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Chapter 1. Introduction

1.1 Introduction

The focus of this dissertation is to develop and design a new class of observers called dynamic
observer (DO) and to use it in control design. In the past several decades, the observer design
problem has gained constantly high interest in the literature, due to the fact that the state vari-
able cannot be measured frequently either because of the unavailability of appropriate sensors
or due to high costs and long analysis times involved in the measurement processes.

The state variable is important in the state space representation, which is a mathematical model
of a physical system as a set of inputs, outputs and state variables related by first-order differ-
ential equations. The general state space representation of linear continuous-time systems is
expressed as

& = Ax+ Bu, (1.1a)
= Cz+ Du, (1.1b)

where x € R", u € R™ and y € MRP are the state vector, the input vector and the output vector,
respectively. Matrices A, B, C' and D are known constant and of appropriate dimensions.
The state space representation of linear discrete-time systems is expressed as

x(k+1) = Ax(k)+ Bu(k), (1.2a)
y(k) = Cx(k)+ Du(k), (1.2b)

where z(k) € R", u(k) € R™ and y(k) € RP are the state vector, the input vector and the output
vector, respectively.

In the state space representation, the state variable can show the full characteristics of system,
therefore it is widely applied in the control process, such as state feedback control ([53] and
[110]). State feedback control is to place the closed-loop poles of a system in the pre-determined
locations of complex plane, by controlling the system state.

Take system (1.1) for example. The state feedback control law is represented by

u= Kz, (1.3)

where K, is unknown matrix and of appropriate dimension to be determined.
By inserting state feedback control (1.3) into system (1.1a) it follows that:

&t = (A4 BKgy)z. (1.4)
In this case, the gain matrix K; can be derived from the solution of the following equation:
A+ BK,y = Fyy, (1.5)

where F; represents the matrix of the pre-determined location of system poles.

Although state variables are of great importance, most of the time, state variables are not all
available due to the package technology, or costly and difficulty to measure. Take the precision
power source VX2600 for example. The VX2600 is a high precision DC source of VX Instruments
company. The output voltage and current of VX2600 are +10Vpc and +5mApc, respectively.
In order to guarantee the accuracy of precision source, it must be packaged in a sealed box so
that to isolate the outside disturbance. In this case, it is impossible to measure the states of some
internal variables directly.

2



1.1. Introduction

Even if the source is not packaged in a black box, it is still difficult to measure the states. Let us
see the following figure of VX2600:

-

sion DC Source ——
5 -
{f¢
=

VX2600 High Preci

Figure 1.1: VX2600 High Precision DC Source

One can see from Figure 1.1 that VX2600 is made up of many electronic elements, such as
capacitors, resistors, digital chips and so on. With the development of manufacture technology,
now the digital chips can be made as small as possible. For example, the distance between two
pins of chip ADA4870 is 1.27 millimeters, as shown in Figure 1.2. In this case, it is difficult to
measure the value of one pin without touching other pins.

110 MAX = 45°

_ AAAAABAAAAA -
" FIH1—’°|

11.00 14.20
BSC ] [ BSC

11 O 20
HHHHHHHHHH‘T_L

TOF WIEW

15.90
gsc

3.35 SIDE VIEW 1.00
31 Tf | ~om

Figure 1.2: ADA4870 Package

On the other hand, the sensors and their associated cables are among the most expensive com-
ponents in the system. The accuracy of sensors also reduces the reliability of control procedure,
since sensors usually produce errors, such as noise and limited responsiveness.



Chapter 1. Introduction

With all the above discussions, it is necessary to use the observer to estimate the state in the
case where the state cannot be determined by direct measurement. The concept of observer was
firstly introduced by D.G. Luenberger [80] and [81], based on the theory that a system S, is
served as an observer of the system S if the available inputs and outputs of system S; are used
as inputs to drive system S5.

In control theory, an observer is a dynamic system that reconstructs the state of a given real
system, from the measurements of inputs and outputs of the real system. Let us consider the
following system:

& = Ax+ Bu, (1.6a)
= Cu. (1.6b)

For system (1.6), an observer is given by

& = Ai+ Bu+ Ky(y—1), (1.7a)
Ci, (1.7b)

<<
|

where & € " is the state of observer, called also the state estimate. y € 93P is the output of
observer. K, is an unknown gain matrix and of appropriate dimension be determined.

One can see from system (1.7) more clearly that the observer is a reconstruction of the system
states by using the inputs and outputs of original system. The only difference is that there is
an additional term K,(y — g) in the observer, which is used to ensure that the state estimate &
converges to the system state x, on receiving successive measured values of system inputs and
outputs.

The structure of observer (1.7) is shown in the following figure:

|—>
|
|
System s !
\{i-‘.

v

V4
¥
Y

I Observer

Figure 1.3: Structure of observer



1.2. Observers for linear systems

1.2 Observers for linear systems

Ever since Luenburger presented the first result on the observer, the observers design have
been greatly investigated and widely applied for linear systems (see [21, 43, 52, 61, 123] and
references therein). The observer aims to estimate the system state . Therefore we must study
the estimation error e (e = Z—x). From system (1.6) and observer (1.7), we obtain the following
estimation error dynamic:

e = &—i,
= Ai+ Bu+ K,(y— i) — Az — Bu,
= (A-K,0)i—(A— K,O)z,
= (A-K,O)e. (1.8)

By using Lyapunov function approach, we can determine the parameter matrix K, such that
system (1.8) is asymptotically stable, i.e, ¢ — 0 when ¢ — oo. In this case, system (1.7) is an
asymptotic observer for system (1.6).

The observer can be designed for either a continuous-time system or a discrete-time system. The
characteristics are the same, and the design processes are at least very similar and in some cases
they are identical. For the continuous-time system, the observer is asymptotically stable when
the system matrix “A — K,C” has all the eigenvalues on the left side of complex plane, while
for the discrete-time system the observer is asymptotically stable when the system matrix has all
the eigenvalues inside the unit circle.

1.2.1 Full-order observers and observer-based control
1.2.1.1 Full-order observers

During the past several years, many kinds of observers have been developed. One popularly
used is the full-order observer [41]. Let us consider observer (1.7) for example. Notice that the
dimension of observer state & is n, which is equal to the order of original system state. We call
this kind of observers full-order observers, which can estimate all the system states.

A full-order observer accomplishes the estimation purpose by calculating the residual “(y — ¢)”,
which is the difference between the measured output and the corresponding quantity generated
by the observer. In real world there are many formulations of observers, and most of them can
be transformed into observer (1.7). For example, for system (1.6), the author of [82] proposed
the following observer:

= A#+ Ly+ Hu, (1.9a)
= Ci. (1.9b)

&>

<<

Matrices A, L and H are unknown and of appropriate dimensions to be determined. Notice that
if we take

T o~
I
>

we can obtain the form of observer (1.7).
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The applications of full-order observer can be found in many fields. For example, a distributed
full-order observer type consensus protocol was proposed for inear multi-agent systems in [73].
In [82], the author designed a full-order observer for the state estimation of an aircraft motion.
The authors of [36] and [97] solved the design problem of full-order observers for sensorless
induction motor drives. In [124], a full-order observer based insulated gate bipolar transistor
(IGBT) temperature estimation was presented.

1.2.1.2 Observer-based control

As it is discussed previously, the appearance of observer is due to the importance of system
states in the feedback control, which is the most important among the various applications of
observers. In the case where some states cannot be measured directly, we use their estimates in
the control process, which is called observer-based control.

The observer-based control algorithm is designed in two parts: a “full-state feedback” part based
on the assumption that all the state variables can be measured; and an observer to estimate the
state of the process. The concept of separating the control design into these two parts is known
as the separation principle, which is often a practical solution to many design problems.

Take system (1.6) for example, let us consider the following observer-based control law:

u= K,z (1.10)

where K. is the control gain matrix of appropriate dimension to be determined.
By inserting control (1.10) into system (1.6), we obtain

i = Az+ BE.,
= Ax+ BK.(Z —z)+ BK_xz,
— (A+ BK,)z + BE.e. (1.11)

From equations (1.8) and (1.11), we obtain the following system:

1= Acn, (1.12)

r =

A _ [A+BE. BE.
¢ = 0 A-K,C|

where

Then we can determine matrices K. and K, separately.

In the past decades, the observer-based control has been introduced into many fields. In [78],
the authors investigated the problem of observer-based control for linear systems with limited
communication capacity. The separation theorem for robust pole placement of discrete-time
linear control systems with full-order observers was derived in [114]. The authors of [117]
introduced an observer-based control approach for linear stepping motor (LSM) drive systems.
In [129], the observer-driven switching stabilization problem for a class of switched linear sys-
tems was solved. The paper [142] concerned the problem of event-driven observer-based feed-
back control for linear systems. Other applications of observer-based control can be found in
[103, 105, 150] and references therein.

6
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1.2.2 Reduced-order observers

Generally, in many systems, some state variables can be either measured directly, or calculated
from the output. For system (1.6) we can see that in equation (1.6b), system output y has a
relation with system state z, i.e.,

y=Cux.

In this case, we can calculate some system states and it is not needed to estimate all the system
states. Instead, by taking “y = Cz” into account, one just needs to design an observer to
estimate the unmeasured states. This kind of observer, which has lower dimension than the
original system or the full-order observer, is called the reduced-order observer [80].

In order to design the reduced-order observer, we should perform some matrix transformations
first [122]. For system (1.6), assume that C is a full rank matrix, that is, rank C = p. Then
select a (n — p) x n matrix R such that the following n x n matrix P is nonsingular:

C
P = [R] . (1.13)
Let
T = Pilf,

where 7 is a new state variable, then we obtain

PAP™'
_ [An A12:|
Agr Ago]’

_ B
B = PB_[B},

|
Il

2
6 == C.Pilz[-[p 0]7

In this case, from system (1.6) we obtain the following equivalent system:
71| [An Apl [@m B,
[552] B le Azz] [962] " EJ u’ (1-142)

y = [, 0] [ij 1. (1.14b)

One can see from equation (1.14b) that state T; can be obtained from output y and we just need
to design an observer for the following system of dimension n — p:

To = Ao T + ATy + Bou (1.15)
The observer for system (1.15) is given by

i = (Agp+ LAw)z+ [(Age + LA)L + Aoy + LAy + (Ba + LBy)u, (1.16a)
Ty = z— Ly, (1.16b)

where z € R" P is the state of observer and Ty € A" P is the estimate of . L is the observer
gain matrix and of appropriate dimension to be determined such that:

lim [Zo(t) — Zo(t)] = 0.

t—o00
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By using this method, the authors of [130] proposed a type of reduced-order observer for matrix
second-order linear systems. In [147], the design problem of positive real control via reduced-
order observer was solved. The applications of this method can be also found in [143], [151]
and references therein.

Another method to design the reduced-order observer is a direct one without doing the trans-
formation to original system. For system (1.6), the authors of [64] proposed the following
reduced-order observer:

N

(t) = Dz(t)+ Gu(t) + Hy(t), (1.17a)
#(t) = Mz(t)+ Ny(t), (1.17b)

with the observer vector z € R"~P. Matrices D € R0 x(n-p) G e Rjr-—p)xm [ c Ryn=—p)xp,
M € R"<("=P) and N € R"*? are unknown to be determined. In this case, one can determine
all the matrices through the analysis of estimation error dynamic directly.

The applications of this method can be found in [50] where the reduced-order observer was
designed for rectangular descriptor systems and in [131] where the problem of reduced-order-
observer-based decentralized guaranteed cost stabilization (DGCS) of large systems was ad-
dressed.

