (4.79):
i1 —Alde + By Iv;. (4.83)
Substituting from (4.83) gives:
v, —RB{ (P,) 'ei,; = (R—RB{ (P ) 'Bi,R)R 'Tlv; —RB{ (P,) 'Ai,ei (4.84)
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hence:

[TTv; — RB ( ,+1) | = ||[TIv; 2

2
“Rfl - HBldeiH(pi:_])—l

z+1” (R— RBT n )*IBI R)~

—2(B1,Tvi)" (P ) Ay ef +||RB P T A el e s )Ry (489)
Substituting from (4.83) gives:
leialite oo = IAne 5o o+ 1B1TWil[F o+ 2081, Tv0) T (Py) ™ Aref (4.86)
and adding (4.85) and (4.86) gives:
|ITIv; — RBY (P

- - 12
i+1) z+1” R—RB{ (P;)~'B1,R)""! - “ei+1” P!

2 1
- HHVIHR 1+HA1d z+|| 1+||RB ( l+1) Ayge z+|| (R—RBT (P.:_l)*lBldR)*l' (4.87)
To establish the claim it remains to show that:
2 1
HeJrH -1 HAlde;rH(Pi 1+HRB ( 1+1) AL H (R— RBT 1) By R) ! (4.88)

which follows directly from the matrix inversion lemma (see [1, pg. 139]) and noting that the
various inverses exist. []

The “completion of square” lemmas can be combined to give an alternative equivalent
form for the performance index C(w,x(#y)) in (4.58). The new form is given in Lemma 21
and is the key step in solving the optimisation problem (4.59)—(4.60).

Lemma 21 Let x, w, z satisfy (4.56), (4.57) and (4.60) and Ay, be nonsingular. Compute x;
P, xl-+ and Pﬁ' fori=0 to N using the forward recursions (4.61)—(4.62) and (4.79)—(4.80)
setting the initial conditions x, =y and Py =T. Then the performance index C(w,x(to)) in

(4.58) is given by:

N—1
COwx0)) = e+ M0+ 32 Wi RBE B ) el

i=

+ .Z()”ch" ~Cix; ||fc1 pcrrt (489
1=

where e;, e;L, v; have been defined in (4.65)—(4.67).

Proof: Taking the sum of (4.64) for i = 0 to N, adding this to the sum of (4.81) from i =0
to N — 1, adding HHVNHI%,1 on both sides and noting the cancellations, gives the required
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expression. Further note that we have also used the Pythagorean expression:
Villz-1 = ITTvil| 31 + [ TTevil - (4.90)
which follows from the orthogonality condition:
n’rR-'mm=o. (4.91)
U

Theorem 18 Let x, w, z satisfy (4.56), (4.57) and (4.60) and Ay, be nonsingular. Compute
x;, P, xl-+ and Pl-Jr for i =0 to N using the forward recursions (4.61)—(4.62) and (4.79)—

(4.80) setting the initial conditions x, = Y and Fy = I'. Then the optimisation problem
(4.59)—(4.60) has a unique solution w(t) =W, x(ty) = £(ty) given by solving:

£(tn) = x4, (4.92)

(1) = x7 +Kaery, (4.93)

recursively backwards in time from i = N to 0 to find (ty) (and indeed X(t;) for all i) and
then computing the input Ww(t) in the intervals t; <t <ty fori=0to N — 1 by:

Ww(t) = Dz, — Ci(t;) + Kzey, ) (4.94)
and at t =ty by:
w(ty) = DY (2y — C&(tn)) (4.95)
where:
Ky =PrA] (PL)) (4.96)
K3 =RB{ (P;,)"" (4.97)

and e; is defined in (4.65).

Proof: We first verify that the initial state x(¢p) and input w(¢) as computed in (4.92)—(4.94)
generate the intermediate states x(#;) given by (4.92)—(4.93). To see this we first note using
(3.1) and (4.60) that:

x(li+1) ZAldx(l‘i) —|—Ble(li). (4.98)
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Substituting from (4.93), (3.2) and (4.94) gives:

X(tiv1) —Arx(ti) — By z2(ti)

= x(tir1) — A, (x; + Kze; ) — By, (Cx(t;) + T1(Z; — Cx(t;) + Kze; ;)

= x(tiy1) — (A1, X7 +Bi1,Z) — (A, K2 + B, K3)er

x(tiy1) =X —e€ =0 (4.99)

for every i = 0 to N — 1 using By, = By 11, (4.79) and noting that Ay K, + B1,K3 = I from
(4.80). We then note that all terms in (4.89) are nonnegative, and the last term is independent
of w and x(0). It is easy to verify that: the first term is zero by substitution from (4.92); the
second term is zero by substitution from (4.95); and the third term is zero by substitution
from (4.94) on noting that I1K3 = K3. Hence the system trajectory generated by the x(fp),
w(t) constructed in the theorem give a minimum of the performance index. Uniqueness can
be shown by considering a variation of the above optimal trajectory, noting that the weighting
matrices in (4.89) are strictly positive definite. [

Remark 9 The assumption that Ay, is nonsingular has been imposed to ensure that the
inverses in Lemma 20 exist. The condition is satisfied for a sufficiently small time step At;.
Similar conditions are imposed in the deterministic formulation of the discrete time Kalman
filter to ensure that the state weighting matrices remain strictly positive definite (see [7]). It
is thought that Theorem 18 can be extended to the case when Ay, is singular at the cost of
mathematical complexity. Here we will be satisfied with a proof when the condition that Ay,

is nonsingular is imposed.

