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Kalman Filtering for Discrete
Time Uncertain Systems

Rodrigo Souto, Jodo Ishihara and Geovany Borges
University of Brasilia
Brazil

1. Introduction

State estimation plays an important role in any application dealing with modeling of dynamic
systems. In fact, many fields of knowledge use a mathematical representation of a behavior
of interest, such as, but not limited to, engineering (mechanical, electrical, aerospace, civil and
chemical), physics, economics, mathematics and biology Simon (2006).

A typical system dynamics can be represented as a transfer function or using the space-state
approach. The state-space approach is based on the time-evolution of the "states" of the
system, which are considered all the necessary information to represent its dynamic at the
desired point of operation. That is why the knowledge about the states of a model is so
important. However, in real applications there can be two reasons where the states of a system
can not be measured: a) measuring a state implies in the need of a sensor. In order to measure
all the states of a system it will be required a large amount of sensors, making the project
more expensive and sometimes unfeasible. Usually the whole cost includes not only the price
of the sensors, but also modifies the project itself to fix all of them (engineering hours, more
material to buy, a heavier product). b) Some states are impossible to be physically measured
because they are a mathematically useful representation of the system, such as, the attitude
parameterization of an aircraft altitude.

Suppose we have access to all the states of a system. What can we do with them? As the states
contain all the information necessary about the system, one can use them to:

a) Implement a state-feedback controller Simon (2006). Almost in the same time the state
estimation theory was being developed, the optimal control was growing in popularity
mainly because its theory can guarantees closed loop stability margins. However, the
Linear-Quadratic-Gaussian (LQG) control problem (the most fundamental optimal control
problem) requires the knowledge of the states of the model, which motivated the development
of the state estimation for those states that could not be measured in the plant to be controlled.
b) Process monitoring. In this case, the knowledge of the state allows the monitoring of the
system. This is very useful for navigation systems where it is necessary to know the position
and the velocity of a vehicle, for instance, an aircraft or a submarine. In a radar system, this
is its very purpose: keep tracking the position and velocity of all targets of interest in a given
area. For an autonomous robot is very important to know its current position in relation to an
inertial reference in order to keep it moving to its destiny. For a doctor is important to monitor
the concentration of a given medicine in his patient.
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94 Discrete Time Systems

c) Process optimization. Once it is possible to monitor the system, the natural consequence
is to make it work better. An actual application is the next generation of smart planes.
Based on the current position and velocity of a set of aircraft, it is possible to a computer
to better schedule arrivals, departures and routes in order to minimize the flight time, which
also considers the waiting time for a slot in an airport to land the aircraft. Reducing the
flight time means less fuel consumed, reducing the operation costs for the company and the
environmental cost for the planet. Another application is based on the knowledge of the
position and velocities of cell phones in a network, allowing an improved handover process
(the process of transferring an ongoing call or data session from one channel connected to
the core network to another), implying in a better connection for the user and smart network
resource utilization.

d) Fault detection and prognostics. This is another immediate consequence of process
monitoring. For example, suppose we are monitoring the current of an electrical actuator.
In the case this current drops below a certain threshold we can conclude that the actuator
is not working properly anymore. We have just detected a failure and a warning message
can be sent automatically. In military application, this is essentially important when a system
can be damaged by exterior reasons. Based on the knowledge of a failure occurrence, it is
possible to switch the controller in order to try to overcome the failures. For instance, some
aircraft prototypes were still able to fly and land after losing 60% of its wing. Thinking about
the actuator system, but in a prognostics approach, we can monitor its current and note that
it is dropping along the time. Usually, this is not an abrupt process: it takes so time to the
current drop below its acceptable threshold. Based on the decreasing rate of the current, one
is able to estimate when the actuator will stop working, and then replace it before it fails.
This information is very important when we think about the safety of a system, preventing
accidents in cars, aircrafts and other critical systems.

e) Reduce noise effect. Even in cases where the states are measured directly, state estimation
schemes can be useful to reduce noise effect Anderson & Moore (1979). For example,
a telecommunication engineer wants to know the frequency and the amplitude of a sine
wave received at his antenna. The environment and the hardware used may introduce
some perturbations that disturb the sin wave, making the required measures imprecise. A
state-state model of a sine wave and the estimation of its state can improve precision of the
amplitude and frequency estimations.