Remark 1.2.1. From the above results, we can see that the minimum order of reduced-order ob-
server is n — p, which is a necessary condition of the existence of reduced-order observer.

1.2.3 Functional observers

The design problem of a linear functional observer has gain considerable attention recently. Lin-
ear functional observers estimate linear functions of states without estimating all the individual
states. Such functional estimates are useful in feedback control system. It is often that a state
feedback control law does not necessarily require the availability of the complete states. Take
control (1.3) for example. One can see that the control

u= Kgrw

is a linear function of state variables.

Furthermore, in the process of fault detection via residual signal generation, only the estimate
of the output is required (y), which is a linear function of states (y = C'x). In this case, it is more
logical to estimate the desired output directly using a functional observer rather than estimating
all the individual states.

The functional observer is essentially a reduced-order observer, because we only estimate a
desired linear function of states by using functional observer. Besides, it can be seen that the
condition for the existence of the functional observer is weaker than the detectability condition
which is required in full- and reduced-order observers design.

Generally, in order to solve the functional observer design problem, many authors have proposed
to transform the initial system to an equivalent one (by using some regular transformations) of
reduced-order and to design an observer for this system. Recently, a straightforward method
for functional observer design has been developed in [25]. For example, let us consider the
following linear system:

& = Ax+ Bu, (1.18a)
= (Cu, (1.18b)
zr = fo, (1.18C)
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where z; € ' is the vector to be estimated with » < n. Matrix Ly is known constant and of
appropriate dimension. Without loss of generality, we assume that rank C = pand rank Ly = r.

For system (1.18), the functional observer is given by

wf = waf-i-ny—f—Hf% (1.19a)
Zr = wy+ Eyy, (1.19b)

where w; € R" is the state of functional observer and Z; is the estimate of zy. Matrices Ny, Jy,
Hy and Ey are unknown and of appropriate dimensions to be designed.
In this case, we have the following results on the estimation error:

ef = Zp—Zf,
= wf—}—EfC$—Lf:E,
= wy— Pyx, (1.20)

where Py = Ly — E;C.
From equation (1.20), we obtain the dynamic of estimation error e;:

e = wy— Pz,
= Nywy+ Jyy+ Hpu — PpAx — Py Bu,
= Ny(wy — Prx)+ (NyPs+ J;C — PfA)x + (Hy — PyB)u,
= Nyes+ (NyPs+ J;C — PrA)x + (Hy — PyB)u. (1.21)

Notice that if the following conditions are satisfied:

prijJfC*PfA = 0, (1.22a)
Hy = PsB, (1.22b)

the dynamic of estimation error ey becomes

é; = Nyej. (1.23)

By using Lyapunov function approach to make matrix /Ny to be a Hurwitz, Z; is an asymptotic
estimate of the linear functional z; for any x(0), w(0) and «(0). The design problem of the func-
tional observer (1.19) is reduced to determine all the parameter matrices such that conditions
(1.22) are satisfied and matrix N is Hurwitz.

The applications of this approach can be found in many fields. The paper [29] concerned the
design of functional observers for linear time-invariant (LTI) descriptor systems. The minimum
order linear functional observer was designed in [40]. In [100], a finite time functional ob-
server was proposed for linear systems. The authors of [101] designed a single linear functional
observer for LTI systems.
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1.2.4 Unknown input observers

In the observer design problem, it is necessary to estimate the state of systems in the presence
of completely unknown inputs. This kind of observers, which are able to estimate the state of
systems in the presence of unknown inputs, is called unknown input observer (UIO).

One method to design UIO depends on the matrix transformation [70, 99, 121]. The main step
of this approach is to find a transformation to decompose the system in two subsystems. In one
subsystem, the states are not effected by the unknown input and can be reconstructed by using
the observer. In the other subsystem, the rest of the state can be expressed by using the system
output and the state estimate of the first subsystem.

Let us consider the following linear system in the presence of unknown inputs:

& = Ax+ Bu-+ Fu, (1.24a)
y = Cux, (1.24b)
with v € R! is the unknown input. Matrix F is known constant and of appropriate dimension.

We assume that rank C = p, rank F' = [ and p > [. Under the assumption that rank F' = [, we
select a matrix N € "> ("~1) such that the following matrix is nonsingular:

T=|[N F|. (1.25)

Let
x =Tz,

where 7 is the new state variable, then we obtain

A = T7'AT
_ A A
A21 A22 ’
B = = |2,
Bs
~ B _1 B O
F =T F_L. ,

C = CT'=|[CN CF].
In this case, system (1.24) becomes

i = A+ Bu+ Fw, (1.26a)
— 557 (1.26b)

~ X ~ ~
where states 7 = [fl} , 71 € Rt and 7, € R
2

Furthermore, we select a matrix Q € 97* (P~ such that the following matrix is nonsingular:

U=|[CF Q.

Then we have the following results:

10
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UCF = T, (1.27a)
U,CF = 0. (1.27b)

In this case, by using the following output transformation:

- [m
y - -@/2:| 9
= Uy,
Uy ~
= ﬁJ[CN CF|z,
B [UZ.CN U,CF] [z,
- (U2CON UsCF| |22]°
and equations (1.27a) and (1.27b), we obtain
y1 = Uy =UiCNzy + 2o, (1.28)
gg = Ugy = UQCN%l. (1.29)
From equation (1.28) we have the following result on zo:
EQ = Uly — UlCNfl. (130)

By substituting equation (1.30) into system (1.26), we obtain

T = A7+ Biu+ By, (1.31a)
o = Ci71, (1.31b)

with

A} = Ay — AULCN,
Ey = AUy,
C1 = UsCN.

One can see from system (1.31) that state z; is not effected by the unknown input v and it can
be reconstructed by using observer (1.7). Besides, state z2 can be obtained from output y and
state estimate ﬁl.

In this case, the complete estimate of original system state can be expressed by

T

N (1.32)
Uiy — U1C N7

=T

Notice that one should do matrix transformation by using the above method. In order to simply
the design procedure, another approach named the algebraic method has been developed. For
system (1.24), the authors of [33] proposed the following UIO:

= Nz+ Ly + Gu, (1.33a)
& = z—FEy (1.33b)

where 2 is the state vector. Matrices N, L, G and E are unknown and of appropriate dimensions
to be determined.

11
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In this case, from system (1.24) and UIO (1.33), we obtain the following estimation error dy-
namic:

¢ = &—i,

— :_ Pi
= N(z—Pz)+ NPz + LCzx+ Gu— PAx — PBu— PFv,
= Ne+ (NP+LC — PA)x + (G — PB)u — PFv, (1.34)

where matrix P = I, + EC.
One can see from equation (1.34) that if the following constraints are satisfied:

NP+LC—-PA = 0, (1.352)
G-PB = 0, (1.35b)
PF = 0, (1.35¢)

the estimation error dynamic é will be independent of state x, input v and unknown input v. In
this case, the estimation error dynamic becomes

¢ = Ne. (1.36)

Then, the design problem is reduced to determine all the parameter matrices such that con-
strains (1.35) are satisfied and matrix N is Hurwitz.

The applications of this method to design UIO can be found in [24] for structure estimation of
a moving object, in [62] for Takagi-Sugeno (T-S) descriptor system, in [66] for discrete-time
switched descriptor systems and in [115, 136, 138] for fault detection.

1.2.5 Observers for uncertain systems

As it is introduced previously, a system can be represented as a group of differential equations
characterized by a finite number of state variables. In most practical situations, system models
suffer from model parameter variation which is represented by the system uncertainty. When
the uncertainties in the system vary within given bounds, it is necessary to find a control law
that guarantees an upper bound for the performance. In the observer design, the problems of
systems with uncertain parameters have been treated in several categories according to different
assumptions:

1. Let us consider the following system in [119]:

X = Ax+Bu+PD,, (1.37a)
y = Cx, (1.37b)

where P is known matrix of appropriate dimension. Vector D,, represents the uncertainty,
which is assumed to be upper bounded by

|Dnll < Dmaa, (1.38)

with D, is a positive scalar.

12
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2. In [34] and [56], for the following system:

x = Ax+Bu+ G¢(t,x,u), (1.39a)
y - Cx. (1.39b)

where G is known matrix of appropriate dimension, vector £(t,x, u) is used to model the
uncertainty which is bounded by

[€(t, x, u)|| < o, (1.40)
where « is a positive scalar.

3. In [96], the uncertain linear system under consideration is described by the following repre-
sentation:

k 1
X = |Ao+ ) Airi|x+ [Bo+ ) Bisi|u, (1.41a)
i=1 i=1
P
y = |Co+ ) Civi (1.41b)
i=1

where matrices Ag, A;, Bg, Bi, Co and C; are known and of appropriate dimensions.

r, s and v are used to represent uncertain parameters, which are assumed to be bounded in
the following sets:

R={reR": |r| <7 fori=1,2,...,k}; 7>
S ={seR:|s;| <5 fori=1,2,...,1}; 5>
V={veR:|y|<v fori=1,2,...,p}); v>

4. In [58], for the following linear uncertain system:

x = [A+ AA(r)]x+ Bu, (1.42a)
y = Cx, (1.42b)

AA(r) has been introduced to represent the uncertainty which has the following structure:
1
AA(r) =) D;Fi(r)E;, (1.43)
i=1
where D; and E; are constant matrices and matrices F;(r) are assumed to be bounded by

Fl(r)Fi(r) <7, i=1,2,...,1 (1.44)
with T is a known scalar.

13
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No matter by which constraint the uncertainty is assumed to be bounded, the method to deal
with the uncertainty is based on Lyapunov function approach. Take the system of [119] for
example. The uncertain system is given by

t = Ax-+ Bu+ P,D,, (1.45a)
= Cu, (1.45b)

where matrix P, is known and of appropriate dimension. D,, is bounded by constraint (1.38).
For system (1.45), by using observer (1.7), we obtain the following estimation error dynamic:

e = I —u,

= (A-K,C)e— PyDn. (1.46)
In order to determine matrix K,, we choose the following Lyapunov function:
V =e Xe, (1.47)

where matrix X > 0.
Then the derivative of V' along the solution of (1.46) is given by

V = eTXe+ el Xe,
= [(A-K,C)e— P,D,]"Xe+ e X[(A—- K,C)e — P,D,],
eT[(A - K,C)'X + X(A - K,C)le — 2¢" X P, D,,. (1.48)

In this case, we can determine matrix K, such that V < 0.

1.2.6 H_, observers

In the daily life, the disturbance is very common. For example, the resistance of wind for a
moving car. In control process, not only the reference input can affect the output, but also the
disturbance can result in negative influences on the output. Therefore, in the observer design,
one should pay more attention to the disturbance.

One method to deal with the disturbance is the disturbance observer, which estimates the distur-
bance directly. The frequency-domain method to design the disturbance observer can be found
in [135] and references therein. The applications of disturbance observer can be also found in
[63, 76, 113] for both continuous-time and discrete-time cases.

However, when we use the disturbance observer, it is necessary to add an extra observer, which
makes the structure more complicated. Besides, due to the estimation error of the disturbance
observer, the estimate of disturbances will affect the accuracy of performance. Therefore, an-
other method named the H, observer, which can directly minimize the influence of disturbances
on the estimation error, has been developed.

The H,, observer combines the H, theory ([18] and [46] ) with the observer design, and the
H theory is based on the H,, norm. Let us return to system (1.6). The H., norm of the transfer
function of system (1.6) is given by

[Ty (Gw)lloe = sup 7 (Tuy (jw))

= max lyll2 (1.49)
u€ Ly HUHQ

14
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where

Tyy(jw) = Tyy = C(sI — A)™'B

is the transfer function matrix from the input « to the output y.

