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Chapter 1

Introduction

This note is meant to cover parts of the syllabus in state estimation and Kalman
filter theory in the System Identification and Optimal estimation course. Syllabus
in optimal estimation is Sections 2.2,2.6.2 and 2.6.3. Section 2.1, 2.3, 2.4 and 2.5 is
not syllabus in this course but syllabus in a course in Advanced control theory.

Furthermore, a short introduction to and definition of the LQG controller is given.
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Chapter 2

State estimation and the
Kalman filter

2.1 Continuous estimator and regulator duality

It can be shown that the solution to the Linear Quadratic optimal control problem
is dual to the optimal minimum variance estimator problem, Kalman filter. This
means that if we know the solution to the LQ optimal control problem, then we
can directly write down the solution to the optimal estimator problem by using the
duality principle. However, note that the LQ optimal control problem is a topic of
a course in Advanced control theory.

The duality principle can be formulated in the following table
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As we know from the solution of the LQ optimal control problem the Riccati equation
is solved backward in time from the final time instant, i.e. recursively from the final
value, R(t;) = S. The solution to the dual minimum variance estimator problem
is also containing a Riccati equation. The Riccati equation in the dual estimator
problem is however solved forward in time with initial values given at the start time.
This is the reason why we have specified —t in the table for the LQ control problem
and t in connection with the dual estimator problem.
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2.2 Minimum variance estimation in linear continuous
systems

Given a linear dynamic system described by

& = Ax + Bu+ v, (2.2)
y = Dx+ Fu+ w,

where v is uncorrelated white process noise with zero mean and covariance matrix
V and w is uncorrelated white measurements noise with zero mean and covariance
matrix W, i.e. such that

V = E(v?), (2.4)
W = E(ww?). (2.5)

Furthermore, in this section we assume the process noise v to be uncorrelated /independent
of the measurements noise w, i.e. E(vw’) = 0. We assume that A, B, D and E

are known model matrices. Furthermore we assume that the covariance matrices

V and W are known or specified and that the measurements vector y is measured

and given. We also assume that the matrix pair A, D is observable. Since the state
vector x is not measured it can be estimated in a so called state estimator or state
observer.

The principle of duality in connection with the solution of the Linear Quadratic (LQ)
optimal control problem can be used to find the solution to the optimal minimum
variance estimation problem.

Note that we have from the duality principle that R — % = —X. using the
duality principle we have that
X = AX + XAT - XDTW™IDX +V, X(to) given, (2.6)

which is a matrix Riccati equation which defines X. The Kalman filter gain matrix
is then given by

KT =w~DX. (2.7)

Let us define the error between the actual state, x, and the estimated state, Z, as
follows

Ax =z — 1. (2.8)

It can be shown that the solution to the riccati equation, X, is the covariance matrix
of the error between x and the estimate z, i.e.

X = E[(z — #)(z — )] = E[AzAzT]. (2.9)

The state estimator is then given by

Az + Bu+ K(y — 1), (2.10)
Di + Eu. (2.11)

z

y
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Z is the minimum variance estimate of the state vector x in the sense that X is
minimized. Note also that ¢ is the optimal prediction of the measurements vector y,
given all old outputs y and given all old input vectors u as vell as the present input
at the present time t.

The reason for that ¢ is dependent of the input u at present time ¢ is the direct
feed through term matrix E. However E is in principle always zero for continuous
systems, but a nonzero E may be the results of some model reduction procedures.
Note also that a non zero E often is the case in discrete time systems due to sampling.

Equations (2.10) and (2.11) gives the following equation for the state estimate
& =(A-KD)i+ (B - KE)u+ Ky, (2.12)

where the initial state estimate &(tp) is given.

Note that the eigenvalues of the matrix A — KD defines the stability properties of
the estimator. It make sense that K is so that A — K D is stable, i.e., all eigenvalues
in the left half of the complex plane. the reason for this is that & is given from a
differential equation driven by known inputs u and known outputs y. Note also that
when A — kD is stable then the effect of wrong initial values (tg) will die out when
t — 00.

Let us study the properties of the estimator by studying the excepted value of the
error in the state estimate Az. From the definition (2.8) we have that

Az =i — 7. (2.13)
Using (2.2) and (2.10) gives
Az = Az + Bu +v — [AZ + Bu + K(y — §)). (2.14)
using (2.3) and (2.11) gives
Az = Az + Bu+v — [AZ 4+ Bu+ K(Dz + Fu+w — Di — Eu)],  (2.15)
which gives
Az = (A— KD)Az +v — Kuw. (2.16)
The excepted value of the estimated error, Az, is then given by
E{Az} = (A — KD)E{Az}. (2.17)

The stability properties of the estimator can be analyzed by studying the estimation
error when ¢t — oo.