When the states are not directly available, the above applications can still be performed
by using estimates of the states. The most famous algorithm for state estimation is the
Kalman filter Kalman (1960). It was initially developed in the 1960s and achieved a wide
success to aerospace applications. Due its generic formulation, the same estimation theory
could be applied to other practical fields, such as meteorology and economics, achieving
the same success as in the aerospace industry. At our present time, the Kalman filter is the
most popular algorithm to estimate the states of a system. Although its great success, there
are some situations where the Kalman filter does not achieve good performance Ghaoui &
Clafiore (2001). The advances of technology lead to smaller and more sensible components.
The degradation of these component became more often and remarkable. Also, the number
and complexity of these components kept growing in the systems, making more and more
difficult to model them all. Even if possible, it became unfeasible to simulate the system with
these amounts of details. For these reasons (lack of dynamics modeling and more remarkable
parameters changes), it became hard to provide the accurate models assumed by the Kalman.
Also, in a lot of applications, it is not easy to obtain the required statistic information about
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Kalman Filtering for Discrete Time Uncertain Systems 95

noises and perturbations affecting the system. A new theory capable to deal with plant
uncertainties was required, leading robust extensions of the Kalman filter. This new theory is
referred as robust estimationGhaoui & Clafiore (2001).

This chapter presents a robust prediction algorithm used to perform the state estimation of
discrete time systems. The first part of the chapter describes how to model an uncertain
system. In the following, the chapter presents the new robust technique used when dealing
with linear inaccurate models. A numerical example is given to illustrate the advantages of
using a robust estimator when dealing with an uncertain system.

2. State Estimation

The Estimation Theory was developed to solve the following problem: given the values of
a observed signal though time, ! also known as measured signal, we require to estimate
(smooth, correct or predict) the values of another signal that cannot be accessed directly or
it is corrupted by noise or external perturbation.

The first step is to establish a relationship (or a model) between the measured and the
estimated signal. Then we shall to define the criteria we will use to evaluate the model. In this
sense, it is important to choose a criteria that is compatible with the model. The estimation is
shown briefly at Figure 1.

x>

y

_,—D Estimator 1
w [ -

B Plant &

X

Fig. 1. Block diagram representing the estimation problem.

At Figure 1, we wish to estimate signal x. The signal y are the measured values from the plant.
The signal w indicate an unknown input signal and it is usually represented by an stochastic
behavior with known statistical properties. The estimation problem is about designing an
algorithm that is able to provide %, using the measures y, that are close of x for several
realizations of y. This same problem can also be classically formulated as a minimization
of the estimation error variance. At the figure, the error is represented by ¢ and can be defined
as £ minus x. When we are dealing with a robust approach, our concern is to minimize an
upper for the error variance as will be explained later on this chapter.

The following notation will be used along this chapter: R" represents the n-dimensional
Euclidean space, R is the set of real n x m matrices, E {®} denotes the expectation operator,
cov {e} stands for the covariance, Z' represents the pseudo-inverse of the matrix Z, diag {e}
stands for a block-diagonal matrix.

3. Uncertain system modeling

The following discrete-time model is a representation of a linear uncertain plant:

Xpy1 = ApxXk + Wy, (1)
Y = Caxxr + 0, (2)

! Signal here is used to define a data vector or a data set.
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96 Discrete Time Systems

where x; € R™ is the state vector, yy € R" stands for the output vector and w; € R™
and v € R are the output and measurement noises respectively. The uncertainties are
characterized as:

1. Additive uncertainties at the dynamic represented as Ap = Ay + AAy, where Ay is the
known, or expected, dynamic matrix and AAy is the associated uncertainty.

2. Additive uncertainties at the output equation represented as Cp = Cy + ACy, where Cj is
the known output matrix and ACj characterizes its uncertainty.

3. Uncertainties at the mean, covariance and cross-covariance of the noises w; and 7. We
assume that the initial conditions {xp} and the noises {wy, U} are uncorrelated with the
statistical properties

K E {wy}
E Uk = | E{o} |, 3)
| X0 X0
T ~ ~
e [F-£al]) [ s
E v, —E {_Uk} 5] —E 5]} = SkT(Skj kaskj 0|, (4)
Xp0 — Xo X0 — %o 0 0 Xy

where W;, V; and X, denotes the noises and initial state covariance matrices, Sy is the cross
covariance and dy; is the Kronecker delta function.