One can see from equation (1.49) that the H,, norm ||T,,||~ represents the influence of the
input » on the output y.

Now let us consider the H., observer design for the following linear system in the presence of
disturbances:

& = Ax+ Bu+ Byw, (1.50a)
= (b, (1.50b)

where w € R/ is the disturbance of finite energy. Matrix B,, is known constant and of appropri-
ate dimension.
From system (1.50) and observer (1.7), we obtain the estimation error dynamic as follows:

é=(A—-K,C)e — Byw. (1.51)

According to the H,, theory, we should minimize the effect of disturbance w on the estimation
error e. In other words, we must find a positive scaler ~ such that:

[ Twelloo <, (1.52)

where

Tye = —[sI — (A — K,O)] ' B,
represents the transfer function matrix from the disturbance w to the estimation error e.

The methods to design the H,, observer are mainly based on bounded real lemma and linear
matrix inequality (LMI) optimization approach. The optimal H,, reduced-order filtering prob-
lems was solved in [13]. The authors of [37] designed an H,, observer to estimate the state
variables of the vertical car. The authors of [126] designed an H., observer-based robust fault
detection for linear switched systems with external disturbances. In [79], the design problem of
H, control for T-S fuzzy systems was studied, based on fuzzy observers.

1.2.7 Proportional integral observers

Notice that in observer (1.7), there is only one proportional gain K,. This kind of observers is
also called proportional observer (PO). It is well known that the precision of estimation provided
by the PO is directly affected by system disturbances. In order to provide a better estimation, the
proportional integral observer (PIO) has been developed by the duality of proportional-integral
(PI) control. The PI control is one special case of proportional-integral-derivative (PID) control
in control theory [5], which is given by

t
w(t) = Lop(t) + Ls / o(7)dr, (1.53)
0
where
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T is the variable of integration and takes on values from time O to the present time ¢.
p is the error between the reference signal and the output signal.
Parameters L, and L; are proportional gain and integral gain, respectively.

The idea of PI control is to incorporate an additional correction term that is proportional to the
integral of output error y — y. By the duality of the PI control, the PIO has been introduced
to offer certain degrees of freedom for the observer parameter selection to eliminate the static
estimation error. Let us consider the following linear system:

&t = Az + Bu+d(1), (1.54a)
= (Cuz. (1.54b)

where d(t) is the disturbance.
For system (1.54), by using the PO (1.7) we obtain the following estimation error dynamic:

e = I —uz,

= (A—-K,C)e—d(t). (1.55)

Matrix K, can be determined such that system (1.55) is asymptotically stable. Then by applying
Laplace transform to equation (1.55), we have

E(s) = [sI — (A — K,C)] "' [e(0) — D(s)], (1.56)

where ¢(0) is the initial condition. E(s) and D(s) are the Laplace transforms of e(t) and d(¢).
Assume that d(t) is a step function, which is expressed as

dt) =d, V>0, (1.57)

where d is the amplitude of step function d(¢).
In this case, the Laplace transform of d(s) is

D(s) = g

Since matrix (A — K,C) is invertible, by applying the final value theorem, the steady state error
is expressed as

epo(00) = ll_% sE(s),

= lims[s] — (A — K,O)] " [6(0) - d] :

s—0 S

= lim[s] — (A — K,C)] " [se(0) — d],

s—0

= (A-K,C) 'd. (1.58)

16
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One can see from equation (1.58) that in the presence of disturbance d(t) (1.57), there is a static
error (A — K,C)~'d in the estimation of the PO.
Now, for system (1.54) let us consider the following PIO:

& = Ai+4 Bu+ Ky(y—19)+ Kinv, (1.59a)
b= y—1, (1.59b)
g = C%, (1.59¢)

where v € PP is an auxiliary integral vector of output error. K, and Kj;, are unknown matrices
and of appropriate dimensions to be determined. One can see from equations (1.59) more
clearly that there is another gain Kj,, which is proportional to the integral term of output error
in the PIO, compared with the PO (1.7).

By using the PIO, we obtain the following system for the estimation error e:

¢ = (A—K,C)e+ Kiv — d(t), (1.60a)
o = —Ce. (1.60b)

Then, matrices K, and K, can be determined such that system (1.60a) is asymptotically stable.
Furthermore, by applying Laplace transforms to system (1.60), we have

sE(s) = (A—-K,C)E(s)+ K,V (s) — D(s) + €(0), (1.61a)

V(s) = v0) = OB(s) (1.61b)

S

where V (s) is the Laplace transform of v(¢) and v(0) is the initial condition.
From equation (1.61a), we obtain

E(s) = [sI — (A — K,C)] ' [KinV (s) — D(s) + e(0)] . (1.62)

In this case, by applying the final value theorem, the steady state error is given by

epio(00) = 21_{% sE(s),

= lims[s] — (A — K,C)] ' [KinV(s) — D(s) + e(0)]

s—0

= lim [s] — (A — K,0)] " [sKiV(s) — sD(s) + se(0)],

s—0

= —(a- K0 [imsKiV(s)| - a}, (1.63)

From equation (1.63), it is obvious that the steady state error equals to zero if the following
condition is satisfied

lim sK;,V (s) = d. (1.64)
s—0

With the above results, one can see that the PIO can eliminate the influence of disturbance d(¢)
(1.57), by adding an integral term v.
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Ever since the PIO was firstly proposed by Wojciechowski for single-input single-output (SISO)
linear systems [128], the effectiveness of the PIO has been proved in many fields. For example,
the PIO was developed for multivariable systems with step disturbances in [11, 104]. In [19],
the authors proved the better performance of the PIO to attenuate both measurement noise and
modeling errors for linear systems, compared with the PO. In [2], a PIO was designed to estimate
simultaneously the sensor fault and the unknown input for linear descriptor systems. Through
the pole placement algorithm, both full- and reduced-order PIOs were designed for unknown
inputs descriptor systems in [65]. Based on Lyapunov technique, the PIO design problem was
solved for T-S fuzzy systems subject to unmeasurable decision variables in [137].

1.2.8 Dynamic observers

From the previous introduction of observers, one can see that the observer design procedure is
dual to the control design. For example, the determination of matrix K, in PO (1.7) is dual to
the design of static state feedback control (1.4). In the past decades, several observers design
have been proposed, which are dual to the proptional control.

Recently, an alternative observer structure has been proposed by the duality of dynamic control.
To distinguish the proposed observer from the classical observer, the new observer is named DO.
For system (1.6), let us consider the following dynamic control [109]:

A= Ty Ty, (1.65a)
u = Puy+ PpA, (1.65b)
where A € R" is the controller state. Matrices ¥,, ¥y, ®, and ®;, are unknown and of

appropriate dimensions to be determined.
By inserting the control (1.65) into system (1.6), we obtain the following closed-loop system:

i = (A4 B®,0)z+ BBy, (1.66a)
N = W.Cx+ T (1.66b)

In this case, the design problem of dynamic control (1.65) is reduced to determine the parameter
matrices ¥,, ¥y, ®, and Py, such that system (1.66) is asymptotically stable.

By the duality of dynamic control (1.65), the author of [94] proposed the following DO struc-
ture:

i = AZ+ Bu+9, (1.67a)
§ = Ci, (1.67b)
0 = av+bn, (1.67¢)
6 = cv+dn, (1.67d)
n o= y-y (1.67¢)

where v is an auxiliary vector and 6 is the observer gain. Matrices @, b, ¢ and d are unknown
and of appropriate dimensions to be determined.

One can see from the above equations that different from the static gains K, in the PO, or K,
and K, in the PIO, the proposed DO structure introduces the dynamic L4(s) in the observer
gain, which is expressed as

La(s) =0 = —[d+¢(sI —a)~'b|Ce.
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By using the DO (1.67) for system (1.54), we have

¢ = (A—dC)e+cv—d(t), (1.68a)
v = —bCe+ av. (1.68b)

Then matrices @, b, ¢ and d can be determined such that system (1.68) is asymptotically stable.
Subsequently, by applying Laplace transform to system (1.68), it follows that:

sE(s) = (A—dC)E(s) +¢eV(s)— D(s) + e(0), (1.69a)
sV(s) = —bCE(s)+aV(s)+v(0). (1.69b)

From equation (1.69a), we have
E(s) = [sI — (A—dC)] " [éV(s) — D(s) + €(0)]. (1.70)
In this case, by applying the final value theorem, the steady state error is given by

edo(00) = ;I_I}(l) sE(s),

= lims[sI — (A—dC)] " [eV(s) — D(s) + ¢(0)],

s—0

— lim [s] — (A —dC)] " [seV(s) — sD(s) + se(0)],

s—0

= —(A-do)t { [g% sa/(s)] - d} . (1.71)

One can see from equation (1.71) that the steady state error equal to zero if the following
condition is satisfied

lim s¢V (s) = d. (1.72)

s—0

From the above discussion, one can see that similar to the PIO, the DO can eliminate the effect
of disturbance d(¢) (1.57), by adding an integral term v.

Furthermore, due to that there are four parameter matrices in the structure, the DO offers more
extra degrees of freedom over the PIO, which can be shown to be useful in many cases, such
as observer design by pole placement in some region of the complex space and by adding other
performances.

The concept of including additional dynamics in observers was attempted in [48], where the
authors put stable dynamics into the classical observer. Then, the preliminary version of this
structure was presented by Park [94, 93]. In [22], the design problem of dynamic observer-
based control for a class of uncertain linear systems were solved by using LMI optimization
approach. The study of [72] was concerned with the design of dynamic observer-based robust
control for linear systems by introducing a weighting matrix.

To the best of the author’s knowledge, the design problem of DO for linear systems has not been
fully investigated so far, and still remains an open and unsolved problem. This topic will be
investigated further in this thesis.
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Chapter 1. Introduction

1.3 Large scale system and decentralized observers

In the past several years, the study of large systems has become a hot topic in the science
research (see [6, 14, 23, 47, 51, 60, 69, 87, 102, 108, 120, 134] and references therein). This
growing interest comes quite naturally from the relatively rapid expansion of our societal needs.
In order to meet this need, it is natural that a great many systems are combined into a large one
to realize more functions and enhance the competitive ability.

Take the electrical grid for example ([12] and [91]). An electric power system is a network
of electrical components, which is used to generate, transmit and consume electric power. Let
us consider an electric power system that supplies a region’s homes and industries with power,
which is shown in Figure 1.4.

Power System 4 subsystems

Figure 1.4: Electric Power System

One can see from Figure 1.4 that this power system is composed of four systems: the generators
that supply the power (s;), the transmission system that carries the power from the generating
centers to the load centers (s2), the distribution system that feeds the power to nearby loads
(s3) and the loads such as homes and industries (s4).

The combination of different systems results in the expansion of system scale and then there
appears the conception of large-scale system (LSS). The notation of LSS is applied to indicate
such a kind of systems which have large dimensions and variables, complex structures (more
links, more hierarchical or complicated relationship), target diverse, and can be considered as a
group of small subsystems.

1.3.1 Large-scale system

Generally speaking, there are three essential factors of LSS:

1. Decomposing;
2. Complexity;

3. Loss of centrality.

We will give detailed descriptions of the three factors in the following sections.
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1.3. Large scale system and decentralized observers

1.3.1.1 Decomposing

First of all, one can see from the previous introductions that an LSS is of large dimension, i.e.,
it contains a large number of variables, or subsystems. Furthermore, these subsystems can be
always coupled to many sub-subsystems. Thus, when we study an LSS, it is hard to consider
all the subsystems as a whole system and design a controller for this system, due to the huge
computation amount resulting from the large number of variables. In this case, in order to solve
the control problem of LSS, we can firstly decompose an LSS into a set of small subsystems of
lower dimensions.