It can be shown that the minimum variance estimator is stable. This can be argued
from the fact that the LQ optimal controller is stable (by properly choice of some
weighting matrices) and that the optimal minimum variance estimator is dual to the
LQ controller. Hence, a similar stability theorem exists for the optimal minimum
variance estimator.

In the following a different argumentation for stability will be given. Assume that v
and w is uncorrelated white noise stationary processes. Then the covariance matrices
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will be constant and positive definite, i.e., V > 0 and W > 0. Letting ¢ — oo then
we have that X is a solution to the stationary algebraic matrix Riccati equation

AX + XAT - XDTW™ DX +V =0. (2.18)
This can be written as a Lyapunov matrix equation, i.e.,
(A—-KD)X + X(A—- KD)'' = —(V+ KWKT). (2.19)

From the discussion above it is clear that X > 0 and V + KWKT > 0. From
Lyapunovs stability theory we then know that A — KD is a stable matrix, i.e. all
eigenvalues of A — K D lies in the left half of the complex plane.

It is clear that when A— K D is a stable matrix then the excepted value is E{ Az} = 0.
From (2.17) we then have that 0 = (A — K D)E{Ax}. This implies that E{Az} = 0.

Another alternative is to analyze the error from the solution of (2.17). We have
. — (A—KD)(t—to) —
tlggo E{Az} tlgglo[e JE{Az(t9)} =0, (2.20)

which is valid even if E{Axz(t9)} # 0.

2.3 Separation Principle: Continuous time

Theorem 2.3.1 (Separation Principle)
Given a linear continuous time combined deterministic and stochastic system

& = Ax + Bu+ Cv, (2.21)
y = Dx + w, (2.22)

where v and w is uncorrelated zero mean white noise processes with covariance
matrices V og W, respectively.
The system should be controlled such that the following performance index is min-
imized
1 h
J =SB (11)S(h) + / w7 Ox + uT Puldt), (2.23)
to

with respect to the control vector u(t) in time interval, to < ¢ < ¢;.

The solution to this stochastic optimal control problem is given by
u=G(t)T. (2.24)

G is the feedback gain matrix found by solving the corresponding deterministic LQ
optimal control problem where z is known, i.e., with v = 0 and w = 0 in (2.21)
and (2.22) and the same LQ objective as in (2.23). It is no need for the expectation
operator E({-} in the deterministic case. This means that G is given by

G(t)=-P'BTR (2.25)
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where R is the unique positive definite solution to the-equation
~R=AT"R+RA—-RBP'BTR+Q, R(t;)=S5. (2.26)

Z is optimal minimum variance estimate of the state vector xz. % is given by the
Kalman-filter for the system, given by

& = A% + Bu + K(y — Di), (2.27)

with given initial state, Z(¢9), and where the Kalman filter gain matrix, K, is given
by

K(t)=XxDTw— (2.28)
and where X is the maximum positive definite solution to the Riccati equation
X =AX + XAT - XDTW™IDX + cvCT, X(ty) = given. (2.29)

A

Often an infinite time horizon is used, i.e., t; — oo. This leads to the stationary
Riccati equation, i.e., putting (R = 0) and the stationary Riccati equation for X,
ie., with X = 01 (2.29). In this case the gain matrices G’ and K are constant time
invariant matrices. Note that a stationary Riccati equation are denoted an Algebraic

Riccati Equation (ARE).

2.4 Continuous LQG controller

An Linear Quadratic Gausian (LQG) controller for MIMO systems where an Linear
Quadratic (LQ) optimal feedback matrix G is used in a feedback from the minimum
variance optimal (Kalman filter) estimate, Z, of the process/system state x. The
controller is basically of the form u = GZ. The LQG controller may be useful in
problems where the state vector x is not measured or available.

A short description of the LQG controller is as follows. Given a system model

z = Az + Bu, (2.30)
y = Duz, (2.31)
and the state observer
& = Aé + Bu+ K(y — ), (2.32)
y = Dz, (2.33)
and the controller
u = Gz. (2.34)

An analysis of the total closed loop system with LQG controller is as follows. Note
that the analysis is valid for arbitrarily gain matrices G and K.
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The above Equations (2.30)-(2.34) gives an autonomous system

= Lo 2 mewn) [2] 289

The stability of the total system is given by the eigenvalues of the system matrix.
For simplicity of stability analysis we study the transformed system, i.e.,

moa] =[] = [l ] o0

this gives the autonomous system

Atc

IR ] oo

because

L (2.9

As we see, the stability of the entire LQG controlled system is given by n eigenvalues
from the ”feedback” matrix A+ BG and n eigenvalues from the ”estimator” matrix
A — KD. The LQG system matrix Ay have 2n eigenvalues.