Although the exact values of the means and of the covariances are unknown, it is assumed
that they are within a known set. The notation at (5) will be used to represent the covariances
sets.

Wk e Wy, Vk €V, §k € S (5)

In the next sub section, it will be presented how to characterize a system with uncertain
covariance as a system with known covariance, but with uncertain parameters.

3.1 The noises means and covariances spaces

In this sub section, we will analyze some features of the noises uncertainties. The approach
shown above considered correlated w;, and v, with unknown mean, covariance and cross
covariance, but within a known set. As will be shown later on, these properties can be
achieved when we define the following noises structures:

Wi := Bpgy kWi + Bap k0%, (6)
O = Dpg Wi + Dpg Vk- (7)

Also here we assume that the initial conditions {xp} and the noises {wy},{vy} are
uncorrelated with the statistical properties

Wk W
E Ok = 5]{ ’ (8)
| X0 Xo
[ Wy, — Wy Wi — Wj T Wk(Skj Skék]- 0
E O — 5]( Z)]‘ — 5]‘ = Sgék] Vkékj 0 ’ (9)
| X0 — Xp Xp — Xo 0 0 Xp
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Kalman Filtering for Discrete Time Uncertain Systems 97

where Wi, Vi and Xy denotes the noises and initial state covariance matrices and Sy stands for
the cross covariance matrix of the noises.
Therefore using the properties (8) and (9) and the noises definitions (6) and (7), we can note
that the noises wy and 7 have uncertain mean given by
E{@i} = BawxWk + Bao ks (10)
E {0k} = Dawx®@k + Do k- (11)

Their covariances are also uncertain and given by

T

F@_E@@w Ity :[@?W%&f (12)
ok —E{ot || 5, - z”;“]} S Okj Vil
Using the descriptions (6) and (7) for the noises, we obtain
o 3 T
Widkj Skdij | _ [BAw,k BAv,k] [Wk%' 5k5kj] [BAw,k BAv,k} . (13)
STéij Vi Dawk Davk | | S{0 Vidkj | | Dawk Daok

The notation at (13) is able to represent noises with the desired properties of uncertain
covariance and cross covariance. However we can consider some simplifications and achieve
the same properties. There are two possible ways to simplify equation (13):

1. Set

BAwk BAvk} [BAwk 0 ]
ke Pavk | — : : 14
[DAw,k DAv,k ( )

In this case, the covariance matrices can be represented as

Wiedij Sy BawkWiBAyx BawkSkD Ay
aTs . O = TpT T | Okj- (15)
Si 0k ViOk; DaokSi Bawx DavkVkDpy
2. The other approach is to consider
kaskj Sk(skj :| |:Wk5kj 0 :|
= . 16
LW@W% 0 Vidyj (16)

In this case, the covariance matrices are given by

I/:Vk‘skj §k5kj
SLéj Vi

BAw,kang,k + Baok VkBZTv,k BAw,kaDgw,k + BAv,kaDKTv,k 5
DawxWiByy x + DavkViBay x DawkWkDayx + DavkViDagy |

(17)

So far we did not make any assumption about the structure of noises uncertainties at (6)
and (7). As we did for the dynamic and the output matrices, it will be assumed additive
uncertainties for the structure of the noises such as

BAw,k = Bw,k + ABw,kl BAv,k = Bv,k + ABv,kr (18)
DAw,k = Dw,k + ADw,kr DAv,k = Dv,k + ADv,k/ (19)
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98 Discrete Time Systems

where By i, Byr, Dyx and D, denote the nominal matrices. Their uncertainties are
represented by AB,, x, AB, x, ADy, and AD, j respectively. Using the structures (18)-(19) for
the uncertainties, then we are able to obtain the following representation

@ = (Buj + ABy ) Wi + (Byx + ABy) vy, (20)
Z7k = (Dw,k + ADw,k) Wy + (Dv,k + ADv,k) k- (21)

In this case, we can note that the mean of the noises depend on the uncertain parameters of
the model. The same applies to the covariance matrix.

4. Linear robust estimation

4.1 Describing the model
Consider the following class of uncertain systems presented at (1)-(2):

Xey1 = (A + AAg) x + Wy, (22)
Yk = (Ck + ACk) x + T, (23)

where x; € R is the state vector, y; € R is the output vector and w, € R" and v €
R" are noise signals. It is assumed that the noise signals @y and v are correlated and their
time-variant mean, covariance and cross-covariance are uncertain but within known bounded
sets. We assume that these known sets are described as presented previously at (20)-(21) with
the same statistical properties as (8)-(9).