In real time applications the number of measurements N and horizon length of the
optimisation problem (4.59)—(4.60) increase. It might appear at first sight that a fresh solution
of the optimisation problem needs to be calculated at each step. However, the optimal end-
of-interval input and state estimates wy, and x3; are given by w (ty) and x; (ty) respectively,
which are computed by forward recursions only. Similarly, we can see that the optimal
estimates at time #; based on knowledge of Z(1y), . .., Z; only are given by xl.+ and w;“. Thus, to
apply the algorithm in real time as measurements Z; come in one at a time, all that is required
is to execute a single step of the update and propagation equations of Lemmas 19 and 20. In
summary, from (4.92) and (4.95) it follows that at = ; the filtered estimates are given by:

X1 (l‘,‘) :)CT’_, (4.100)
wi(t;) = D' (% — Cx}") (4.101)
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where x;r is computed by the forwards in time recursions (4.61)—(4.62) and (4.79)—(4.80):

x5 =x; +Ki(z —Cix;), (4.102)
P = (I-KGC)P, (4.103)
K; =P Cl (P CT+R), (4.104)
1 =Ax] B, (4.105)

P;l _AldP+A1d —|—BldRB (4.106)

with the initial conditions x, = ¥, B, = I" and where we have defined:

eAAft B,,C (4.107)
eA (Mi=7) g 7By, (4.108)

0
B, =BD', (4.109)
¢, =I1.C, (4.110)
. =7—TI, (4.111)
I1=DD", (4.112)
D' = (D'R™'D)"'DTR! (4.113)

In offline applications the number of measurements N and horizon length are fixed. The
optimal input and state estimates over the interval, denoted by w and £, were derived in
Theorem 18. In summary, the construction of the smoothed estimates W, £ has a two stage
form. First the filtered estimates are computed by a forwards recursion (4.102)—(4.113). Then
from (4.92)—(4.97) the backwards recursion:

26) = x7+PFAL (PL) e, (4.114)
Ww(t;) = D' (2 — C&(t;)) +RBY (P ) 'eiy) (4.115)

with terminal condition £(fy) = x; uses the filtered estimates to compute the smoothed
estimates. Computing the smoothed estimates requires additional computational effort but
estimates may be substantially improved. It should be noted that the smoothed input and
state signals are trajectories of the system, the same is not true for the filtered signals. This is
easy to verify by substituting the input and state signals into the differential equation (4.56)
and noting whether the dynamics are satisfied. The above can be easily observed in the

simulation example of Chapter 5 on road profile mapping (see Fig. 5.2 and Fig. 5.3).
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4.2.3 Convergence

We will now study the asymptotic behaviour of the filter by noting that the filtering equations
(4.102)—(4.106) take the form of the standard discrete time Kalman filer. Standard theory
can be applied by appropriate matrix substitutions. We substitute from (4.103) into (4.106),
which gives the Riccati difference equation (RDE):

P, =A,P Al — AP C[(C\P C{ +R)~'C\P A],+ B ,RBY . (4.116)
If P converges to P, as i — oo, then P, satisfies the algebraic Riccati equation (ARE):
P, =A,P.AT —A,P.C] (C1PLC] +R)"'C{P A +B\,RB] . (4.117)

Lemma 22 Let D have full column rank, then:

1. the strong solution of (4.117) exists and is unique if and only if (C1,A1,) is detectable,

2. the strong solution is the only nonnegative definite solution of (4.117) if and only
if (C1,A1,) is detectable and (A1,,B1,) has no uncontrollable mode outside the unit

circle,

3. the strong solution coincides with the stabilising solution if and only if (C1,A}) is

detectable and (A1 ,,B1,) has no uncontrollable mode on the unit circle,

4. the stabilising solution is positive definite if and only if (C1,A1,) is detectable and

(A1,,B1,) has no uncontrollable mode inside, or on the unit circle. O
Proof: See Lemma 15. [J
Lemma 23 Let D have full column rank and:

1. (A1,,B1,) have no uncontrollable mode on the unit circle,
2. (Cy,Ay,) be detectable,

3. Py >0
or

1. (C1,Ay,) be detectable,
2. Py >Ps

then P, given by the Riccati difference equation (4.116) asymptotically converges to the

unique strong solution P_ of the algebraic Riccati equation (4.117) as i — oo.