As a rule of thumb the estimator gain matrix K is ”tuned” such that the eigenvalues
of the matrix A — K D lies to the left of the eigenvalues of A + BG in the left half
part of the complex plane. Often it is stated that the time constants of the estimator
A — KD should be approximately ten times faster than the time constants of the
matrix A + BG.

If we have modeling errors then the LQG controller should be analyzed for robustnes.
It may be shown that the LQG controlled system may be unstable due to modeling
errors, and an LQG design should always be analyzed for robustness (stability) due
to perturbations (errors) in the model.

One should that an LQG controller is close to an MPC controller and the same
robustness/stability analysis due to modeling errors should be performed for any
model based controller in which an estimate & is used for feedback instead of the
actual state x.

2.5 Discrete time LQG controller

2.5.1 Analysis of discrete time LQG controller

We will in this section discuss the discrete time LQG controller. We assume that
the process is described by

Tpt1 = Axy + Bpuy, (2.39)
Yk = Dy (2.40)
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The controller is of the form
up = GZy,. (2.41)

where j, is given by the state observer

9 = Day, (2.42)
T = T + K(yx — Ur), (2.43)
Tht1 = Az, + Buy. (2.44)

where Zg is given. Here x;, is defined as the a-priori estimate of x;. Furthermore we
define 2 as the a-posteriori estimate of z;. We assume that the feedback matrix
G is computed based on the model matrices A, B. The observer gain matrix K is
computed based on the model matrices A, D.

We see that we have a perfect model is B = B,,. If B # B, then we have modeling
errors. Let us in the following study the entire closed loop system. Putting (2.41)
into (2.39) and (2.44) and we obtain
Tyl = A.Tk + BpGik, (2.45)
Tht1 = (A + BG)QAZk (2.46)

We may now eliminate Zj, from (2.45) and (2.46) by using (2.43).

2p41 = (A+ B,GKD)zy, + B,G(I — KD)Zy, (2.47)
Trs1 = (A+ BG)K Dz + (A+ BG)(I — KD)iy. (2.48)

This means that we have an autonomous system

Agq

[x,m} B [A+BPGKD B,G(I — KD) } [mk] _

Zri1| | (A+BG)KD (A+ BG)(I—KD)| | 7

(2.49)

The entire system is stable if the 2n eigenvalues of the matrix A;q is located inside
the unit circle in the complex plane. Let us use the transformation (2.36). This
gives

A
Tht1 - A+ BpG —BpG(I — KD) Tk
Trsr —Te1| | (By— B)G A— AKD — (B, — B)G(I — KD)

o — wk(}ﬁO)
In case of a perfect model, i.e., B = B,, we se that the eigenvalues of the total
system is given by the n eigenvalues of the matrix A + BG and the n egenvalues of
the observer system matrix A — AKD.

This also means that in case of modeling errors we have to check the eigenval-
ues/poles of the system matrix for the entire system, i.e., Ay for different cases of
model errors B,,.

Note also that a rule of thumb is that the eigenvalues of the observer matrix A—AK D
should be ten times faster than the eigenvalues of the controller feedback matrix
A+ BG.
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2.6 The discrete Kalman filter

2.6.1 Innovation formulation of the Kalman filter

Given a process

Tyl = Az + Buy, + vy, (2.51)
Yr = Dxy + wy, (2.52)

where v is white process noise and wy is white measurements noise with known
covariance matrices.

First, let us present the apriori-aposteriori formulation of the discrete time optimal
minimum variance Kalman filter as follows

Y = DTy (2.53)
Ty = Tk + K(yx — k), (2.54)
Tra1 = AZy + Bug. (2.55)

where Ty is a given initial value for the apriori or predicted state estimate. Here, Ty, is
defined as the apriori or predicted state estimate of the state vector xj. Furthermore,
I is defined as the aposteriori state estimate of xx. The apriori-aposteriori Kalman
filter is further discussed in Section 2.6.3.

Note that Zj can be eliminated from the estimator equation (2.55), i.e. an equivalent
estimator for the predicted state Ty is given by

Ur = Dz, (2.56)
Ti1 = ATy, + Bug + Ky, — ) (2.57)
= (A — KD)Z, + Buy + Ky, (2.58)
where
K = AK. (2.59)

It is the apriori estimate, ; which is the essential state in the estimator. Z; is also
referred to as the predicted state.

The dynamics of the estimator is in this case described by the eigenvalues of the
matrix A — KD = A — AKD. the estimator given by (2.56)-(2.57) above gives the
optimal one step ahead prediction g of the output y;. This formulation is used if
we only want to compute the prediction of the output ;. As a rule of thumb we
may say that K = AK is the Kalman filter gain for the prediction of y; and for
computing the predicted state .

Note also that if we are using yr = yr + €, where the predicted output is given by
Yy = DZTp then we obtain the innovations formulation of the Kalman filter, i.e.,

Tr+1 = A%, + Bug + K&k, (2.60)
Yk = DT + ey, (2.61)
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where €, = yr — ¥ is the innovations process.