Using the noise modeling (20) and (21), the system (22)-(23) can be written as

Xer1 = (Ag + AAg) Xk + (Buyk + ABy k) wi + (Byx + ABy k) g, (24)
Yk = (Ck -+ ACk) Xk + (Dw,k -+ ADw,k) Wy + (Dv,k + ADz;,k) Uk (25)

The dimensions are shown at Table (1).

Matrix or vector|Set
X R"x
Yk R™
Wy R"e
(4 R™>
Ak ]Rnx XNy
Bw,k ]RTZX XNy
Bv,k R« X1y
Ck Ry X 1x
Dw,k R X Ny
Dv,k Ry X 1o

Table 1. Matrices and vectors dimensions.

The model (24)-(25) with direct feedthrough is equivalent to one with only one noise vector at
the state and output equations and that wy and vy could have cross-covariance Anderson &
Moore (1979). However, we have preferred to use the redundant noise representation (20)-(21)
with wy and vy uncorrelated in order to get a more accurate upper bound for the predictor
covariance error. The nominal matrices Ay, By, r, By x, C, Dy and D, are known and the
matrices AAy, AB, k, AB, x, ACy, AD,,  and AD,, ; represent the associated uncertainties.
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Kalman Filtering for Discrete Time Uncertain Systems 99

The only assumptions we made on the uncertainties is that they are additive and are within
a known set. In order to proceed the analysis it is necessary more information about the
uncertainties. Usually the uncertainties are assumed norm bounded or within a polytope. The
second approach requires more complex analysis, although the norm bounded set is within
the set represented by a polytope.

In this chapter, it will be considered norm bounded uncertainties. For the general case, each
uncertainty of the system can be represented as

AAg := HaxFaxGax (26)
ABuyk := HpuwkFBuwkGBuwks (27)
AByx = HpykFpoxGpok (28)

ACy = HcxFcxGe ks (29)
ADyx = HpuwkFpwikGpwks (30)
ADyx := Hpoy kFpoxGpoi- (31)

where Hy k, Hpyk, Hpyx, He ko Hpwir Hpojr Gyir Gwi and G, are known. The matrices
Fu ko Fw i FBo ik Fc ks Fpwx and Fp, x are unknown, time varying and norm-bounded, i.e.,

T T T T T T
FA,kFA/k S I/ PBw,kPBwrk S I/ FBU,kFBU/k S I/ PC,kFC/k S I’ FDw,kPDw/k S I’ FDU,kPDU/k S I'

(32)
These uncertainties can also be represented at a matrix format as
[AAL AByx AByk
| AC, ADy i AD,
_ [HakFaxGax HpuwkFBuwkGpuk HpoxFBokGpok
| HexFexGek HpwikFpwkGpwk HpokFpokGpok
_ [Hakx Hpwx Hpox 0 0 0 ]
L0 0 0 Hecx Hpwk Hpok |
[Gax O 0
0 Gpywx O
x diag {Fa 1, Faw s Fao o Fox Fowgo Foug s | O CBox (33)
Akr FBw,krs ' Bo,ks Y'Ckr Y Dw,ks Dok GC,k 0 0
0 Gpwr O
L 0 0 GDv,k-

However, there is another way to represent distinct uncertainties for each matrix by the
appropriate choice of the matrices H as follows

AAy] . [Hagk
|: ACk | - I HC,k :| Fx,ka,k (34)
ABw,k ] o [ HBw,k
|:ADw,k - I HDw,k Fw,ka,k (35)
ABv,k ] o [ HBv,k
|:ADU,k - I HDZJ,k Fv,ka,k/ (36)
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100 Discrete Time Systems

where the matrices F,y, F,x and F,; of dimensions 7y X Syk, Tk X Sy, Tok X Sy are
unknown and norm-bounded, Vk € [0, N], i.e.,

FlFo < I ED Fop <1, ELF < L. (37)

X

Rewriting the uncertainties into a matrix structure, we obtain

[AAk ABy ABv,k] _ [HA,kFx,ka,k Hpw kFukGuwk  HpokFokGojk

ACyr ADyr ADyj He kFx Gy x HpuwkFuwxGuwix HpoiFoxGok
F 0 0 G 0 0

Hax Hpypg HBv,k] xk xk

Hcx Hpwk Hpog

0 Fyr O 0 Gex 0 |. (38)
0 0 Fuy 0 0 G

Our goal is to design a finite horizon robust predictor for state estimation of the uncertain
system described by (24)-(37). We consider predictors with the following structure