Proof: See Lemma 16. [
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4.2.4 Nonlinear extension
Formulation

We will now turn our attention to estimation in nonlinear systems by considering the same
problem formulation (4.58)—(4.60) we introduced for linear systems. More precisely, let
x(t) e R", w(t) € R™ and z(r) € R? satisfy the nonlinear dynamics:

i= fx,w), 4.118)
z=h(x,w) (4.119)

where f:R" x R"™ — R" and & : R" x R"™ — R”. Consider the optimisation problem:

inf C(w,x(t9)) (4.120)
w.x(to)
subject to
w(t) =w(t;) forall 7 € [t;,t;41) (4.121)
with the performance index:
2 - 2
C(w,x(10)) = [|x(t0) = YIf-1 + Y117 — 2(#) 71 (4.122)
i=0

where 0 < R € RP*P 0 < T € R™", y € R" are specified. The optimisation problem here
is identical to the previous section with the exception that the dynamics (4.118)—(4.119)
are nonlinear. We will propose a heuristic algorithm for this problem without deriving any
optimality or convergence guarantees. In essence, we propose applying the algorithm of
Theorem 18, with the linear system matrices replaced by local linear approximations to the
nonlinear system along the estimated trajectory.

Filtering

We begin by noting that the solution of Theorem 18 holds for piecewise linear systems (we
previously assumed constant system matrices for notational convenience). Here we will
approximate the nonlinear system by a piecewise linear system and then apply the solution
of Theorem 18. We now introduce a local linear approximation to (4.118)—(4.119) near
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x = x(t;), w = w(t;) which is given by:

X:ﬁ+Ai(x—x(li))—|—Bi(W—W<ll’)), (4.123)
z="hi+Ci(x—x(t;)) + Di(w —w(t;)) (4.124)

where f;, h;, A;, B;, C; and D; are constant parameters of appropriate dimensions. The
true state x(#;) and input w(z;) are unknown and cannot be used to generate a local linear
approximation, but they can be replaced by the best available estimates. Possible methods
of linearisation (i.e. computation of the constant parameters f;, h;, A;, B;, C; and D;) are
discussed in the next sections. Then the forward recursion of Theorem 18 is given by:

X =x +Ki(Z — hi), (4.125)
wi =w'  +Dl(z—h), (4.126)
P = (I-KC)P, (4.127)
X =X +Asf;, (4.128)
PL,=A,PTA] +B RB] (4.129)
K;=pP Cl (P Cl +R)”! (4.130)
where:
Ay, =i By C, (4.131)
At
A; = / A= g, (4.132)
0
By, = A3By, (4.133)
By =BD', (4.134)
C =TI1.G;, (4.135)
. =1-11, (4.136)
I1=D,D", (4.137)
D' = (D'R'D)"'DIR™! (4.138)

with the initial conditions x, = y and F; = I'. The filtered input and state estimates are

computed by forward recursion only and are given by w(;) = w;" and x1 (;) = x;.
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Smoothing

We now consider the computation of the smoothed input and state estimates w and X over
a fixed horizon. For a given piecewise linear approximation the backwards recursion of
Theorem 18 is given by:

(1) =x + Kaey, |, (4.139)
Ww(t;) =wi + D (z— hi+ Kze; ) (4.140)
where:
e; =X(ti) —x; (4.141)
K, =PrA{ (P5)) ", (4.142)
K3 =RB{ (P7,)"" (4.143)

with the terminal condition £(zy) = x;. Note that the piecewise linear approximation used
for filtering and smoothing may be different. It remains to discuss how the piecewise linear

approximations are generated. Two approaches are discussed in the next two sections.

Explicit linearisation

The true input and state trajectories are of course unknown and cannot be used to generate
local linear approximations. Here we propose to instead explicitly linearise the nonlinear
system at the best available estimates of the input and state (i.e. linearising along the
estimated system trajectory). For the forwards recursion the best available estimates are
the filtered estimates x (¢;) and wy(#;), while for the backwards recursion it is the smoothed
estimates £(#;) and w(t;). The explicit linearisation is given by evaluating the nonlinear

system functions f(x,w) and A(x,w) and computing their Jacobians (with respect to the state
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and input)? at the best available estimates. More specifically, for filtering we have:

fi=flxa(t),wi (@), (4.144)
hi = h(x1(t;),w1 (1)), (4.145)
A= 3f(X,aV;1 (#:)) e (4.146)
B = W ‘w—wl(ti)’ (4.147)
C— ah(xg;l (#i)) o (4.148)
Di— ‘”’(xla (Wfi)ﬂwl ‘W:Wl(m (4.149)

while for smoothing we replace the filtered estimates x; (¢;), wi (#;) by the smoothed estimates
X(t;), W(t;). This linearisation approach is similar to the Extended Kalman filter (EKF).