Therefore, the first factor of LSS is decomposing, that is, the LSS can be decomposed into several
subsystems. It can be illustrated through the following example. In Figure 1.5, we can see that
an LSS has been decomposed into 7 interconnected subsystems (s1, s2, ..., s7).

_

-

large-scale system

4 —g—4

/
688

subsystems

Figure 1.5: Large-Scale System

1.3.1.2 Complexity

On intuitive grounds it seems evident that without a connective structure, there would be no
system at all, due to that the very essence of system concept relates to the notion of “something”
being connected to “something” else. In the system analysis literature, there can be little doubt
that the most overworked and least precise is the description “complexity”, which is caused by
the connectivity. Therefore, the complexity is another essence of LSS.

Let us return to Figure 1.5. One can see from Figure 1.5 that the output of subsystem s3 has
connections with subsystem s7, but subsystem s3 cannot obtain informations from subsystem
s7, since this connection is one-direction. On the other hand, although some subsystems do
not have direct connections between each other, they can also communicate with other subsys-
tems. For example, subsystems s; and sg can both influence subsystem s3 through subsystem ss.
Subsystem s; can influence subsystem s7 through subsystems s» and s3.
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Chapter 1. Introduction

1.3.1.3 Loss of centrality

The third factor is based on the notion of centrality. Given a system, the normal way is to
design a central control by considering the system as a whole one. Unfortunately, as mentioned
previously, it is difficult to design a central control for LSS due to the complexity, although the
capability of data processing has been improved a lot in recent years.

In order to deal with the complexity, we can firstly decompose the LSS into a group of inter-
connected small subsystems according to the decomposition method. Then we can control each
subsystem. In this case, it is observed that the overall system is no longer controlled by a single
control but by several controls that all together represent a decentralized control, which means
the failure of central concept. In summary, the third factor of LSS is that the concept of centrality
fails in the study of LSS.

By considering the three factors of LSS, a large-scale linear system can be represented by the
following state space representation:

S: x = Ax-+Bu, (1.73a)
y = Cx. (1.73b)

Assume that system S is composed of r interconnected subsystems, and the i-th subsystem S; is
represented by

Si: X3 = Aix;+ Bu; + Z Ainj, (1.74a)
I
7j=1

yi = CiXi, (174]3)

where x; € R", u; € K™, y; € RPi are the state, the input and the output of the i-th subsys-
tem, respectively. Matrices A;, A;j, B; and C; are known and of appropriate dimensions. The
interconnection matrices A;; represent how subsystem S; affects subsystem S;.

1.3.2 Decentralized observers

One can see from the previous sections that due to the three factors of LSS, the traditional mod-
eling method, control method, and optimization method fail to give reasonable solutions with
reasonable efforts in study of LSS. Consequently, the decentralized control has been developed
to solve the control problem of LSS.

The decentralized control is derived from the decentralization, which is one method used to treat
the interconnection of LSS [7, 20, 45, 68, 86, 111, 132]. By using decentralization method, we
can decompose the LSS into several subsystems which have week interconnections, then the
interconnections of subsystems can be eliminated. In the decentralized control system, each
subsystem can only gain part of the information of the whole system, and operate and manage
only a subset of system variables.

Let us consider the following LSS, which is composed of N subsystems and the i-th subsystem
is expressed as

T; = Aixi+Biui+hi(t,x), (1.75a)
Y = C’ixi, i:1,...,N, (1.75]3)

where z; € R"™, u; € R™ and y; € RPi are the system state, the control input and the output,
respectively. A;, B; and C; are known constant matrices and of appropriate dimensions.
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1.3. Large scale system and decentralized observers

h;(t, z) represent the interconnections of other N — 1 subsystems with the i-th subsystem, which
is assumed to satisfy the following quadratic constraint:

hE(t, z)hi(t, ) < a22” H] H;z, (1.76)

where scalers a; are bounding parameters and matrices H; € 9R%*" are constant bounding
matrices.

With the representation of subsystems (1.75), the global system is characterized by the following
state representation:

& = Az + Bu+ h(t,x), (1.77a)
= (ur, (1.77b)
where
r € R"(n = Ez 1M, T [x{, ]T),
u € R™(m = Zz 1M, U= u ) uN]T),
y e R (p =3 piy=[y],. ',yN] ),
h(t,z) = [h] (t,2),. .., hi(t,2)]".

Matrices A = dz’ag(AZ), = diag(B;) and C = diag(C}).
The interconnections h(t, z) are assumed to satisfy the following quadratic constraint:
RY(t,z)h(t,x) < 2T HT O 1 Hz (1.78)

where H = [H{,...,HY] isal x n matrix (I = 1, L), ¥ = diag(¢nl,, ..., ¥n1,) and
i = oy

Next for system (1.77), let us consider the flowing decentralized observer-based control:

U Ky.z, (1.79a)
i = Ai+4 Bu+ Ky —19), (1.79b)
g = Oz, (1.79¢)
where 2 = [#T,... 2117 and § = [97,...,9%]". K = diag(Ky.,) and K4, = diag(Kg,,) are

the control and observer gain matrices to be designed and of appropriate dimensions.
By inserting control (1.79a) and observer (1.79b) into system(1.77a), we obtain the following
system:

Nde = AdeNde + P, (1.80a)
y = CacNdes (1.80b)
where )
Ik
Nde = _6 y
_ [ Ata)
hdc - —h(t,.l‘):|’
A+ BKy, BK,.
Adc -
0 A— BKy,
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Chapter 1. Introduction

In this case, the decentralized observer-based control design problem is reduced to study system
(1.80). One can determine matrices K4 and Ky, by making the closed-loop system (1.80)
stable, based on the separation principle.

The applications of decentralized observer-based control can be found in many fields. For exam-
ple, the authors designed a decentralized observer-based control for linear plants, via a shared
communication network in [10]. The authors of [38] presented an observer-based decentral-
ized control scheme for stability analysis of networked systems. In [67], a decentralized fuzzy
observer-based control for large systems was presented. The reduced-order observer-based de-
centralized control design problem was solved by using LMI approach in [74]. The focus of
paper [118] was on the design of a decentralized observer-based tracking control for a class of
uncertain systems.

1.4 Background

In this section, we give some useful lemmas and theorems which will be used later.

1.4.1 Controllability and Stabilizability

Firstly, let us turn to some very important concepts in linear system theory [148].
Definition 1.4.1. System (1.6), or the pair (A, B) is said to be controllable, if for any initial state
x(0) = xo, t1 > 0 and final state x1, there exists an input u(.) such that the solution of (1.6)

satisfies x(t1) = x1. Otherwise, the system is said to be uncontrollable.

Theorem 1.4.1. The following are equivalent:

(1) System (1.6) is controllable or the pair (A, B) is controllable;
(2) The controllability matrix M. = [B- AB ... A""'B] has full row rank;

(3) The matrix [\I — A B] has full row rank for all X € F..

Definition 1.4.2. An continuous-time system & = Ax is said to be stable if all the eigenvalues of
A are in the open left half plane., i.e., ReA(A) < 0. A matrix A with such a property is said to be
stable or Hurwitz.

Definition 1.4.3. System (1.6) or the pair (A, B) is stabilizable if A + BF is stable for some F.

Theorem 1.4.2. The following are equivalent:

(1) System (1.6) is stabilizable or the pair (A, B) is stabilizable;
(2) The matrix [\I — A B] has full row rank for all ReX > 0;
(3) There exists a matrix F' such that A+ BF' is Hurwitz.
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1.4. Background

1.4.2 Observability and Detectability

Definition 1.4.4. The dynamical system (1.6) or the pair (C, A) is said to be observable if for any
time t; > 0, the initial state x(0) = xy can be determined from the time history of the input u(t)
and the output y(t) in the interval of [0, t;]. Otherwise, system (1.6) is said to be unobservable.

Theorem 1.4.3. The following are equivalent:

(1) System (1.6) is observable or the pair (C, A) is observable;

C
CA
(2) The observability matrix M, = . has full column rank;
cAr1

AM—-A

(3) The matrix [ c

] has full column rank for all A € F..

Definition 1.4.5. System (1.6) or the pair (C, A) is detectable if A+ LC is stable for some L.

Theorem 1.4.4. The following are equivalent:

(1) System (1.6) is detectable or the pair (C, A) is detectable;

(2) The matrix [)\I c

] has full column rank for all ReX > 0;

(3) There exists a matrix L such that A + LC is Hurwitz.

1.4.3 Schur complement lemma

[42] For any symmetric matrix M of the following form:

A B
v=lar 2]
1. If C is invertible, then the following statements hold

(1) M >0, ifand onlyif C > 0and A — BC~'B” > 0.
(2) If C > 0, then M > 0 if and only if A — BC~'BT > 0.

2. If A is invertible, then the following statements hold

(1) M >0ifand onlyif A > 0and C — BTA"'B > 0.
(2) If A >0, then M > 0ifand onlyif C — BTA"'B > 0.
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1.4.4 Lyapunov stability of linear systems

1. [107] For the following linear continuous-time system:

X = Ax, (1.81a)

y = Cx, (1.81b)
let us consider the following Lyapunov function:

V =x"Px, (1.82)
where matrix P > 0.
Then the derivative of V is given by

V = xTPx+xTPx,
xT(ATP 4+ PA)x. (1.83)

In this case, system (1.81) is said to be asymptotically stable in the sense of Lyapunov if
and only if there exists a matrix P > 0 satisfying V < 0, i.e.,

ATP + PA <. (1.84)

2. For the following linear discrete-time system:

x(k+1) = Ax(k), (1.85a)
yv(k) = Cx(k), (1.85b)

let us consider the following Lyapunov function:
V (k) = xT(k)Px(k), (1.86)

where matrix P > 0.
Then the discrete evolution of V is given by
AV(k) = V(k+1)-V(k),
xT(k)(ATPA — P)x(k). (1.87)

In this case, system (1.85) is said to be asymptotically stable in the sense of Lyapunov if
and only if there exists a matrix P > 0 satisfying

— P+ APAT <. (1.88)

1.4.5 Bounded real lemma

Lemma 1.4.1. [16]. The continuous-time ystem (1.1) is asymptotically stable for u = 0 and
|ITuy||~ < 7 for u # 0, if and only if there exist a matrix X > 0 and a positive scalar ~ such that
the following LMI holds

T T T
[A X+XA+C'C C D—i—XB} 0. (1.89)

BTX +DTC DTD —~%]

Lemma 1.4.2. [16]. The discrete-time ystem (1.2) is asymptotically stable for u = 0 and | Tuy||c <
~ for u # 0, if and only if there exist a matrix X > 0 and a positive scalar ~ such that the following

LMI holds .
A BIM[x 0][4 B] _[Xx 0
o o [ Tlle o <[ ) (50
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1.5 Structure of the thesis

The objectives of this dissertation are:

1. Propose a new form of H,, DO (HDO) for both continuous-time and discrete-time linear
systems in the presence of disturbances and unknown inputs;

2. By inserting the HDO into closed-loop, an observer-based control is proposed for uncertain
systems in the presence of disturbances;

3. By extending the obtained results to LSS, solve the decentralized observer-based control
design problem of large-scale uncertain systems in the presence of disturbances.