Notice that the optimal Kalman filter gain K is such that the innovations process
€} is white noise.

This means that K = AK is the kalman filter gain in the innovations formulation
(2.60)-(2.61) and K is the Kalman filter gain in the apriori-aposteriori formulation
(2.42)-(2.44) of the Kalman filter.

Note that the above equations easily is extended to be valid for a proper system in
which y, = Dz + Fuy, + €.

2.6.2 Development of the Kalman filter on innovations form

Given a process

Tpp1 = Az + v, (2.62)
Yk = Dxg + wg, (2.63)

where vy, is white process noise and wy, is white measurements noise with covariance
matrices given by

T
VEk VEk |4 R12
E = 2.64
([wk} [wk} ) [Rﬁw } (264)
The Kalman filter on innovations form is then given by

Tht1 = ATy + k&‘k, (265)
Yk = DTy + €y (2.66)

Note that the Kalman filter gain K in the innovations formulation is related to the
Kalman filter gain K in the apriori-aposteriori formulation as K = AK.

When analyzing the Kalman filter the estimating error Az = x, — Ty is of great
importance. The equations for the estimating errors are obtained from the above
equations. i.e. from the process model and the Kalman filter above, i.e.,

Amk_H = AAxp + v, — K&k, (2.67)
er = DAz + wy, (2.68)
Axp = xp — Tp. (269)

The equations for the estimating error are to be used in the following discussions.

Equation for computing K in the predictor

The development which is given here is based on the fact that the innovations process
£i is white noise when the optimal Kalman filter gain K is used in the filter. Since ¢},
is white it is independent and uncorrelated with the estimation error Axy1. Hence,
by demanding

E(Azgif) =0, (2.70)



12 State estimation and the Kalman filter

then we can derive an expression for K. We have that

Axkﬂe;‘g = (AAxy + v — f(ak)s;‘g
= AAzpel + vpel — f(akeg
= AAzp(AzE DT + wl)) + o (Al DT +wl) — Kepel.  (2.71)

Using this in (2.70) gives
E(AAzp Azl DT + vpwl — Kepel) =0, (2.72)

where we have used that E(Aziv]) = 0 and E(Aziwl) = 0. We have then obtained
an equation

AXDT + Ry — KA =0, (2.73)
where
A =E(epel) = DXDT +W. (2.74)
This gives the following expression for the Kalman filter gain
K = (AXD" 4+ Ryy)(DXD" + W)~ . (2.75)

This is the equation for th Kalman filter gain in the innovations formulation of the
Kalman filter. We now have to find an expression for the covariance matrix of the
estimation error, X = E(AxkAzcg). It can be shown that X is given as the solution
of a matrix Riccati equation.

Equation for computing X = E(Az;Ax])

The derivation of the riccati equation for computing the covariance matrix X is
based that we under stationary conditions have that

E(Azp1Axi, ) = B(AzpAz]) = X. (2.76)

From equations (2.67) and (2.68) we have that

€k

. ———
Azpy1 = AAzy + v — K (DAzy + wy), (2.77)
which gives
A$k+1 = (A — f{D)Al‘k + v — f(wk. (2.78)

we have that the estimation error Az is uncorrelated with the white noise processes
v and wg. We then have that

Azk+1Aﬂ§£_~_1 =[(A— KD)Amk + v — f(wk][(A — KD)Axk + v — f(wk]T
= (A— KD)Az Azl (A — KD)T + (vp — Kwy) (v — Kwy)T
= (A - KD)AzpAzl (A — KD)T + vpol — vpwl KT

K(vpwh)T + Kwpwl KT (2.79)
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Using the mean operator E(-) on both sides of the equal sign gives
X=(A-KD)X(A—KD)' +V — RpKT — KRL, + KWK?T,  (2.80)
which also can be written as follows

X =(A-KD)X(A-KD)T +[I K] [Zﬁ g}?] 1 K]". (2.81)

Note that (2.80) and (2.81) is a discrete matrix Lyapunov equation in X when K is
given. A Lyapunov equation is a linear equation. The Lyapunov equation can e.g.
simply be solved by using the MATLAB control system toolbox function dlyap. By
substituting the expression for the Kalman filter gain K given by (2.75) into (2.81)
gives the discrete Riccati equation for computing the covariance matrix X, i.e.,

X = AXAT +V — K(AXDT + Ry9)7T
= AXAT +V — (AXDT + Rio)(DXDT + W) Y AX DT + Ryp)T.
(2.82)

The stationar Riccati equation can simply be solved for X by iterating (2.82) until
convergence. Another elegant method is to iterate both (2.75) and (2.80) until
convergence and computing both K and X at the same time. this is illustrated and
implemented in the MATLAB function dlge2.m.

function [K,X,itnum]=dlqe2(A,C,D,V,W,R12);

% DLQE2

% [K,X]=dlqe2(A,C,D,V,W,R12);

% This function computes the Kalman gain K in the Kalman filter on
% innovations form, and the covariance matrix X of the estimation
% error, i.e. the error between the state and the predicted state.