Implicit linearisation

We will now propose an alternative approach to linearising the nonlinear system which
is based on sampling the nonlinear functions f(x,w) and A(x,w). It is reminiscent of the
unscented Kalman filter (UKF) but differs both in terms of interpretation and application.
In particular, we sample the nonlinear functions at a deterministically chosen set of points
and associate weights to each. We then generate linear function approximations based on the
weighted samples. Let A € R, 0 < V € RE*E where L = n+ m and introduce the samples:

q for j =0,
@
2= [7/] = q+AVV,; forj=1,...,L, (4.150)
’ q—AVV. i forj=L+1,...,2L
and associated weights:
Wo =1-2LW; for j =0, (4.151)
1 .
WJ:W forj=1,...,2L (4.152)

2We have assumed that the functions are differentiable, i.e. f € C'(R" x R™ R"), h € C!(R" x R™ RP).
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where ¢ is the augmented vector of the best state and input estimate and evaluate:
X, W;
= f( Js J) (4.153)
W25, 75)
for all the samples 2;. Then a local linear approximation is given by:
f' 2L
y=1"1=Y w,, (4.154)
2L
Y=Y Wi(%-y(2i-a) (4.155)
j=0
A; B;
fT =yv L (4.156)
Ci D

Using a Taylor series expansion note that the linearisation is independent of the tuning

parameter A up to second order. Furthermore, the matrices A;, B;,C; and D; are independent

of the tuning parameter V up to second order and the vectors f; and 4; up to first order. In the

limit as V — O this approach coincides with explicitly linearising the system at the point g.

In filtering, V can be chosen to coincide with the solution of the RDE, i.e. Pl?L at time ¢;, to

account for second order effects in estimating f; and A;.






Chapter 5

Estimation theory applied to vehicle
examples

In this chapter we will apply the algorithm of Section 4.2 to two vehicle examples. The first
example is on (offline) road elevation mapping and the second is on (online) slip estimation.

5.1 Road profile mapping

5.1.1 Model

We consider the problem of constructing (offline) an accurate map of a road profile using a
vehicle equipped with a global positioning system (GPS) sensor and basic suspension sensors
but without any dedicated optical sensors (e.g. profilometer). We consider the quarter-car

suspension model of Fig. 5.1 with dynamical equations:

where m and m,, are sprung and unsprung masses, k; and cg are suspension spring and
damper constants, k; is a tire stiffness constant and the coordinates x;, x, and x, represent
displacements of my, m,, and road respectively. For simplicity we have neglected inertial and
aero forces applied to the suspension, those can be included by modelling the dynamics of
the entire vehicle. The road profile x, is treated as an unknown system input.

We begin by considering a sensor set consisting of accelerometers located on mg and

m, and a strut deflection sensor which generates measurements every Ar and a GPS sensor
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located on m, that measures x;. Hence, the state, input and output vectors are given by:

Fig. 5.1 Diagram of a quarter vehicle suspension model.

5.1.2 Stability analysis
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We now consider the convergence properties of the filter assuming the model used is identical

to the system which generates the measurements (i.e. vehicle and suspension). Note that

among the outputs in (5.3) it is &, (i.e. the use of an unsprung mass accelerometer sensor)
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full column rank for all z € C with |z| > 1. Denoting by p,, the M row of (5.4) and noting that

elementary row operations preserve rank, we perform sequentially the following operations:

p1— A (p — (1—2)ps),

Pe — —P6 + Ps,

p3 — A~ (p3 — (1 —2)pe),

ps — mups — ksps + (ks + ki) pe — cs(P1 — Pp3)

followed by reordering and rescaling to obtain a matrix whose first five rows are the identity
matrix, which is obviously full column rank for all z. In a similar way, we can show that
the matrix (Ay,,B1,) has full row rank for all z. It therefore follows that the stability and
convergence results of Lemma 22 and 23 hold. It can be verified that the conditions hold
even without measurement of x; — x;, (strut deflection) and X (sprung mass acceleration) but
fails if measurement of x; (GPS sensor) is removed.

A similar analysis to the above can be carried out for other choices of sensors. For
example, a profilometer which measures x; — x, could be considered and in this case another
non-zero entry appears in the D matrix. Thus the profilometer could be considered as an
alternative to measurement of X, to ensure that D is full rank. Similar conclusions hold in this
case, namely the required detectability holds if x; is measured but not if only measurements

of ¥, and x; — x, are available.

5.1.3 Simulations

We demonstrate the performance of the filter and smoother on simulated data. We set the
vehicle model parameters to m; = 350kg, m, = 50kg, k; = 20kN/m, ¢y = 1kNs/m and
k; = 200kN/m. We assume that the strut deflection and acceleration measurements are
available every 1ms and the GPS measurements every 1s. Simulated white noise is added to
the GPS, strut deflection and accelerometer signals of standard deviation given by 1m, 10~?>m
and 10~ 'm/s? respectively to generate the measurement signals. We choose the measurement
weighting matrix accordingly, namely we take R = diag{1,10~*,1072,10~2}. (In practise
the true level of noise is unknown and R can be treated as a tuning parameter.) We let the
initial states for the sprung and unsprung mass position have an error of 1 m and set the initial
state weighting matrix to I' = diag{1,0.1,1,0.1}.