5('\0‘_1 - EO, (39)
X1k = PuXpk—1 + BuxWk + By iUk + Ki (yk — CkXgjk—1 — Da Wy — Dvﬁk) . (40)

The predictor is intended to ensure an upper limit in the error estimation variance. In other
words, we seek a sequence of non-negative definite matrices {Fk 1 k} that, for all allowed
uncertainties, satisfy for each k

cov {€k+l|k} < Pry1pe (41)

where ¢, = Xgr1 — Xpqq- The matrices @, and K are time-varying and shall be
determined in such way that the upper bound P}, +1[k is minimized.

4.2 A robust estimation solution
At this part, we shall choose an augmented state vector. There are normally found two options
are found in the literature:

x X — Xlj—
fk:: [A k },fk = [ k/\ klk 1}. (42)
Xk|k—1 Xk|k—1

One can note that there is a similarity transformation between both vectors. This
transformation matrix and its inverse are given by

117 . I -1
T:{OI],le[O 1}' (43)

Using the system definition (24)-(25) and the structure of the estimator in (40) then we define
an augmented system as

Xkt1 = (Ak + ﬁx,kFx,kéx,k> Xy + <§k + FIw,ka,ka,k> Wy + By

+ <5k + I:jv,ka,ka,k> U + 5kakr (44)
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where
Dy = KkBE)I;J ,Hyx [ Kff}g';k] Gy = [Gex 0],
Bi = KkBlu))z];k] Hlu = {Kféglz}:k Y= [fkak—l}
Ax = Kf(ki‘k Py —Ochk} Hek = {Kljﬁék
B = | Buk _%ka,k] Dic = {Bv,k —OKva,J ' (#5)

Consider P, +1fk = c0v{Xx;1}. The next lemma give us an upper bound for the covariance
matrix of the augmented system (44).

Lemma 1. An upper limit for the covariance matrix of the augmented system (44) is given by
PO\—l = dzag {Xo,O} and

Peiax = Akpk\kquf + ByW, Bl + DV, xDf

i AT ( 1y & ~T ~ AT
+ AxPy—1Gy g (“x,zlf - Gx,kPk|k71Gx,k> Gk Prjk—14%

where 04;,]1, ocz_v}c and cx;’; satisfy
a;,%l — Gy Pep—1G1y >0, (47)
ay il — G WiGy > 0, (48)
a1 1= Gy ViGly > 0. (49)

Proof: Since Xy, wy and vy are uncorrelated signals, and using (8), (9), (39) and (44), it is
straightforward that Py _; = diag {Xo,0} and

= . J N\~ TN~ _\T
Priae = (Ak + Hx,kFx,ka,k) Pyjg—1 (Ak + Hx,kPx,ka,k)
\\ ([ £ . 4 T
+ (Bk + Hw,ka,ka,k> Wi (Bk + Hw,ka,ka,k>

~ ~ ~ ~ T
+ (Dx + HoxFokGox ) Vi (Dic+ HoxFopGox) -

Choose scaling parameters 06;11, tx;}c and a;; satisfying (47)-(49). Using Lemma 2 of Wang

et al. (1999) and Lemma 3.2 of Theodor & Shaked (1996), we have that the sequence {Pk +1| k}
given by (46) is such that Py 41k < Pryqpg for all instants k. QED.

Replacing the augmented matrices (45) into (46), the upper bound Py 1, can be partitioned as

Py g1k Plz,k+l|k] (50)

Pk ==
+1lk T
| lplz,ka P22,k+1|k
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where, using the definitions presented in Step 1 of Table 2, we obtain

Piypsijk = AePrickAf + Bl BL + As g, (51)
Piogitpk = ArPrack®i + AeS1iCLK] + (Bkuc,kaT + A1,k> K{, (52)
Py ik = PkPoocx®t + KiCSox®f + PiS] LK
+ Ki (CkS3xCF + DilekDf + Ay ) Kf (53)
with
. Wc,k 0

uC,k T |: 0 Vc/k:| 7 (54:)

Ay = o HaxHE o + oyt Hpo kHpe i+ 0 Heo kHp, 1) (55)

Doy =y HexHE j + oyt Hpw e Hpo o+ &t HpokHb, g (56)

Nsj = oy HaHp g + o)t Hpeo kHpg, o + 0 Hpo kHy o (57)

T (-1 T\ !