The thesis is organized as follows: Chapter 1 is devoted to a presentation of background philos-
ophy of our research work. In particular, we give an introduction to the observer firstly. Several
kinds of observers for linear systems are presented. Then, we introduce the LSS and decentral-
ized observer-based control. Thereafter, we give some lemmas and theorems that will be used
in the following chapters.

Chapter 2 concerns the observer design problem for linear systems with unknown inputs and
disturbances. For these systems, we propose a new form of HDO, which generalizes the re-
sults on the existing observers such as PO and PIO. Based on the parameterization of algebraic
constraints obtained from the analysis of the estimation error, the observer design problem is
reduced to the determination of one parameter matrix. Then the determination problem is for-
mulated as an optimization problem in terms of LMIs. Both continuous-time and discrete-time
systems are considered. Numerical examples are presented to illustrate the design procedure
and the performances of the proposed HDO.

Furthermore, it is shown that the HDO design problem of uncertain systems in the presence
of unknown inputs and disturbances can be transformed into an observer design problem of
descriptor systems.

In Chapter 3, an observer-based control is proposed for uncertain system in the presence of
disturbances, based on the HDO presented in Chapter 2. The uncertainty is time varying and
assumed to be norm bounded. By using Lyapunov function approach, the control design problem
is formulated as a bilinear matrix inequality (BMI) optimization problem. A two-step algorithm
is proposed to transform the BMI into an LMI. A numerical example is presented to show the
performance of the proposed observer-based control.

Both the results of Chapters 2 and 3 are extended to LSS in Chapter 4. For the large-scale
uncertain systems in the presence of disturbances, we propose an H,, decentralized dynamic-
observer-based control. These systems are composed of a set of subsystems, where the intercon-
nections are assumed to be nonlinear and satisfy quadratic constraints. The control design is
derived from the solution of BMI. A numerical example is presented to illustrate the performance
of the proposed control.

In Chapter 5, the conclusions of our research work are presented and some perspectives for the
future work are proposed.
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Chapter 2. New H,, dynamic observer design

2.1 Introduction

In this chapter, we will study the observer design problem for linear systems in the presence
of disturbances and unknown inputs. By investigating the results on the existing observer such
as PO, PIO and DO, we propose a new form of HDO. The popularly used PO and PIO can
be considered as the particular cases of this observer. The observer design problem is solved
by using the LMI optimization method. Both continuous-time and discrete-time systems are
considered.

This chapter is organized as follows: Section 2.2 is dedicated to investigate the observer design
problem for continuous-time systems. The observer design problem for discrete-time systems
is solved in section 2.3. Section 2.4 is dedicated to address the observer design problem for
uncertain systems. In section 2.5 some conclusions are given.

2.2 A new H, dynamic observer design for continuous-time sys-
tems

In this section, we will discuss the observer design problem for continuous-time systems. Let us
consider the following linear system in the presence of unknown inputs and disturbances:

& = Ax+ Bu-+ Ld-+ Dw, (2.1a)
= Cz+ Ew, (2.1b)

with the initial state 2(0) = xo. € " is the state vector, u € SR™ is the input vector, d € R! is
the unknown input vector, w € SR/ is the disturbance vector of finite energy and y € %P is the
output vector, with [ < p. Matrices A, B,C, D, E and L are known constant and of appropriate
dimensions.

Remark 2.2.1. The description of system (2.1) in the presence of unknown inputs and disturbances
is general. In fact when the unknown input also affects the measurement y, we have the following
description:

& = Ax+ Bu-+ Ld—+ Dw, (2.2a)
= Cx+ Ld+ Ew, (2.2b)

where matrix L is known constant and of appropriate dimension.
Assume that rank L = 11 < I, in this case there exist two nonsingular matrices U and V such that:

Then by pre-multiplying equation (2.2b) with matrix U, we obtain

Uy=UCz+ ULd+ UEw. (2.3)
Assume that
Y1
Uy = ,
Y L/z]
_ |G
ve - [ CJ |
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2.2. Anew H,, dynamic observer design for continuous-time systems

_ |4
Vvd = { dj ,
_ |E
|
then equation (2.3) can be rewritten as
1 = Ciz+di+ Fiw, (2.4a)
Y2 = CQQ? + EQ'LU, (24b)

From equation (2.4a) we derive the following equation of d;:
di =y — Cix — Fhw. (2.5)
On the other hand, since matrix V' is nonsingular, let also
Lv='=[Ly Ly,
then we obtain the following result about equation (2.2a):

& = Ax+ Bu+ LV~ 'Vd+ Dw,
= Az + Bu+ Lidy + Lads + Dw. (2.6)

Inserting equation (2.5) into equation (2.6) yields

t = Ax+ Bu-+ Liyy1 — L1Cixz — L1Eiw + Lods + Dw,

= (A — LlCl)x + [B Ll] |:;1:| + Lody + (D — LlEl)w. 2.7)

Consequently, system (2.2) can be written as
z = Aix+ Biuy + Lody + Diw, (2.8a)
Y2 = Cox + Eyw, (2.8b)

where matrices

A = A— L0,
Bl = [B Ll] )

ur = s
Y1

Dy = D-141F;.
One can see that system (2.8) is in the form (2.1). [ ]

In our thesis, for system (2.1), we propose a new form of HDO. Let us consider the following
observer:

2 = Fz+Jy+Tu+ Mo, (2.9a)
v = Pz4+ Qy+ Gu, (2.9b)
z = Rz+ 95y, (2.90)

where z € 917 is the state vector of the observer, with n —p < ¢ < n, v € R? is an auxiliary vector
and £ € R" is the state estimate. Matrices F,J,T, M, P,Q,G, R and S are unknown and of
appropriate dimensions to be determined. Here the auxiliary vector v is similar to the additional
term w(t) in PIO [11], which is used to realize the steady state performance.
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Remark 2.2.2. Note that observer (2.9) is in a general form and generalizes the existing ones such
as PO, PIO and DO:

1. In fact, for matrices M = 0, P = 0, = 0 and G = 0, we obtain the following PO:

z = Fz+Jy+Tu, (2.10a)
& = Rz+ Sy. (2.10Db)

2. For matrices P = —CR,Q = I, — CS and G = 0, we obtain the following PIO:

z = Fz+Jy+Tu+ Mo, (2.11a)
v = y—Cg, (2.11b)
T = Rz+ Sy. (2.110)

3. Formatrices F=A—-DC, J=D,T =B, M =C, P=BC, Q = B and G = A, we obtain
the following DO:

& = Ai+ Bu+¢, (2.12a)
v = Av+ By, (2.12b)
¢ = Cv+ Dy, (2.120)
u o= y—14. (2.12d)

[

The observer (2.9) aims to estimate the state of system (2.1), therefore our research is focused
on the estimation error e (e = & — x) and the observer design problem is to determine all the
parameter matrices F, J, T, M, P,Q,G, R and S of observer (2.9) such that:

(1) For the disturbance w = 0, the estimation error e(¢) — 0(e(t) = e) for time ¢t — oc;

(2) For the disturbance w # 0, the Ho, norm [|Tyellco < 7;

(3) Decoupled the estimation error e from the unknown input d.

where T, represents the transfer function matrix from the disturbance w to the estimation error
e and + is a positive scalar.

2.2.1 Observer design for systems without disturbances

In order to solve the problem, we first solve the problem for the system without disturbances
(w = 0), then we will extend the result to the system in the presence of disturbances (w # 0).
Before solving the problem, we define an error variable as:

e=2z— ®x, (2.13)

where ® € R?*" is an arbitrary matrix. Then we can give the following lemma under the
assumption that w = 0:
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Lemma 2.2.1. For w = 0, observer (2.9) is an observer for system (2.1) if there exists a matrix ®

such that:

Fo—-®A+JC
oL

T—-®B
Po® 4 QC
R® 4 SC

and matrix

F M
Al:(P G

is Hurwitz.

)

o o o o

=

Proof. In the case where w = 0, from the definition of error ¢ we obtain

¢ = i-— di,

= Fz4+Jy+Tu+ Mv— PAx — ®Bu — ®Ld,
= F(z—®z)+ Fozx+ JCx + Tu+ Mv— PAx — PBu — PLd,
= Fe+ (F® — A+ JO)z — ®Ld+ (T — ®B)u + Mo.

Furthermore, from equations (2.9b) and (2.9¢) it follows that:

v = Pz+ Qy+ G,

Rz + Sy,

2>
|

= Re+ (RD+ SO)x.

P(z — ®x) + PPz + QCx + Gu,
Pe + (P®+ QC)x + G,

R(z — ®z) + R®zx + SCl,

(2.14a)
(2.14b)
(2.14¢0)
(2.144)
(2.14e)

(2.15)

(2.16)

(2.17)

One can see from equations (2.15) and (2.16) that the derivatives of error ¢ and auxiliary state
v are independent of the system state x, the input u and the unknown input d, if the following

conditions hold

Fo—-dA+JC
oL

T—-®B
P® 4 QC

On the other hand, if the following condition holds

R® + SC = I,

o o oo

from equation (2.17) we obtain the following expression of estimation error e:

e = Re.

(2.18)
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With these results, we have the following system:

e = Cin, (2.19b)

where

F M

C; = (R 0).

From equation (2.18) it is obvious that the estimation error e — 0 if the error ¢ — 0, when time
t — oo. Furthermore, from system (2.19) we can see that the error ¢ — 0 and the vector v — 0
when time t — oo, if and only if matrix A, is Hurwitz, which completes the proof. O

Remark 2.2.3. Notice that through Lemma 2.2.1, the estimation error e has been decoupled from
the unknown input d. [ |

Subsequently, the observer design problem for systems without disturbances is reduced to deter-
mine all parameter matrices of observer (2.9) such that algebraic constraints (2.14) are satisfied
and matrix A; is Hurwitz.

2.2.2 Parameterization of algebraic constraints

In this section, we shall present the parameterization for the algebraic constraints (2.14) in
order to reduce the number of parameter matrices needed to be determined. First of all, from
equations (2.14d) and (2.14e) we have the following equation:

(Z g) @) B (Ii) ' (2.20)

The necessary and sufficient condition for equation (2.20) to have a solution is that the following
rank condition must be satisfied:

i)
rank g = rank <g> =n. (2.21)
I

Assume that the rank condition (2.21) is satisfied, and let A € 239%™ be an arbitrary matrix of
full row rank such that:

rank (é) = rank (2) =n, (2.22)

then there always exist two parameter matrices ® and K such that:

<g> B (éq _If> <g> ’ (2.23)

34



2.2. Anew H,, dynamic observer design for continuous-time systems

or equivalently

®=A-KC,

since matrix <g> is of full column rank.

By inserting equation (2.23) into equation (2.20), we have

(x5 () (e)= ()

The general solution of equation (2.25) is given by

(& 9-[(2)r-mamre) 5 )

where matrices T = < ) and Z is an arbitrary matrix of appropriate dimension.

From equation (2.26), one can easily deduce matrices P, @, R and S as:

a9
(e el (7))
= —Z2f,

T 10)
()l 3))
= —Zaf,

e 9
R T LC)
= a1 — Z30,

w9
o) (s )

= g — Z302,

(2.24)

(2.25)

(2.26)

(2.27a)

(2.27b)

(2.27¢)

(2.27d)
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where matrices
(Zy=(I; 0)Z,

Zy=(0 I,)Z
I
— T+ q
a1 = T <0> s
ay = T+ <K ) , (2.28)
Ip

p1 = (Iq—irp - TT+) (%) )

B = (yrp — Y1) <g> .