We consider two alternative road profiles, a square wave (period 1s, amplitude 0.1 m)
and a ramp (slope 0.1 m/s). The true, filtered and smoothed position signals are plotted in
Fig. 5.2 (square wave) and Fig. 5.3 (ramp). Note that for both road profiles the filter reduces



80

Estimation theory applied to vehicle examples

the large initial estimation error, which is expected given the system satisfies the conditions
derived in Section 4.2.3. Furthermore, the smoother generates a plausible state and input

system trajectory which in effect differs from the true signal only by an offset due to the

inaccuracy of the few available GPS measurements.
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Fig. 5.2 True, filtered and smoothed position signals of sprung mass, unsprung mass and

road for a square wave road profile.

5.2 Vehicle slip estimation

5.2.1 Model

We consider the problem of (online) vehicle slip estimation using a simple vehicle model
on data generated from a high fidelity vehicle simulation. The simulation data are provided
by McLaren Automotive using the “McLaren Integrated Data Analysis and Simulation”
(MIDAS) simulation tool. We apply the nonlinear version of the algorithm of Section 4.2

10

t (s)
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Fig. 5.3 True, filtered and smoothed position signals of sprung mass, unsprung mass and

road for a ramp road profile.

using the implicit linearisation method. The high fidelity simulation signals supplied to the

filter include the steering angle, longitudinal and lateral accelerations and yaw rate. We

consider the 2D bicycle model of a vehicle given in Fig. 5.4. In the vehicle frame of reference

the acceleration of the centre of mass is:

Ir= Clxi/ + ayj’ = (ux — (Ouy)i/ + (I/ty + C()I/tx)j,

(5.5)

where uy, u, are the longitudinal and lateral velocities of the centre of mass in the vehicle

reference frame and @ is the yaw rate. Applying Newton’s 2nd Law gives:

may = Frycos(0) — Frysin(0) + Fry — Cdui,

may = Frysin(8) + Frycos(0) + Fgy,

L, = IlpFF, sin(5) + lFFFyCOS(g) — lRFRy

(5.6)
(5.7)
(5.8)

where m is the vehicle mass, I, is the vehicle moment of inertia (around the vertical axis),

0 is the steering angle, Ffy, Fgy, Fry and Fgy are front and rear longitudinal and lateral tyre

forces, Ir, [g are vehicle length dimensions as shown in Fig. 5.4 and C; is the aerodynamic
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drag coefficient. (For simplicity we have assumed that drag acts in the longitudinal direction

and is quadratic in the longitudinal velocity.)

Fig. 5.4 Diagram of a bicycle model of a vehicle.

We treat the longitudinal and lateral velocities and yaw rate as model states and the

steering angle and tyre forces as model inputs. In particular, we define the vector signals:

o= u o . (5.9)
w=: |8 Fry Fry Fro FRX]T (5.10)

which satisfy a nonlinear vector state equation x = f(x,w) derived from (5.6)—(5.8). We now

define the front and rear tyre slip angles:

wl
o = 0 — arctan (M—F) , (5.11)

Uy

— ol
Or = —arctan (Lty—R) . (5.12)

Ux
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We assume that the front and rear vertical tyre forces Fr,, Fg, are constant and given by:

IR

Frp,= —— 5.13

Fz lF—f—lng, ( )
i

Fr. = —mo. 5.14

Rz lp+lng (5.14)

We model the longitudinal tyre forces Fry, Fg, using a heuristic switch logic. When the
vehicle is in “driving mode”, the front longitudinal tyre force is assumed to be approximately
zero, i.e. Fry =~ (0. When the vehicle is in “braking mode”, the front and rear longitudinal
tyre forces are assumed to be approximately equal, 1.e. Fry ~ Fg,. We determine whether the
vehicle is in driving or braking mode based on the sign of Fg,. Based on these assumptions

we derive the approximation:
FFx_H(_FRx)FRx%() (515)

where H is the Heaviside function:

H(x) =

1 forx>0,
0 forx<O.

Furthermore, we assume that the lateral tyre forces Fry, Fg, approximately satisfy:

Fry — Fr.Dp sin(Cr arctan(Br o)) cos(GrFrx) ~ 0, (5.16)
Fgy — Fr.Dgsin(Crarctan(Br o)) cos(GrFry) ~ 0. (5.17)

We let z = h(x,w) denote a nonlinear vector output function which consists of 8, ay, a, and
o augmented by the functions on the left hand side of (5.15), (5.16) and (5.17) and where a,
and ay, are given by (5.6) and (5.7) respectively. We then let:

T
=16 d a4 ® 0 0 0O (5.18)

where 8, dy, dy and @ are the steering angle, longitudinal and lateral acceleration and yaw
rate signals generated by the high fidelity vehicle simulation.

5.2.2 Simulations

We apply the same filtering algorithm of Section 4.2 using approximate values for the vehicle

and tyre model parameters. The simulated measurement signals 5, d, dy and @ are available
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at a frequency of 100Hz. We treat the weighting matrix R as a tuning parameter and manually
choose to assign the diagonal matrix R = diag{1072,10~!,10~1,1072,10%,10%, 10*}2. We
offset the initial filter estimate of the longitudinal velocity such that it has an error of 10 m/s.
The true (i.e. from a high fidelity vehicle simulation) and filtered signals for the longitudinal
velocity, lateral velocity, front slip angle and rear slip angle are plotted in Fig. 5.5, Fig. 5.6,
Fig. 5.7, and Fig. 5.8 respectively for a 90s simulation around a track.
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Fig. 5.5 True and filtered longitudinal vehicle velocity signals.
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Fig. 5.6 True and filtered lateral vehicle velocity signals.