My == Gyp (“x,kf - Gx,kpll,k|k—lGx,k) G ks (58)
Pricj := Pryr—1 + Proge—1MiPrigje—1/ (59)
Prycje = Progik—1 + Progk—1MiPro k-1 (60)

T
Poack = Pop k-1 + Prg k-1 MrPro -1/ (61)

51k = Prick — Prack (62)

S2k = Prack — Pazc s (63)

S3k == Sk — Si- (64)

Since Py = P, 11k = 0,Vk, it is clear that if we define

Peoape=[1 —1] P [T 1], (65)

then we have that P, +1]k is an upper bound of the error variance on the state estimation.
Using the definitions (50) and (65), the initial condition for Pj Y1k 18 ?O|_1 = Xp and Py 1k
can be written as

= (Ag — KeCr) Pric (A — KeCro) " — (A — KiCr) Prae (P — KiCr)'

— (@ — KeC) Pl o (A — KiCr) " + (P — KiCr) Pope (P — KieCre) "

+ (Bu — kD i) Wek (Buj — KiDo i) "

+ (Bok — KkDox) Vex (Bogx — KkDy) !

+ 06;,;1 (Hax — KxHe ) (Hax —& Hc,k)T

+ Dé;}c (Hpwx — KxHpuw k) (Hpawx — KkHDw,k)T

+ a4 (Hpok — KeHpo) (Hpox — KcHpoy) - (66)

o,

Ptk
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Note that P +1]k given by (66) satisfies (41) for any @ and K. In this sense, we can choose

them to minimize the covariance of the estimation error given by P +1]k- We calculate the first
order partial derivatives of (66) with respect to ®; and K} and making them equal to zero, i.e.,

a%)kpkmk =0 (67)
iFk+1|k = 0. (68)
oK,
Then the optimal values ®; = ®; and Ky = K; are given by
K = (AkskckT + ‘i’llk> (ckskckT + Tzlk)+, (69)
D = Ap + (Ax — KgCy) <P12c,kP;2c,k - 1) : (70)
where
Sk = Prick — PrackPhcPlac (71)
Y1 = BusWerDhx + BoxVexDy i + D (72)
Yok := Dy WDy + DyicVex Dy + Dok (73)

Actually ®; and K} provide the global minimum of Py +1[k- This can be proved though the

convexity of Py, +1]k at (66). We first have that P, 41k > 0, Wy > 0and Vi > 0,Vk. Then we
calculate the Hessian matrix to conclude that we have the global minimum:

e a) 92 D
7o, Dl @ Dtk | _ | 2Poj-1 2CkSak

’ - 257 CL CeSiCl+ Y

He (pk-l—l‘k) =

9 D ? P
92Ky, Pr] Pk+1\k 2K, Pk+1\k

At the previous equations we used the pseudo-inverse instead of the simple matrix inverse.

Taking a look at the initial conditions Pypg 1 = P1T2,0|—1 = Pypj-1 = 0, one can note that

Py 0 = 0 and, as consequence, the inverse does not exist for all instant k. However, it can be
proved that the pseudo-inverse does exist.

Replacing (70) and (69) in (52) and (53), we obtain
Pip ik = Psz,k+1|k = Py =
—1 pT AT T T f T T
= AkP12C,kP22c,kP12c,kAk + (AkSka +\F1/k> (CkSka +T2/k> (AkSka —f—‘f’l,k) . (74)

Since (74) holds for any symmetric Py 1, if we start with a matrix P, 1|, satisfying Py ,, 1), =

P1T2,n = P2 111} for some n > 0, then we can conclude that (74) is valid for any k > n.