Remark 2.2.4. From the expression of the estimation error (2.18) one can see that the estimation
error e — 0 when the error € — 0. Also we can show that the estimation error e is independent of
matrix R. Then we can take matrix Z3 = 0 and obtain matrices R and S as:

R = a, (2.29a)
S = as. (2.29b)
m

Secondly, from equations (2.14b) and (2.24), we have the following equation:
KCL = AL, (2.30)

which has a solution if and only if:

AL A
rank (CL> = rank [(C) L] =rank L = rank CL, (2.31)

which is the condition presented in [27].
In this case, one solution of equation (2.30) is given by

K = AL(CL)*. (2.32)

One can deduce matrix K from equation (2.32) when matrix A is chosen. Then matrix ® can be
determined from equation (2.24).

Remark 2.2.5. Notice that the determination of matrices ® and K is based on the condition where
there are unknown inputs, i.e., matrix L # 0. Next we will give the determination in the condition
where matrix L = 0. In this case, from equation (2.24) we have

— (L)
(@ K) <C> = A, (2.33)
which always has a solution since
I, I
rank | C | = rank < n) =n. (2.34)
A C
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In this case, one solution of equation (2.33) is given by

_ I\ "t
(@ K)=A(C> : (2.35)

I\t /I,
o — A<C> (0> 2.36)
_ I\ /0
K = A(C> <1p)' (2.37)

Obviously, one can also deduce matrices K and ® directly according to equations (2.36) and (2.37).

or equivalently

|
Subsequently, equation (2.14a) can be rewritten as:
F(AN-KC)—(A-KC)A+JC =0,
or equivalently
FA+(J-FK)C=(A—-KC)A,
which leads to
(F K1)T=0, (2.38)
with matrices
K, = J-FK, (2.39a)
© = (A-KO)A. (2.39b)
In this case, the general solution of equation(2.38) is given by
(F K1) =0T" - Zi(Ig4p — YY),
or equivalently
F o= 0 - 2l - TO] [
= a3 — 215, (2.40a)
Ko = 0T~ 2l - 100] | |
p
= a4 — 2103, (2.40Db)
where Z; is an arbitrary matrix of appropriate dimension and matrices
a3 =0OTT (%) ,
0y = O+ <0> , (2.41)
Ip
0
B3 = (Igsp — TT+) <I > :
\ p
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Then, from equations (2.39) and (2.40), we can deduce matrix J:

J = ?1 + FF,
= a4— 2183+ auK — Z1 35K,
= Oas — Z15s. (2.42)

From the above results one can see that matrix A is needed to be chosen according to rank
condition (2.22). Then once matrices Z;, Z5, M and G are determined, all the parameter
matrices of observer (2.9) can be deduced.

Furthermore, according to equations (2.27a) and (2.40a), the matrix A; of system (2.19) be-
comes

A, = <a3—Zlﬁ1 M>’

—Zp G
G- ) 2o
and system (2.19) becomes
= An, (2.44a)
e = Cin, (2.44b)

where matrices

Ay = Ap —ZAg,
(a3 0O
A = ( 0 O) ;
[z M
- (o)
_ (B O
Ap = ( 0 1)
Consequently, all the four parameter matrices Z;, Z5, M and G are included in matrix Z.
With all the above results we can see that in the case where the disturbance is missing (w = 0),
the observer design problem is reduced to study system (2.44), in other words, to determine
matrix Z such that system (2.44) is stable.

Before solving the design problem, we give the stability condition of system (2.44) in the fol-
lowing lemma:

Lemma 2.2.2. The necessary and sufficient condition for matrix A, to be Hurwitz is that the pair

[(601 OI ) , (Og} 8)} is detectable, or equivalently, for all the unstable eigenvalues \(ReX > 0)
—1

the following rank condition holds

A, —A —L\
rank < c 0 > =n+1 (2.45)
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Proof. From equations (2.22) and (2.30), it follows that:

rank(

rank

rank

rank

rank

rank

rank

rank

rank

rank

(

AL, — A

C

©

0

_OL>
e )

AN —-CA —-CL

C

I, 0 0 A —AA AL
0 I, -AL | [xc-ca —cL
00 I c
A —AA —AL

—CA —CL

C 0

0
0

A —AA AL)

0

0

/AA—[A— AL(CL)*C]A 0

—CA —CL
C 0

—CA —CL

A(I, 0)Y—erTtY 0 )

o o ob

A (I
—(

—[I, - CL(CL)*]CA 0

0
0
I, - CL(CL)* 0
Ip

C 0

0
(crn)*

0

0)—OeTHT 0
CL)*CA -1

C 0

If the rank condition (2.45) is satisfied, i.e.,

we obtain

rank

rank

A1, 0)—eTHT
—(CL)*CA
—[I, — CL(CL)*]CA
C

I, 0)—Or*T
—(CL)*CA
—[I, — CL(CL)*]CA
C

0

[ /I, —AL(CL)* 0\ /A —AA
I, 0 —CA
I, C

|

0
—I
0
0

0
—I

0

0

)

—AL
—CL
0

AI; 0)T—O7r*Y

—CA
c

=n+I,

=n+l1,

—CL
0

|
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< rank | —[I, — CL(CL)*]CA

(I, 0)—OrH]Y
[ =n
C )

cY+

)\(Iq 0) —OY*
& rank || —=[I, — CL(CL)T|CAYT | T| = rank Y.
According to [26], the above rank condition is equivalent to

AMI, 0)—oert
—[I, = CL(CL)"]CAY™
rank i =C é,ng) ¢ =q+tp

Igip = XYT

A, — OTF <%>

(I, - CL(CL)*|CAT* <{)'1)

& rank I =q
cr+(5)

Ty =107 ()

/\Iq — Q3
A
& rank | —[I, — CL(CL)T]CAY™ <I(;1> =q

I
+ q
o <0>
& rank <)\Iq . 043) =q.
A

Furthermore, we know that matrix Aj(A; = A1 —ZA2) is Hurwitz if and only if the pair [A12, A12]
is detectable, i.e., for all unstable eigenvalues A\(Re\ > 0)

My—az 0
rank 51 0 | =t+¢q
0 —1I;

& rank <)\Iq o ag) =q,
B

which is equivalent to

rank A=A —L =n+1
C 0o/ )

This completes the proof. O
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Now we give the following theorem to determine matrix 7Z:
Theorem 2.2.1. There exists a parameter matrix 7Z such that system (2.44) is asymptotically

stable if and only if there exist a symmetric positive definite matrix P and a matrix Y satisfying the
following condition:

ATP+PTA; — YA, —ALYT <. (2.46)
In this case, matrix Z is determined by 7 = P~'Y.
Proof. For system (2.44), let us choose the following Lyapunov function [107]:

V(n) =n"Pn, (2.47)

where matrix P = PT > 0.
Then the derivative of Lyapunov function V' (n) along the solution of system (2.44) is given by
V(n) = 0"Pp+n"Pi,
= 0" (A1 — ZA1) Py + " P(A1y — ZAgo)n,
= pT(ALP+PTA; — YA, — ALYy, (2.48)
with matrix Y = PZ.

One can see from equation (2.48) that V(n) < 0, in other words, system (2.44) is stable, if and
only if the following inequality holds

AT P+ PTA; — YA, — ALYT <0,
This completes the proof. O

Remark 2.2.6. The determination of matrix Z is independent of the choice of the generalized inverse
Y. The proof can be found in [29]. [ |

With all these results, the design procedure of the proposed observer for systems in the case
where w = 0 can be obtained as follows:

stepl. Choose matrix A according to rank condition (2.22);

step2. Compute matrices K, ® and © from equations (2.32), (2.24) and (2.39b);

step3. Compute matrices a1, as, a3, ag, 81, 82 and f3 according to equations (2.28) and (2.41);
step4. Compute matrix Z according to Theorem 2.2.1;

step5. Deduce all the parameter matrices of observer (2.9) according to equations (2.27),
(2.40), (2.42) and (2.14c).
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2.2.3 Observer design for systems in the presence of disturbances

In this section, based on the previous results for systems without disturbances, we will design
an HDO for systems in the presence of disturbances. Let us reconsider the linear system (2.1)
and observer (2.9) in the case where w # 0.

According to Lemma 2.2.1, the derivative of error ¢ is given by

¢=Fe+ Mv+ (JE —PD)w. (2.49)
Furthermore, the derivative of vector v becomes
v = Pe+ Gv+ QFEw, (2.50)
and the expression of estimation error e becomes
e = Re + SEw. (2.51)

In this case, we obtain the following system:

G = A +Byw, (2.52a)
e = Ci¢i + Dyw, (2.52b)
where
€
<1 — (U>a
JE —®D
b= ( QE )
D; = SE.

Remark 2.2.7. According to Remark 2.2.4, we take matrix Z3 = 0 in the case where w = 0. In
the case where w # 0, if we do not fix matrix Zs = 0, matrices R and S become

R = a1 — Z3pu,
S = ag— Z3P.

Consequently, matrices C; and Dy become

Ci = Cy1 — Z3Cyy, (2.54)
with
Cn = [ 0],
Cie = [B1 0],
D1 = Dy — Z3Dsg, (2.55)
with
D11 = ook,
D12 = pF.
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According to bounded-real lemma [16], one can know that system (2.52) is asymptotically stable
forw = 0and || Tye|loo < 7y for w # 0, if and only if there exist a symmetric positive definite matrix
X and a given positive scalar ~ such that the following LMI is satisfied

<A1TX + XA +CTC; XBy + C?th) <0 (2.56)

(XBy)T +DICy DTDy —~21¢
By inserting matrices C; and D, into LMI (2.56), we obtain
(C{]D)l = (C{lDll — Clengg — (CI{QZ?T]D)H + (C,{QZngDlQ,

In this case, LMI (2.56) becomes a BMI. In order to avoid this bilinearity and simplify the compu-
tation, in the case where w # 0 we fix matrix Zs = 0 and matrices R and S are given by equations
(2.29). [ |

Remark 2.2.8. According to the previous parameterization results, we can rewrite all the matrices
A4, By, C; and D of system (2.52) as follows:

Ay = Ay —ZAq,
By = By — ZBio,

_$D +Or+ <K> E

By = I,
0
_ (BE
B2 = <0 ;
(Cl = (Ot1 0),
D = k.