X=CxV*C’; % Initial covariance matrix.
K=(A*X*D’+R12) *pinv (D*X*D’+W) ; % The corresponding Kalman gain.
it=100; % Maximum number of iterations.
Tol=1e-8; % Tolerance for norm(X(i)-X(i-1)).
X01ld=Xx*0; % Iterate for the solution X of
for i=1:it; % the discrete Riccati equation.

K=(A*X*D’+R12) *pinv (D*X*D’+W) ;

AKD=A-K*D;

X=AKD*X*AKD’+V-R12*K’-K*R12’+K*xW*K’ ;
if norm(X-Xold) <= Tol
itnum=i;
break
end
Xold=X;
end
K=(A*X*D’+R12) *pinv (D*X*D’+W) ;
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2.6.3 Derivation of the Kalman filter on apriori-aposteriori form

Given a process

Tpp1 = Az + vg, (2.83)
Yk = Dxy + wy, (2.84)

where vy, is white process noise and wy, is white measurements noise with covariance
matrices given by

T
Vk VEk o V R12
E([WJ [WJ )= [sz W ] (289)
We here note that the process noise vy may be correlated with the measurements

noise wyg, i.e. E(vkwkT) = Rys.

The kalman filter on apriori-aposteriori form is basically used when we are out for
the optimal state estimate of x;. The filter is of the form

Uk = Dy, (2.86)
Tr = T + K(yx — k), (2.87)
Trr1 = AT + ngAfl(yk — yj), (2.88)

where the initial predicted state Zg is given or specified. Here Zj is defined as
the apriori state estimate of xp. the estimate x; is also often referred to as the
predicted state. Furthermore we define Zj as the aposteriori state estimate of xj.
Apriori means known in advance, and aposteriori means the new information which
is obtained by the updating in (2.87), i.e., by using the apriori information and the
new information in the measurement y;. The reason for that the state estimate is
divided into two parts Z; and I is mainly because the system is discrete time, e.g.
because of sampling.

The kalman filter gain K in the filter given by (2.86)-(2.88) above is given by

K, = X, DT(DX, DT + W)™}, (2.89)
Xy, = (I = KpD)Xi(I — KxD)" + KWK, (2.90)
Xk—i—l = AXkAT +V + Z, (2.91)
where
Zr = —RipAT'RY, — AKLRY, — RipKF AT, (2.92)

Note that (2.91) contain an extra term given by Zj when the process and measure-
ments noise is correlated, this term is not present when Rio = 0, which usually is
the case.

In order to start the filter process we need an initial value for the covariance matrix
Xp, i.e. when we look at the filter at time & = 0. Note that the covariance matrices
are defined as follows

Xi = E((x — Zp) (we — 7)), (2.93)
Xi = B((zk — &%)z — 3)7). (2.94)
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Note that when the system is time invariant, i.e. when the system matrices A and D
and the noise covariance matrices V, W og R12 are constant matrices, then the filter
will be stationary and we will have that X k1l = X, = X and K, = K are constant
matrices. Note also that (2.90) can be expressed as the following alternative

Xy = X — Ki DX, (2.95)

However, Equation (2.90) is to be preferred of numerical reasons due to the fact that
all terms in (2.90) are symmetric and positive semidefinite. Hence, it is of higher
probability that the final computed results is symmetric and positive semidefinite
by using (2.90). The final computed covariance matrix X should be symmetric and
positive semidefinite, i.e. symmetric and X >0

Equation for computing K} in the filter

The derivation of the Kalman filter gain matrix presented in this section is based
on the fact that when K} is the optimal minimum variance filter gain, then the
innovations process, €, is white noise and uncorrelated with the state deviation
variables ATy 1 = i1 — Tra1 as well as Az, = xp — T, i.e.,

E(Afik_i_lgg) = E((ﬂ?k+1 — i’k.;,.l)&‘%)
= E((ACL‘k + vk — A.@k)é‘%) = AE(Ai’kz’;‘g) =0, (2.96)

since E(vkel) =0

In this section we will derive an expression for the stationary Kalman filter gain, K,
from the equation

E(Airel) = 0. (2.97)

We take the updating given by (2.87) as the starting point and write

AT =xp — T = o, — T, — Kep = ATy, — Keyg. (298)
Post multiplication with el = (yx — 7x)T = (D(xx, — Tg) + wi)T gives
Aiksg =
(zr, — k) (2 — 2) " DT + w]) = (2 — Tx) (21, — T) DT +wi) — Kegel.
(2.99)
Using the mean operator E(-) on both sides of the equal sign in (2.99) gives
0= XDT — KE(exe}),
(2.100)
because
E((z), — #1)ef = 0, (2.101)
E((z, — &x)wi) = 0, (2.102)

E((zy — Zx)wl) = 0, (2.103)
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when we are using the optimal Kalman filter gain K.