Note that the filter reduces the initial error in the longitudinal velocity and tracks closely

all the required signals. In this simulation example it appears unintuitive at first sight that
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acceleration signals can be used successfully to estimate velocity signals. The apparent
paradox is resolved after noting that using a vehicle and tyre model we can obtain velocity
information from acceleration signals. We have performed many simulations where we vary
the initial state estimate error, the model constant parameters and the vehicle manoeuvre.
The filter performs similarly and surprisingly well even for large errors and highly dynamic

vehicle manoeuvres and is robust against parameter variations.
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Fig. 5.7 True and filtered front tyre slip angle signals.
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Fig. 5.8 True and filtered rear tyre slip angle signals.






Chapter 6

Discussion

6.1 Contributions

This thesis has explored directions of theoretical and practical interest in the field of estimation
and control. In Chapter 3 we proposed a framework for estimation in which the output of the
dynamical system comprises all variables that are measured, and the variables to be estimated
comprise, equally, system states and exogenous inputs. This framework is quite general in
that if an exogenous input is measured then we may include a direct feedthrough component
in the output vector to reflect this. This estimation problem was solved for linear systems
with a full column rank feedthrough matrix. The unique optimum solution on a finite horizon
takes a two-stage form in which the first stage provides an end-of-interval estimator which
can be solved in real time as the horizon length increases. It was shown that the full rank
assumption is general enough to include the Kalman filter and, for the dual tracking problem,
the linear quadratic regulator as special cases. Generalising this result to the case where this
condition, or similar full rank assumptions on the Markov parameters, does not hold remains
an open problem. Furthermore, the solution of a matrix Lyapunov differential equation P» ()
is shown to have an analogous (deterministic) interpretation to the smoothed covariance
in the stochastic case. This has been achieved by considering the least-squares estimation
problem with an additional constraint that the state passes through a prescribed point at a
given time in the fixed horizon. To solve this problem a tracking problem was also considered
which is dual to our estimation problem. We also considered the time invariant limiting
forms of the estimation and tracking problems. Conditions were given for the convergence
of the finite horizon solutions to these limits. Stability of the end-of-interval estimator on the
infinite horizon requires a minimum phase condition (i.e. that there are no invariant zeros of

the system in the closed right half plane) as well as the absence of uncontrollable modes on
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the imaginary axis. The time invariant systems were shown to be stable or anti-stable left
inverses of the original system under appropriate conditions.

In Chapter 4 we derived two forms for the zero informational limit of the discrete time
Kalman filter with feedthrough of the process noise to the measurements. We have shown
that the recursions in the first form are closely related to those of [20] and hence we have
provided a simpler notion of optimality for that recursive filter. The second form takes
the form of the standard Kalman filter for a modified system (Theorem 16). This form is
convenient to derive conditions for the asymptotic convergence of the limit filter to steady
state form which are expressed in terms of the original system matrices as a minimum phase
and a controllability condition (Theorem 17). Additionally, we proposed a deterministic
formulation for simultaneous state and input estimation in continuous time systems with
discrete time measurements. To pose the problem well we assumed that the exogenous input
is piecewise constant (i.e. zero-order hold) within measurement intervals. We derived the
solution to this problem for a fixed length horizon and the asymptotic form of the filter.

In Chapter 5 we apply the filtering and smoothing algorithms of Section 4.2 to two vehicle
examples of interest. The first example is on (offline) road elevation mapping and the second
is on (online) slip estimation. The first example is a linear example that serves to demonstrate
the benefits of smoothing compared to filtering in offline applications. Furthermore, it
shows how the use of an estimator and basic suspension sensors can be used in place of a
dedicated sensor (i.e. profilometer) without compromising high estimation accuracy. Lastly,
it shows the relevance of simultaneous state and input estimation algorithms to mapping
problems of practical interest. The second example is a challenging nonlinear example of
major practical interest. More specifically, accurate slip estimation can enhance vehicle
safety and performance by increasing traction, reducing braking distances and improving
stability control. It is particularly important in advancing self-driving capabilities. The
example demonstrates how it is possible to achieve accurate and robust slip estimation with a
surprisingly simple vehicle model and very basic sensors. This is in contrast to [2] which
requires additional torque sensors and develops a complicated model for the suspension
and wheel dynamics. The proposed approach which is based on the simultaneous state and
input estimation algorithm reduces computational cost by dramatically decreasing the model

dimensionality and complexity and significantly improving ease of tuning.

6.2 Further work

This work has sparked a lot of new and intriguing ideas that require further development.