With all the above results, the design problem of the proposed HDO for the system in the pres-
ence of disturbances and unknown inputs is reduced to the analysis of system (2.52), in other
words, to the determination of matrix Z such that:

1. For w = 0, system (2.52) is asymptotically stable;
2. For w # 0, the Hy, norm || Tyel/so is minimized.
Subsequently, we can give the following theorem to determine the parameter matrix Z:

Theorem 2.2.2. There exists a parameter matrix Z such that system (2.52) is asymptotically stable
forw = 0and || Tye|loo < 7y for w # 0, if and only if there exist a symmetric positive definite matrix
X, a matrix Y and a positive scalar + such that the following LMI is satisfied

XAH + A’ﬂX — YAIQ — (YAlg)T + C{Cl XBi1 —YBs + (C?]D)l

< 0. 2.57
(XBH — YBU)T + D{Cl D{Dl — ’ysz ( )

In this case, matrix Z is given by Z = X 'Y

Proof. Insert the matrices of Remark 2.2.8 with their values into LMI (2.56) and define matrix
Y = X7, then we can obtain LMI (2.57), which completes the proof. O
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Occasionally, the solution of LMI (2.57) leads to matrices M = 0,P = 0 and @ = 0. In this
case, the obtained observer is of the PO type. Considering the shortcoming of PO, we propose
the following theorem to derive the general solution:

Lt
0
matrix Z such that system (2.52) is asymptotically stable for w = 0 and ||Tye|lco < 7y for w # 0, if
and only if there exist a symmetric positive definite matrix X and a positive scalar ~ such that the

following LMIs are satisfied

Theorem 2.2.3. Let matrices B = and ¢ = (Alg Blg) , then there exists a parameter

DID;, —~%I <0, (2.58a)
¢TLQeT T < o, (2.58b)

where matrix

0 <XA11 +Al X +CTCy XBy + C?H%) . (2.59)

B%X + D?C1 D?Dl - ’}’2If

Suppose that the above statements hold, let matrices (8;,8,) and (¢, €,.) be any full rank factors
of matrices B and €, i.e. B = BB, and ¢ = §C,.
In this case, matrices Z. = X 'Y and Y is given by

Y =B K& +3 - 3¢¢, (2.60)
where 3 is an arbitrary matrix and
K2 —R'SeT (¢, el + sV2L (e, el 12, (2.61)

SR —R7[® - ol (¢, pel) e, PR, (2.62)

L is an arbitrary matrix such that |L|| < 1 and R is an arbitrary positive definite matrix such that:

LR I-Q) >0 (2.63)
Proof. We can rewrite LMI (2.57) as:
II XBy; — YBio + CTDy <0
BL, X —-BLYT +DTCy DTDy —~21¢ ’
& Q+3Ye+ (Yol <o, (2.64)

where matrices

M= XA +ALX YA, - ALYT + Cfey,
XA+ AT X +CTC; XByj +CTDy
Q= T T . A2 )
BT, X +DTC, DI'D; — 421,

B = <_%+t> and € = (Alg 15312) .

According to [106], matrix inequality (2.64) is equivalent to

BB <0, (2.65a)
¢TLQeT+T < . (2.65b)
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In this case, matrix Y can be obtained by:
Y =B K +3 - B,B,3¢¢, (2.66)
where 3 is an arbitrary matrix and
K2 —R'8/de? (¢, del) ! + SV2L(e,del) "1/, (2.67)

S£R RSB/ [® - o¢l (¢, d¢l) e, 0B R, (2.68)

L is an arbitrary matrix such that |L|| < 1 and R is an arbitrary positive definite matrix such that:

oL (BRIB -Q) > 0. (2.69)
Furthermore, since matrix 8 = <_%+t), we obtain the following results:
B = (0 1),
By = Igrivss
B _ —Igyt (2.70)
T 0 Y

B = (—Igrt 0).

Replacing matrices (2.70) into equations (2.66)-(2.68) and inequality (2.69) leads to equations
(2.60)-(2.62) and inequality (2.63). In this case, matrix inequalities (2.65) become (2.58). The
proof is completed. O

Remark 2.2.9. In Theorem 2.2.3, matrices 3, L, R can be chosen by adding additional constraints,
such as the pole location of observer in special region of complex plane. If there is no extra additional
constraints, matrices 3, I, R can be chosen according to Theorem 2.2.3.

Now, with all the above results, the design procedure of the HDO for systems in the presences
of disturbances and unknown inputs can be summarized as the following algorithm:

stepl. Choose matrix A according to rank condition (2.22);

step2. Compute matrices K, ® and © from equations (2.32), (2.24) and (2.39b);

step3. Compute matrices o, as, a3, oy, f1, P2 and [3 according to equations (2.28) and (2.41);
step4. Compute matrices A1, A1s, B11, B12, C; and D, according to Remark 2.2.8;

step5. Compute matrices Q and X from Theorem 2.2.3;

stepb6. Choose matrices L, R and 3 according to Theorem 2.2.3 and compute matrix Y.

step7. Compute matrix Z from Z = X 'Y

step8. Deduce all the parameter matrices of observer (2.9) according to equations (2.27),
(2.40), (2.42) and (2.14c).
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2.2.4 Particular cases

As it is discussed previously, the proposed observer generalizes the results on the existing ob-
servers PO and PIO. Thus in this section, we shall show how to obtain the LMI formulations for

the two particular cases:

2.2.4.1 Proportional observer

As shown in Remark 2.2.2, the PO corresponds to matrices M = 0,P =0, =0and G = 0. In

this case, we obtain the following PO:

= Fz+Jy+Tu,
Rz + Sy,

SRR
Il

and system (2.52) becomes

(o = Al +Bow,
e = Co(e+ Dow,

where vector (, = ¢ and matrices

Ag = Aoy — ZoAgs,
Aoy = a3, Ay = [,

By = Bo1 — ZoBag,

Boy = Ol — ®D,Bos = Bo I,

Cy = a1,D9 = anE,

Lo = 7.

Consequently, matrices Q, B, € of Theorem 2.2.3 become

Q= (XA21 + AL X +CICy XBoy + CIDy
(XBQl + Cng)T DgDQ — ’)/2If

—1I
®» = ( OQ) €= (Az Ba).

The parameter matrix Z, can be determined by

Zo = XY,
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2.2. Anew H,, dynamic observer design for continuous-time systems

2.2.4.2 Proportional integral observer

As shown in Remark 2.2.2, the PIO corresponds to matrices P = —CR,(Q = I, — C'S, and
G = 0. In this case we obtain the following PIO:

2 = Fz+Jy+Tu+ Mo, (2.73a)
v = y-—Cf, (2.73b)
T Rz + Sy, (2.730)
and system (2.52) becomes
(3 = A3+ Bsw, (2.74a)
e = C3@+ Dsw, (2.74b)

€ .
where vector (3 = <v> and matrices

Az = Az — AzoZ3A33,

. as 0 o Iq o ﬁl 0
A:ﬂ—(_ca1 0)7A32—(0>,A33—<0 1)

B3 = B3 — B32Z3B33,

_ (OaE — ®D (] _(BE
B3 = <D2—Coz2E>’IB32_ <0>,B33—< 0 >7

Zs=(Z M).
Consequently, matrices Q, B, ¢ of Theorem 2.2.3 become

Q= <XA31 + Ag:lX + (Cg:@;g XBsy + CgD;;)
(XBs1 + CID3)T DID; — %1 )

~XA
%:( 0 32),@2:(A33 Bas) .

The parameter matrix Zs can be determined by
Zs =Y.
Furthermore, we can see that the orthogonal complement of matrix 95 is

gl (AnX~h 0
0 If)

In this case, we can use equations (2.66) - (2.68) and inequality (2.69) to obtain the parameter
matrices Y and Zs.
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2.2.5 Numerical example

In the previous sections, we have solved the design problem of HDO for linear systems in the
presence of disturbances and unknown inputs. In this section, a numerical example is presented
to illustrate the design procedure and its performances of the proposed observer. Let us consider
a system of the form (2.1) with:

—2 2 1
A=|0 -3 21,

0 0 -1

1 0.1 0.1
B=|2|,F=105|,D;=|1],

1 1 0.5

C=[05 1 1],Dy=[1].
The initial conditions are z1(0) = 1, 22(0) = 1.1 and x3(0) = 0.5.

2.2.5.1 Observer design

For the above system, we design an HDO by using the previously proposed method. According
to the design procedure, we first choose matrix

0 0 1
A=1|1 2 1},
210
according to rank condition (2.22).
Then by choosing matrices
3 = 07
1 0 00
01 00
R = 465% 0 o 1 ol
0001
1 1 1
1 11
L = 01x 11 1|
1 11
we obtain the following results:
0.6470 0.3359  0.0352 0
0.3359 0.6470 —0.0352 0
X = 10.0352 —0.0352 0.2385 0 ,
0 0 0 0.9829

0 0
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—0.3601 1.8232 0.7841 0.7315 —0.0000
Y = 1.0eT13 « 0.0523 —0.2650 —0.1140 —0.1063 —0.0000
- 0.1899 —0.9616 —0.4136 —0.3858 —0.0000] "’
—0.1539 0.7791  0.3351  0.3126  —0.0000
~0.9358 4.7378  2.0376  1.9010 —0.0000
7 — 1.0eT13 x 0.6227 —3.1524 —1.3558 —1.2649 —0.0000
- 1.0265 —5.1966 —2.2349 —2.0851 —0.0000
—0.1566  0.7927  0.3409  0.3181  —0.0000
v =0.9.
Consequently, the obtained HDO is given by
[—2.5340  0.8257 0.0 —0.7815
2, = | 21018 —1.2241 —0.0| z, + | 0.7920 |y
| —0.0627 1.4076 —3.0 2.4943
[—1.2581 —0.0529
+ | 1.2581 | w4 |—0.1506 | v,
| 2.4194 —0.4253
Vg = [—0.1060 —0.0889 0.0000] 2g +0.0053 y
+0.3205 vy,
0.3333  —0.3333  0.6667 0.0645
Ty = —0.6667  0.6667 —0.3333| z4 + |0.3226 | y.
0.8333 —0.1667 0.0000 0.6452

Remark 2.2.10. The obtained HDO is a full-order observer, for the dimension of observer ¢ = 3.
We can also design a reduced-order HDO by choosing q = 2, for the dimension of output is 1.

In order to give a comparison with PO and PIO, we also design a PO and a PIO, which are
designed under the same condition where v = 0.9.

The obtained PO is given by

[—2.2242
—0.7573
| —0.7076

[—1.2581
1.2581
| 2.4194

[ 0.3333
#, = |—0.6667
| 0.8333

1.5515
—4.5146
—1.4151

0.5515
0.4854
—2.4151

Zp

0.4485
u+ [1.5146| y.
1.4151

0.0645
0.3226 y.
0.6452

—0.3333  0.6667
0.6667 —0.3333| z, +
—0.1667  0.0000
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The obtained PIO is given by

[—2.2244 1.0336 —0.0 —0.8117

Zpi = 1.6071  —1.6510 —0.0| zp; + | 0.8117 |y
| —1.4666 0.1140 —3.0 2.5286
[—1.2581 —10.6338

+ | 1.2581 | u+ |—11.9765| vy,

| 2.4194 —4.5172

’[)m = y—Cii'm‘,
0.3333 —0.3333 0.6667 0.0645

Ty = |—0.6667 0.6667 —0.3333| 2z, + |0.3226 y.
0.8333 —0.1667 0.0000 0.6452

2.2.5.2 Simulation results

In order to study the performances of our observer, we do some simulations with the obtained
observer. Firstly, we investigate the convergence of the proposed observer.

The simulation results are shown in the following figures. Figure 2.1 represents the input added
in the simulation. Figures 2.2, 2.3, 2.4, 2.5, 2.6 and 2.7 represent the results with initial condi-
tions z1(0) = 0.3, 22(0) = 0.1, 23(0) = 0.5 and v(0) = 0.1.

Figures 2.2, 2.4, and 2.6 represent the states and theirs estimates obtained from HDO. The solid
line represents the original state and the dashed line represents the estimates. Figures 2.3, 2.5,
and 2.7 represent the estimation errors obtained from HDO.
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Figure 2.1: Control input
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Figure 2.2: State x; and its estimate (solid line: original state; dashed line: estimate)
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Figure 2.3: Estimation error e;
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Figure 2.4: State x5 and its estimate (solid line: original state; dashed line: estimate)
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Figure 2.5: Estimation error es
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Figure 2.6: State x3 and its estimate (solid line: original state; dashed line: estimate)
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Figure 2.7: Estimation error es
From the above figures, we can see the convergence performances of the proposed observer.
Although the initial conditions of observer are different from the initial conditions of system,

the estimate converges to the system state.