An alternative derivation is as follows
E(Azrel) = B((AZy, — Kep)el) = 0. (2.104)

And from Eq. (2.104) we have

<k
—
E((AZ), — Kep)el) = B(AT, (AZE DT + wl) —KE(exel)
= XDT — KE(gge}) = 0, (2.105)

since E(Azw]) = 0.

We then get from (2.100) (or equivalently (2.105) ) that the optimal Kalman filter
gain matrix in the filter is given by

K =XDT'(DXDT + W)™, (2.106)
where we have used that

E(exef) = DXDT +W. (2.107)
Let us now compare (2.106) with the expression for K = AK for the Kalman
filter gain in the predictor given by Equation (2.75). As we see, the equations are
consistent and the same when Rj2 = 0. However, (2.106) will be valid even when

the process noise and the measurements noise are correlated, but we then have to
take X given by (2.82).

Equation for computing X

The updating equation (2.87) can be expressed as follows
We can then write the estimator error x; — 2 as follows

T — T = T — ((I — KD)fk + KDzxy + Kwk)
— (I — KD)(z), — 7) + Kwy. (2.109)

This gives

Xy=(—-KD)Xy(I- KD+ KWKT. (2.110)

Equation for updating X,

We have earlier deduced the Riccati equation for computing X}, in connection with
the Kalman filter on prediction and innovations form. Se Equations (2.80)-(2.82).
By substituting the expression for X} given by (2.90) into Equation (2.91) gives
Equation (2.80). This proves Equation (2.91).
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Notice that a simple derivation (when Rjy = 0) is as follows. We have

X1 = E(AZp 1 ATLL ), (2.111)
Using that
AZpy1 = Tpy1 — Tpa1 = Axp + v — AT = AAZy + vy, (2.112)

where we have used that ;1 = A% when Rj2 = 0 in (2.88). Hence we find from
(2.112) that

Xy = AX AT + V. (2.113)

since E(Azv]) = 0.

2.6.4 Summary

It is important to note that for discrete time systems, we have two formulations
of the Kalman filter, one Kalman filter on innovations or prediction form, and one
Kalman filter on apriori-aposteriori form for filtering or optimal state estimation.
The Kalman filter gain in the innovations form is denoted K and the Kalman filter
gain in the filter is denoted K.

The relationship is given by K = AK when the process noise vy, and the measure-
ments noise wy, are uncorrelated, i.e. when Ri5 = 0. When the process noise and the
measurements noise are correlated then the Kalman filter gain in the innovations
form (the predictor) is given by

Kk = (AXkDT + R12>(DXkDT + W)fl,
and the gain in the filter used to compute the aposteriori state estimate is given by
K, = X, DT(DX;,DT + W)~ L.

As we see, the relationship is particularly simple and given by Kj, = AK), when the
noise are uncorrelated, i.e. when Ri5 = 0.
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State estimation and the Kalman filter




Chapter 3

The Kalman filter algorithm for
discrete time systems

3.1 Contunuous time state space model

A continuous time nonlinear state space model can usually be written as

& = f(z,u,v) (3.1)
y=g(z,u) +w 3.2

where x is the state vector, u is the vector of known deterministic inputs, v is a
process noise vector, w is a zero mean measurements noise vector, and y is a vector
of measurements (observations).

This model is both driven by known deterministic inputs (u) and usually unknown
process and measurements disturbances, (v and w).

3.2 Discrete time state space model

We will in this section formulate a discrete process model which can be used to
design an Extended and possibly Augmented Kalman filter.

A discrete time model, which can be a discrete version of the continuous model, can
usually be written as follows.

Tip1 = fi(@e, ug, v) + day (3.3)
Yt = ge(xe, ur) +we (3.4)

where wy is zero mean discrete measurements noise, dx; is a zero mean process noise
vector which also can represent unmodeled effects or uncertainity. The effect of
adding the noise vector dx; to the right hand side of the process noise is that it
usually gives more tuning parameters in the process noise covariance matrix, which
can result in a Kalman filter gain matrix with better properties of estimating the
states.
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We will next write this model on a form which is more convenient for nonlinear
filtering (Extended Kalman filter, Jazwinski (1970)). The problem is the case when
the process model function fi(-) is a non-linear function of the pocess noise vector
v¢. Assume that the statistical properties of v; is known. In general, the statistical
properties of the non linear function f;(v;) is unknown. The idea is to augment a
model for v; with the process model such that the augmented model is linear in the
process noise.