Many of the ideas developed in Chapter 3 for systems with continuous time measurements,
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e.g. the constrained estimation problem, have not been extended to the case of discrete time
measurements. We speculate that this is possible if we assume that the exogenous input
is piecewise constant (i.e. zero-order hold). It is also interesting to consider alternative
assumptions on the input behaviour which may arguably be more realistic. They may lead to
more accurate estimation algorithms but may also require more complicated algorithms. For
example we may wish to assume continuity in the input (e.g. first-order hold) or its derivatives.
It is also possible to consider penalising deviations from a zero-order (or first-order) hold
input trajectory by augmenting the performance index without assuming a zero-order hold.
The tracking formulation of Chapter 3 assumes full knowledge of the initial state and the
absence of any input disturbances. It is of theoretical interest to consider a deterministic
formulation of control in the face of uncertainty and to establish if the separation principle
holds. Another major challenge of theoretical and practical importance is estimation and
control when the feedthrough matrix (or another Markov parameter) is not full column
rank. In the literature few results of limited applicability currently exist in this topic and
virtually none relating to stability. Solving this challenge by developing estimation (or
control) algorithms and stability conditions that can be easily implemented can have an
immediate impact on applied problems.

Estimation and control problems that are outside the idealised linear-quadratic domain
present further challenges. While the extended and unscented Kalman filters attempt to give
approximate solutions, the recursions involved are correct only up to first or second order.
A solution that is both very interesting and successful but limited only to systems defined
on matrix Lie groups (e.g. robot navigation) is the invariant Kalman filter (IKF). The IKF
applies the Kalman filtering algorithm to a deliberately chosen set of coordinates and the
resulting distributions are no longer Gaussian in the original coordinates. It is particularly
interesting to consider whether it is possible to extend the ideas behind the IKF to systems
with different nonlinearities. It is thought that the theory of Koopman operators which uses
(nonlinear) observable functions of the state may offer a path to achieve this for estimation
and control problems alike. Monte Carlo methods are a successful alternative to address
the challenges of nonlinear estimation. To ensure that the effective sample size (ESS) at the
present time remains sufficiently high for accurate filtering, they use resampling techniques
which have the downside of reducing the number of unique sample trajectories (degeneracy)
(see discussion in Chapter 2). This limitation is particularly important for problems with
large horizon lengths. It is interesting to explore whether it is possible to develop techniques
which simultaneously exploit the benefits of Monte Carlo methods and Kalman filtering and
smoothing. An approach that has been proposed and is inspired by both particle methods

and the Kalman filter is the Gaussian sum filter which replaces the Gaussian distribution by
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a sum of Gaussians which resemble particles. This approach is not a Monte Carlo method
since it does not rely on random sampling and it does not address the degeneracy problem.
A promising direction is to consider particle filtering and smoothing techniques with a
resampling stage that is based on a Gaussian mixture model (GMM) and exploits classical
GMM fitting techniques.

Lastly, a range of vehicle applications can be explored based on the developments of this
thesis. An example that stands out is the estimation of aero loads a vehicle experiences. This
is an inherently difficult problem due to the complexity of performing accurate simulations
which couple computational fluid dynamics (CFD) with vehicle dynamics. An alternative
that can be explored is the approach considered within this thesis, namely the application of
filtering and smoothing algorithms for simultaneous state and input estimation using a simple
vehicle model and basic vehicle on-board sensors. This approach can be used to either verify
CFD simulations (offline) or for real time stability control.
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Appendix A

Notation and lemmas

A.1 Spaces and norms

A real scalar, a real m dimensional vector and a real m x [ dimensional matrix are denoted
by R, R” and R™*/ respectively. A square symmetric matrix ® = @ € R”*™ is positive
(semi-positive or negative) definite and is denoted by ® > 0 (® > 0 or ® < 0) if 0706 >0
(6706 >0 or 6706 < 0) for all 0 # 6 € R and we denote by [|6]|3_, the norm on R”
defined by |’9Hé4 = 070®!0 if ® > 0. Furthermore, we define the vector norm and
induced matrix norm:

(1) = max (1) (A1)
(G(1) | = max} |Gy (1) (A.2)
J
where x(t) € R" and G(¢) € R™". .Z}", denotes the space of vector signals of dimension m
whose Lebesgue integrated squared 2-norm exists on any finite interval. Let £ denote the

space of Lebesque integral m dimensional vector functions of bounded co-norm. We define

the signal norms:

() || = sup [x(2) |eo, (A3)
t>0

|G (#)l[eo = sup|G(1) o (A4)
>0

for signals which belong to the corresponding Lebesgue space .Z2[0,0) or -Z2*"[0, o).
(Strictly we should take the essential supremum in (A.3) and (A.4) though this will always
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coincide with the supremum for signals encountered here.) We further define the norm:

G0 =max}. [ |Gi(0)ld. (A5)
J

A.2 Asymptotically stable linear systems with bounded in-
put

Lemma 24 Suppose x(t) € R" satisfies:
(1) = A)x(r) + f(2) (A.6)

where A(t) is continuously time varying and lim;_.A(t) = A with A Hurwitz, f(t) €
Z10,00) and x(0) € R™. Then x(t) is uniformly bounded, i.e. ||x(t)]|cc < .