The equality allows us some simplifications. The first one is

1
5 5 5 T (-1 5 T 5
Sk = Pepjk—1 = Prjk—1 + Prjr—1Gy i (‘Xx,kl - Gx,kpk\k—lcx,k> Gk Prik—1- (75)

In fact, the covariance matrix of the estimation error presents a modified notation to deal with
the uncertain system. At this point, we can conclude that «, ; shall now satisfy

oc;/,ll — Gy Pyx-1Gix > 0. (76)
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Using (74), we can simplify the expressions for @}, K{ and Py +1[k- We can define @y given in
Step 4 of Table 2 as ®; = ;. The simplified expression for the predictor gain is given by

_ _ n
Kg = (Akpc,k\k—lckT +‘Y1,k> (Ckpc,k|k—leT lef’z,k) ,

which can be rewritten as presented in Step 4 of Table 2. The expression for the Riccati
equation can be written as

P = (Ax = KiCo) Py (Ax — KiCr)'

(Buj — Ki Dy ) Weg (Buk — KiDor)"
Bok — Ki Do) Vex (Bux — KiDox) '

&t (Hax — KiHex) (Hax — KiHeg) '

+ a3} (Hpawk — KiHpox) (Hpawk — KiHpox)

+ 0y} (Hpog — KfHpox) (Hpox — KiHpog) '

Replacing the expression for K} in Py +1|k» we obtain the Riccati equation given in Step 5 of
Table 2.
Using an alternative representation, remember the predictor structure:

+ o+ o+

Xer1lk = PrXkk—1 + BuwxWr + By x Uk + K <yk — CiXyk—1 — Do Wy — Dv,kak) .77
Replace ®; into (77) to obtain
Xea1lk = AckXpjk—1 + Buw kWi + By xUx + K (]/k — CepXkk—1 — DuwxWx — Dv,k5k> , (78)
where

> T (-1 -5 T\ !
Ack = Ax+ APy 1 Gy (0t = GuPrp-1Gly) Gk (79)

5 T (-1 5 T\ !
Ce = Cr + CkPrp1Gly (a4 = GuiPrp—1Glx) Gk (80)

Once again, it is possible to obtain the classic estimator from the structure (79)-(80) for a system
without uncertainties.

5. Numerical example

At this section we perform a simulation to illustrate to importance to consider the
uncertainties at your predictor design.

One good way to quantify the performance of the estimator would be using its real variance
to the error estimation. However, this is difficult to obtain from the response of the
model. For this reason, we approximate the real variance of the estimation error using the
ensemble-average (see Ishihara et al. (2006) and Sayed (2001)) given by:

var {ejx} & % % (el(]k) —E {4{2})2’ (81)
j=1

E{ed)} ~ -3¢, 2)
j=1
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Step 0 (Initial conditions): Xp_; = ¥p and F0|—1 = Xo.

Step 1: Obtain scalar parameters «a, y, &y, , and &,  that satisfy (76),
(48) and (49), respectively. Then define

R T -1 T -1 T
A= "‘x,ii HppHe o + "‘w,lkHBw,kHDw,k + ‘Xv,kl Hpy kHpy, s

I T = T ~ T
Agf = Ixx,li HeHe j + ‘Xw,liHlekHDw,k + lxv,{c Hpo kHpy, ks

A 7 T 7 T z T
Agj = HapHy 4o Hpy  Hy o + 0 Hpo k Hp -

Step 2: Calculate the corrections due to the presence of uncertainties
B ol B T (-1 ol T\ ' B
Pegik—1 = Prjk—1 + Prix—1Gy 1 (“x,kf - Gx,kpk\k—lGx,k> Gk Prik—1/

—1
Wex = Wy + WGP, (a;v}kl ~ GpWiGL ) GupWe
Vc,k = Vk + Vng:k <IX;11 — GU,kaGZ—;k> GU’ka,

Step 3: Define the augmented matrices

By := [Byk Byx|,Dk:=[Duwx Dyx], Ueg :=diag {Wer, Vor}-

Step 4: Calculate the parameters of the predictor as

_ _ t
Ky = (Ach,k|k—1CkT + Byl Df +A1,k> <Cch,k\k—1CkT + DU DY +Az,k> ,
_ _ 1
Dy = Ag + (Ap — KiCr) Pre_1 Gy (“;}1 - Gx,kpk\kflcg,k) G k-

Step 5: Update {fk+1‘k} and {pk+1\k} as

Xey1fk = PrXkk—1 T BuwxWr + By 0k + K (yk — CkXpjk—1 — Do p@x — Dv,k5k> ,
Priajk = AxPeip—1Af + BrlUciBl + Mg g

_ _ o, T
T (Ach,k|k71CkT + A1,k> (Cch,k|k71CkT + DUk D + Az,k) (Akpc,k|k71C];F + Al,k)