Assume the case when the process noise have known mean (or trend) v; and that
the noise can be modeled as

Vy = U + d”l)t (35)

where dv; is a zero mean white noise vector. The known mean process noise vector
or trend 7; can be augmented into the vector of known deterministic inputs (u).
The resulting model is then driven by both deterministic inputs (u; and v;) and zero
mean white process and measurements noise (dv; and wy). fi(+) can in some cases
be assumed to be a linear function of the white process noise vector (dvy).

Assume next the better case when the process noise v; can be modeled as a random
walk (or drift), i.e.

Vi1 = v + duy (36)

The vector vy can be augmented into the state vector x;. The resulting augmented
model is linear in the process noise (dv;).

The process model to be used in the filter is assumed to be of the following form,
(i.e. linear in the process noise vector)

i1 = fi(w, ue) + Qg (3.7)
yr = gr(ze, up) + wy (3.8)

which is linear in terms of the unknown process and measurement white noise pro-
cesses v; and wy, respectively. The input vector u; is a collection of all (deterministic)
known variables, including possibly measured process noise variables and manipu-
lable process input variables. The system vector z; can be an augmented vector of
system states, possibly states in a process noise model and states in a parameter
model, e.g. random walk (or drift) models.

Furthermore, the following statistical properties are assumed

E(v) =0 and E(vtva) = V by _Jlifj=t
E(w;) = 0 and E(ww!) = Wy where 0 =9 03¢ j 2t (3.9)
The linearized discrete time state space model is defined as
d$t+1 = (I)tdl‘t + Atdut + Qtdvt (310)
dyt = DtdCCt + Edut + Wy (311)

where dz;, dus, dvy and dy; are deviations around some vectors of variables.
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3.3 The Kalman filter algorithm

The algorithm presented is a formulation of the Extended and possibly Augmented
Kalman filter. The algorithm is formulated, step for step, such that it can be directly
implemented in a computer.

Algorithm 3.3.1 (Extended Kalman filter algorithm)

Step 0. Initial values.

Specify the apriori state vector, Z;, and the apriori state covariance matrix, X;. (T4
and X; are usually given from the previous sample of this algorithm. Note that ¢ is
discrete time.)

Step 1. Measurements model uppdate.
Yt = ge(Zr, ut) (3.12)

Step 2. The Kalman filter gain matriz.
Linearized measurements model matrix

— Ogi(ms,ur)
Dy = 3.13
! Oz Tt,ut ( )
Kalman filter gain matrix.

K = X;D} (D;X;D} + w)™! (3.14)

Step 3. Aposteriori state estimate.

Ty = T + Kt(yt — gt) (315)

Step 4. Apriori state uppdate.

Tpr1 = [r(Zy, up) (3.16)
Define the state transition and the disturbance input matrices.
o, = 8ft($tgl;§3+ﬂtvt o (3.17)
Qp = 2l tw | (3.18)
Eeyu
Step 5. State covariance matrices.
Aposteriori state covariance matrix.
Xi = (I - K:Do)Xo(I - K Dy)T + KWK] (3.19)
Apriori state covariance matrix uppdate.
Xi = 0 X0 + Qval (3.20)

A
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Note that the matrix equation for the aposteriori state covariance matrix, Equation
(3.19), is called the stabilized implementation, because it have better numerical
properties than the other frequently used equations for X, e.g.
X; = Xy — X;DI(D:X; DI + W)"'D, X, (3.21)
X, = (I - K.D)X, (3.22)
The Algorithm 3.3.1 is all that is needed for the design of an Kalman filter appli-
cation. Se also the next sections for pure details about implementation. However,

for extreme accuracy of the computational results the (square root) algorithm by
Bierman (1974) should be implemented

3.3.1 Example: parameter estimation

Assume the linear (measurement) equation
Yr = Erug + wy (3.23)

where y; € R™ and u; € R are known. The error w; € R™ is assumed to be a
zero mean white noise process. E; € R™*" is a matrix of unknown parameters. The
problem adressed in this section is to estimate the (gain) matrix Fj.

We will first write the model into a more convenient form for parameter estimation.
We have

Y1 el uley uf 0 -0 €1
T T ..
Y2 € u” ez AR €2
S |V (3.24)
3T L S . 0
Ym |, em ], u'em |, 0 0 ---uf em |,
which can be written as
yi = o b; (3.25)

where y; € R™ is a vector of observations, ¢! € R™*"™ is a matrix of (regression)
known variables and 6; € R"™ is a vector of unknown parameters.

Hence, the parameter vector 6; is formed from the rows in the matrix £ and the

matrix ¢} is a matrix with the known (input) vector u! on the “diagonal”. Note

that in the Multiple Input Single Output (MISO) case, we simply have ] = u]
and Gt = ET.