Proof: First we set:
My = ||| (A7)

noting that M; < o since A is Hurwitz. Next we choose 6 > 0 such that 6M; < 1. Since
A(t) — A we can find 1y such that |A(f) — Al < 0 for all # > #y. We next consider the free
and forced solution of (A.6) on the interval [0,7y]. We define:

Mzz{ sup |x(t)|°<,:x(t):A(t)x(t),x(O):xo} (A.8)

0<t<r

where M, = M;(xp) and:

s ={ sup 4(0)e s (0) = AN +1(0),3(0) =0, D) 1 or € [0l .

0<t<r

(A9)

We note that M, < « and M3 < oo follows from [6, Theorem 1, p. 40]. Hence:
1X(1) o < M+ M3|| f(2)|| for all £ € [0,1)]. (A.10)
We next define:

My = || o (A.11)
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We can see that My < oo as follows. Let A = TJT ! be a Jordan decomposition and let A be

the largest real part among the eigenvalues of A. Then:

_ tn—l
Y oo < |T)oo| T oo™ (1414 4 —n (A.12)
(n—1)!

which is uniformly bounded since A is Hurwitz and thus A < 0. We now consider the solution
of (A.6) for t > t;. We can write:

x(t) = A0 x(0) + [ ADu(t)dr (A13)
where we have defined:
u(r) = (A(t) —A)x(r) + £(2). (A.14)
Then:
(1) ]oo = |20 T0)x(20) + teA(t_T)u(”L')d‘C (A.15)
To oo
t t
< A0 x(10) | + / A r(ndr| +| [ ATVAE) —A)x()dT|  (A16)
fo 0o o oo
< Ma(Ma + M| f(1)[]e0) + My (|| £ (2)[]0 + 5t sup_ % (7) o) (A.17)

Combining (A.17) with (A.10) we obtain:

x(1)]eo < max{1,Ma}(My+M3||f(1)ll) + M1 (]| f()l|leo+ 6 sup [x(r)])  (A.18)

0<r<t

for all 7 € [0,7] and any ¢;. Since this is true for all # we can replace the LHS of (A.18) by
SUPg<;<;, [X(t)]e. Therefore:

1
sup (1) < gy ( mx(1 M2 + SO+ FOL) (A19)
0<r<ny 1

Since this is true for all 7; the RHS is an upper bound for ||x(7) || which completes the proof.
U
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A.3 Stable linear systems with asymptotically vanishing in-

put
Lemma 25 Suppose x(t) € R" satisfies:
x(t) = Ax(t) + (1) (A.20)

where A € R"" is Hurwitz, f(t) € Z2[0,00), limy_e f(t) =0 and x(0) € R". Then lim;_ oo x(t) =
0.

Proof: We consider the solution to (A.20):
t
X(t) = eMx(0) + / AU f(1)dx, (A21)
0

Since A is Hurwitz it follows that lim,_,.. e’ = 0 and thus without loss of generality we set
x(0) =01n (A.21). We set:

_ = t
M= /0 | |oodt (A.22)

where M < oo using (A.12). Choose any € > 0. We first set 6 = £/2M. Since lim;_ f(t) =0
we can find 7y such that | f ()| < & for all # > fy. Then for t > 1;:

t
()| = / A f(1)de (A.23)
0 oo
fo
< [T 1Al f(0)] e
0
t
+ / 1A £(T)]od T (A.24)
1
t ’ t—t
< ||f(t)||oo/ | dT+ 5/ 1A dT (A.25)
t—to 0
< ||f(t)||w< sup |eAT|oo>t0+5M. (A.26)
t—1p<7<t
We note using (A.12) that lim;_e ]eA’ | = 0 and thus there exists #; > o such that:
sup ATt (A27)
1—t<T<t 2|1 £ (1) lsto

for all 7 > #1. It follows that |x(t)|e < € for all t > ;. OJ
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A.4 Convergence of asymptotically stable linear systems

with bounded input
Lemma 26 Suppose x(t), x1(t) € R" satisfy:

x(t) = A(t)x(t) + B(t)u(t), (A.28)
x1(t) = Ax(t) + Bu(t) (A.29)

where A(t), B(t) are continuously time varying, limy_,.. A(t) = A with A Hurwitz, limy_, B(t) =
B, u(t) € £20,0) and x(0), x1(0) € R". Then lim;_,e(x(t) —x1(¢)) = 0. More precisely,
given any € >0, 3Ty such that |x(t) —x1(t)| < € for allt > Ty, where Ty depends on ||u(t)||c
but not u(t) itself.

Proof: First note from Lemma 24 that ||x()||. is finite. Moreover it can be seen from the
proof of Lemma 24 that ||x(¢)|| has an upper bound which depends on ||B(t)||c||u(?) ]| but
otherwise does not depend on u(t) (see (A.19)). Now write:

(1) = x1(1) = A(x(t) = x1 (1)) + (A(t) = A)x(r) + (B(r) — B)u(t). (A.30)

The conclusion follows from Lemma 25 by noting that the choice of #y and #; can be made
independent of the choice of u(z) for a given bound on ||u(7)||e. O
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