Table 2. The Enhanced Robust Predictor.
where eZ(]k) is the i-th component of the estimation error vector e,({] ) of the realization j defined
as
(). 0 _=0)
e =X =X g (83)
Another way to quantify the performance of the estimation is though covariance ellipses. The
use of covariance ellipses allows us to visualize the variance and the cross covariance of a

system with two states.
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Consider the benchmark model, used for instance in Fu et al. (2001) and Theodor & Shaked
(1996), where we added uncertainties in order to affect every matrix of the system,

X1 = 0 0 X + N Wi,
146,k 14030 14016,

yi = [—100 456, 10+ 156, & | xi + 1005, 0%,

where 6, ; varies uniformly at each step on the unit interval for n = x,w,v. We also use
Wy = 0.1, 7, = 0.9, Wy = 0.1 and V} = 2 with initial conditions Xy = [2 1]T and Xy = 0.11.
The matrices associated to the uncertainties are given by

0 0 0
HA/k = |:10:| 4 HBw,k - |:10:| 7 HBZJ,k - |:0:| 7
HC,k = 50/ HDw,k == 0/ HD‘U,k = 100,
Gy = [0.1 0.03], Gyi = 0.01, Gy = 1. (84)

The scalar parameters are calculated at each step as

aeh = Onax { GoPrp1Gly | +ex, (85)
ok = Omax { Gk WiGiy b + €, (86)
ayh = Omax { GoiVAGly } + o, (87)

where 0,y {®} indicates the maximum singular value of a matrix. Numerical simulations
show that, in general, smaller values of €y, €, and €, result in better bounds. However, this
can lead to bad inverses calculation. In this example, we have chosen €, = €, = €, = 0.1.
The mean value of the covariance matrices obtained over 500 experiments at k = 1500 for the
robust predictor and the classic predictor are

- 144 -2277 5 36 —0.6
Provust = | 207 764 | Pelassic = | 06 01 |-

Fig. 2 shows the time evolution of the mean value (over 500 experiments) of both states and
of their estimated values using the classic and the robust predictors.. It can be verified that
the estimates of the classic predictor keep oscillating while the robust predictor reaches an
approximate stationary value. The dynamics of the actual model also presents approximate
stationary values for both state. It means that the robust predictor were able to better estimate
the dynamics of the model.

The covariance ellipses obtained from both predictors and the actually obtained states at
k = 1500 are shown at Fig. 3. Although the size of the ellipse is smaller for the classic
Kalman predictor, some states of the actual model are outside this bound. Fig. 4 presents
the time evolution of the error variances for both states of the system. The error variances
were approximated using the ensemble-average, defined in Sayed (2001).

The proposed filter reaches their approximate stationary states after a few steps while the
Kalman filter did not. Fig. 4 also shows that the actual error variance of the proposed filter
is always below its upper bound. Although the error variance of the Kalman filter is lower
than the upper bound of the robust estimator, the actual error variance of the Kalman filter is
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above its error variance prediction, i.e., the Kalman filter does not guarantee the containment
of the true signal y,. This is a known result and it is presented in Ghaoui & Clafiore (2001).

State 1

Robust Predictor

Actual State 1

Kalman Predictor

500 1000

1500

State 2
=

Actual State 2

Kalman Predictar

Rohust P{edictor |

a

1 1
200 400 500 500 1000
k

Fig. 2. Evolution of state 2 and its robust estimates.
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Fig. 3. Mean covariance ellipses after 1500 experiments.

15

A comparison with using the robust predictor presented here and another predictor found

The results presented therein show that the enhanced

predictor presented here provides a less conservative design, with lower upper bound and
lower experimental value of the error variance.

6. Conclusions

This chapter presented how to design robust predictor for linear systems with norm-bounded
and time-varying uncertainties in their matrices. The design is based on a guaranteed cost
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State 1

Actual Kalman Wariance

Kalman Wariance
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Fig. 4. Error variances for uncorrelated noise simulation.

approach using the Riccati equation. The obtained estimator is is capable of dealing with
systems that present correlated dynamical and measurement noises with unknown mean and
variance. In most of real life applications this is a common situation. It is also remarkable that
the separated structure for the noises allows the estimator to have a less conservative upper
bound for the covariance of the estimation error.

Further studies may include the use of approach of this chapter to design estimators for
infinite time horizon discrete systems. Future studies may also investigate the feasibility to
design a estimator for a more general description of systems: the descriptor systems.
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