Assume that the parameter vector 6; is slowly varying. A reasonable model is then
a so called random walk (or drift), i.e.

0t+1 =0; + v (326)

where v; is a zero mean white noise process.

Problem

Use the Kalman filter Alorithm 3.3.1 to write an algorithm for parameter estimation
based on the models given by Equations (3.25) and (3.26). Express the parameter
estimates in terms of the apriori parameter estimate vector, i.e. 6;.
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3.4 Implementation

The Kalman filter matrix equations that are computed at each sample (if required)
is given by,

1. Stabilized Kalman measurement uppdate equations.

K = XDT(DXDT + W)~} (3.27)
X=U—-KD)X(I-KDT+KWKT (3.28)

2. Time uppdate apriori covariance matrix equation.
X=0ox0"+V (3.29)

where for simplicity X := X.

We will in what follows count the number of multiplications which is required for
one sample of the actual implementation and then suggest efficient implementations
of the algorithm where the number of multiplications is considerably reduced.

The stabilized Kalman measurement uppdate Equation (3.28) is implemented in the
following steps. The resulting matrix dimension and the number of multiplications
required is identified to the right of each equations.

Algorithm 3.4.1 (”Bulk” implementation)

WORK1 =1—-KD (nxmn) n‘m

WORK?2 = X WORK1T (nxn) n?

WORK3 = WORK1 WORK2  (nxn) n? (3.30)
X = WORK3+ KWKT (nxn) 2n°m

Total 203 + 3n2m

A

The total number of multiplications for Equation (3.28) is then given by
2n + 3n®m (=400 for n =5 and m = 2) (3.31)
The term KW KT can be implemented more effectively as follows

WORK1 = KW (nxm) mnm (3.32)
WORK2 = WORK1 KT (nxn) n’m '

The total number of multiplications is in this case given by

2n3 + 2n?m +nm (=360 for n =5 and m = 2) (3.33)

Multiplications can be saved if the symmetry of the matrix terms (I — K D)X (I —
KD)T and KWK are utilized. Only the lower or upper part of the latter terms
needs to be computed.
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Algorithm 3.4.2 (Computations of symmetrical parts only)

WORK1 =1—-KD (nxn) n’m
WORK2 = X WORK1” (nxn) n?
WORK3 = WORK1 WORK? (nxn) n™utl (3.34)
WORK1 = K W (nxm) nm '
X — WORK3+WORK1 KT (nxn) mel
Total 31’ + gnPm + gn® + Gnm
A

The total number of multiplications is in this case given by

3 3 1 3
5713 + §n2m + §n2 + Jnm (=290 for n =5 and m = 2) (3.35)

In general, the most efficient implementation of Equation (3.28) with respect to the
number of multiplications is probably as follows. However, both algorithms (3.4.1)
and (3.4.2) are probably better conditioned with respect to positive definiteness of
the computed covariance matrix.

Algorithm 3.4.3 (Biermans implementation)

WORK1 = XD7T (nxm) n’m
X = X - K WORK1T  (nxn) n?m
WORK2 = KW (nxm) nm
WORK1 = XDT —WORK2  (nxm) n’m (3.36)
X = X -WORK1 KT (nxn) n?m mantl)
Total (4n® +n)m (5n + 3n)m

A

Note that the matrix product X DT used initially in Algorithm 3.4.3 is available from
the computation of the gain matrix K. Therefore the total number of multiplications
by Algorithm 3.4.3 can be reduced by n?m for comparison with Algorithms 3.4.1
and 3.4.2. The total number of multiplications required to form the a posteriori
state covariance matrix X is illustrated in the following table.

Table 1: Comparison of number of multiplications for m = 2

’ Algorithm H Total ‘ N=3 ‘ N=5 ‘ Remarks ‘
4.1 2n3 + 3n°m 108 | 400
4.2 %n?’ + %an + %nQ + %nm 81 290 (3.87)
4.3 (3n? +n)m 64 160
4.3 Symmetrized || (3n? + 3n)m 54 140

The a priori state covariance uppdate matrix Equation (3.29) can be directly imple-

mented with 2n3 multiplications or with n3 + n% = %n?’ + %nQ if the symmetry

of the resulting product dXPT is utilized.
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Note that the structure of the ® matrix should be utilized if it is sparse. For the
N =5 and M = 2 example given in this note, only 36 multiplications are needed to
form X compared to 250 (or 200 if symmetry is utilized) in the general case.

Skogn implementation: 72 + 400 + 250 = 722.
Symetrical implementation: 67 + 290 + 200 = 557.
Symetrical and structure: 67 + 290 + 36 = 393.

4.3 symmetrized and structure: 67 4+ 140 4 36 = 243.
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