52



2.2. Anew H,, dynamic observer design for continuous-time systems

Furthermore, we add a parametric uncertainty AA; to system matrix A. In this case, the dis-
turbed matrix becomes A + AA;, where

AA; =1[0.5+ 0.1sin(7/10)t]d,

and

0.1 0.2 0.1
0=|1 01 05
0.5 03 0.1

Then we compare the proposed observer with the designed PO and PIO, in the presence of
disturbances, unknown inputs and uncertainties.

Figure 2.8 represents the control input, the unknown input and the disturbance used in the
simulation. The control input is added from 15s to 35s. The unknown input is added in the
beginning and ends at 100s. The disturbance appears from 18s to 30s.

Figures 2.9, 2.10, 2.13, 2.14, 2.17 and 2.18 represent the original system states and their esti-
mates obtained from HDO, PO and PIO, respectively. Figures 2.9, 2.13 and 2.17 represent the
time interval from the time Os to 200s, while figures 2.10, 2.14 and 2.18 represent the time
interval from the time Os to 40s. The solid line represents the original system state. The dashed
line, dotted line and dash-dotted line represent the state estimates obtained from HDO, PO and
PIO, respectively.

Figures 2.11, 2.12, 2.15, 2.16, 2.19 and 2.20 represent the estimation errors obtained from
HDO, PO and PIO, respectively. Figures 2.11, 2.15 and 2.19 represent the time interval from the
time Os to 200s, while figures 2.12, 2.16 and 2.20 represent the time interval from the time Os to
40s. The dashed line, dotted line and dash-dotted line represent the estimation errors obtained
from HDO, PO and PIO, respectively.

0.2 T T T T T T T

T T
control input

0.1

0 20 40 60 80 100 120 140 160 180 200

1 T T T =T —T T T T T

= = =unknown input

i i
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0.5 T T T T T T T T T
L
|y
R
Ofm et sl ) o o]
"
vy
05 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120 140 160 180 200

time/s

Figure 2.8: All inputs (solid line: control input; dashed line: unknown input; dash-dotted line:
disturbance)
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Figure 2.9: State x; and its estimates for 200s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)
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Figure 2.10: State x; and its estimates for 40s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)
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Figure 2.11: Estimation error e; for 200s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)

54



2.2. Anew H,, dynamic observer design for continuous-time systems

05
= = =¢1HDO
S TR e1PO
0_4% - = etPIO ||
]
0.3
i
Voo L, F O T
PR
W B et
] W e SN LS e
o.1—§‘\:! { N
-1 4000 I \ /I
: ]
[ [ ‘\ ’! \-— 2TTESO |
/ \ i i
II \‘\ I'I
N N7
v '~
i i i i
20 25 30 35 40

time/s

Figure 2.12: Estimation error e; for 40s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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Figure 2.13: State z- and its estimates for 200s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)
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Figure 2.14: State x5 and its estimates for 40s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)
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Figure 2.15: Estimation error ey for 200s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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Figure 2.16: Estimation error e for 40s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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Figure 2.17: State z3 and its estimates for 200s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)
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Figure 2.18: State x3 and its estimates for 40s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)
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Figure 2.19: Estimation error e3 for 200s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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Figure 2.20: Estimation error ez for 40s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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From these figures, we can see the performances of the proposed observer and its behavior
in the presence of an additional parameter uncertainty AA;, compared with PO and PIO. The
influence of the disturbance on the estimate is minimized directly by using the H,, theory (see
Figure 2.9 and Figure 2.10 more clearly).

Take Figure 2.11 for example. One can see clearly that there is a static error in the estimate
obtained from PO, while in the estimates obtained from both HDO and PIO, there are no static
errors.

One can also see from these figures that the behavior of the proposed HDO is nearly the same
as that of PIO in the steady state regime. The difference is in the transient regime. Take Figure
2.10 and Figure 2.12 for example. One can see that the estimate obtained from PIO presents
some oscillations in the transient regime, compared with the HDO, while in the case of HDO,
there are no oscillations.

Globally, we can see that the proposed HDO generalizes the existing observers PO and PIO and
has better behavior than these observers in both transient regime and steady state regime.

2.3 A new H,, dynamic observer design for discrete-time systems

In section 2.2, we proposed a new form of HDO and solved the observer design problem for
continuous-time systems. In this section, we shall investigate the observer design problem for
discrete-time systems. Let us consider the following linear discrete-time system with unknown
inputs and disturbances:

l‘d(t + 1) = Adxd(t) + Bdud(t) + ded(t) + ded(t), (2.75a)
ya(t) = Cazq(t) + Eqwq(t), (2.75b)

with the initial state 4(0) = zg0. x4(t) € R, ug(t) € R™, dy(t) € R, wy(t) € R and
ya(t) € RP are the state, the input, the unknown input, the disturbance of finite energy and
the output, respectively. Matrices Ay, By, Cy, Dy, E; and L, are known to be constant and of
appropriate dimensions. The description of system (2.75) is general according to Remark 2.2.1
of section 2.2.

Let us consider the following HDO:

Zd(t + 1) = Fdzd(t) + ded(t) + Tdud(t) + Mdvd(t), (2.76a)
va(t+1) = Fyzq(t) + Qaya(t) + Gava(t), (2.76b)
@d(t) = Rdzd(t) + ded(t), (2.76¢)

where 24(t) € PR7 is the state vector of the observer, vy(t) € R" is an auxiliary vector and
zq(t) € R™ is the state estimate. Matrices Fy, Jg, Ty, My, Py, Q4, Ga, Rq and S; are unknown
and of appropriate dimensions to be determined. The auxiliary vector v,4(¢) is similar to the
additional term oy in PIO [15].

Remark 2.3.1. Similar to the continuous-time case, we can obtain the PO, the PIO and the DO
from the form (2.76), in fact:
1. If matrices My =0, P; =0, Q4 = 0 and G4 = 0, observer (2.76) becomes the PO one:
za(t+1) = Fyza(t) + Jaya(t) + Taua(t),
i’d(t) = Rdzd(t) + ded<t>.
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2.3. A new H, dynamic observer design for discrete-time systems

2. If matrices Py = —Cy4Rg, Qq = I, — C4Sq and G4 = 0, observer (2.76) becomes the PIO one:

za(t+1) = Fyza(t) + Jaya(t) + Taua(t) + Mgva(t),
v(t+1) = ya(t) — CaZy(t),
Tq(t) = Raza(t) + Saya(t).

3. Ifmatrices Fd = Ad—EdCd, Jd = Ed, Td = Bd, Md = éd, Pd = EdCd, Qd = Ed and Gd = Zd,
observer (2.76) becomes the DO one:

Zq(t+1) Agq(t) + Bau(t) + &a(t),
vg(t+1) = Agug(t) + Baua(t),

Ea(t) = Caua(t) + Dapa(t),

ta(t) = ya(t) — ga(t).

The observer design problem is to determine all the parameter matrices Fy, Jg, Ty, My, Py, Qa,
G4, Ry and S, of observer (2.76) such that:

1. For the disturbance wy(t) = 0, the estimation error (ey4(t) = Z4(t) — x4(t)) eq(t) — 0 when
t — 00;

2. For the disturbance wg(t) # 0, minimize the effect of disturbance w,(¢) on estimation error
eq(t), i.e., find a scalar 14 such that || Tyye|lco < 7145

3. Decouple the estimation error e,4(t) from the unknown input dg(¢),

where Ty, is the transfer function from wy(t) to e4(t) and 14 is a given positive scalar.

2.3.1 Observer design for systems without disturbances

In this section, we shall investigate the observer design problem of discrete-time systems with-
out the disturbance (wq(t) = 0) and then extend the result to discrete-time systems with the
disturbance (wq4(t) # 0). Firstly, we define an error variable:

Ed(t) = Zd(t) - (I)dl'd(t), (278)

where ¢, € :R9%" is an arbitrary matrix.
The following lemma gives the conditions of system (2.76) to be an observer for system (2.75)
in the case where wy(t) = 0:

Lemma 2.3.1. For wy(t) = 0, observer (2.76) will estimate the state x4(t) of system (2.75) if there
exists a matrix ®, such that the following conditions hold

Fi®;— DA+ J4Cqy = O, (2.79a)
®,Ly = 0 (2.79b)

Ty — 4By = 0, (2.79¢)

Pi®;+ QqeCs = O, (2.794)
Ri®q+ Sq4Cq = Iy, (2.79¢)
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and matrix

is Schur.

Proof. In the case where wqy(t) = 0, from the definition of error 4(t), we obtain the discrete
evolution of error 4 as:

edt+1) = zg(t+1)— Pgaq(t+1),
= Fyzq(t) + Jaya(t) + Tyua(t) + Mavg(t)
—®yAgxq(t) — PgBaug(t) — ®gLady(t),
= Fueq(t) + (Fg®gq — Pghaq+ JiCa)xa(t) — PgLady(t)
+(Ty — PgBa)ug(t) + Mavg(t). (2.80)

Furthermore, from equations (2.76) we obtain

va(t+1) = Pyza(t) + Qaya(t) + Gava(?),
= Pdsd(t) + (qu)d + QdCd)xd(t) + ded(t), (2.81)
and
T4(t) = Raza(t) + Saya(t),
= Rgeq(t) + (Rg®gq + SqCq)xq(t). (2.82)

One can see from equations (2.80) and (2.81) that the discrete evolution £4(t+ 1) and vy(t+1) are
independent of the system state z4(t), the input u4(t) and the unknown input dy(t), if conditions
(2.79a) - (2.79d) are satisfied.

On the other hand, according to equation (2.82), if

Ry®y4+ SqCy = I,
we obtain an expression of estimation error ey(t) as follows:
eq(t) = Raeq(t). (2.83)
In this case, we obtain the following system:

Cua(t+1) = A1gGalt), (2.84a)
ea(t) = CiaCia(t), (2.84b)

where

aut) = [0

([ Fg My
Ald — (Pd Gd>’
Cig = (Ra 0).

From equations (2.84) and (2.83), it is obvious that iftlim C14(t) — 0, then tlim eq(t) — 0. This
—00 —00
is satisfied if matrix A4 is Schur, which completes the proof. O
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Remark 2.3.2. From equations (2.79b) and (2.84b), we can see that the estimation error e4(t)
has been decoupled from the unknown input d4(t). [ |

Consequently, the observer design problem of discrete-time systems without the disturbance is
reduced to determine all the parameter matrices such that conditions (2.79) are satisfied and
matrix A, is Schur.

2.3.2 Parameterization of algebraic constraints

In this section, similar to the continuous-time systems, we will do some parameterizations to
algebraic constraints (2.79). Firstly, from equations (2.79d) and (2.79e) we obtain the following

equation:
Py Qa\ (®a) _ (0
(Rd Sd> (Cd>_<1n>' (2.85)

The necessary and sufficient condition for equation (2.85) to have a solution is the following
rank condition must be satisfied:

Q4
Cal| _ Sq\

rank o | = rank <Cd> =n. (2.86)
I

Assume that the above rank condition is satisfied, then let A; € 587%™ be an arbitrary matrix of
full row rank such that:

Ay - b, .
rank (Cd> = rank (Cd> =n. (2.87)

Then there always exist two parameter matrices K, € )R7*? and ®, such that
4\ (1, —Kgq\ (Mg
<Cd> B (0 I > (Cd ’ (2:88)

Dy =Ag— K404 (2.89)

or equivalently

According to equations (2.27), let matrix T, = <gd) and we can deduce matrices Py, Qq, Ry
d

and Sy as:
Py = —Z34B14, (2.90a)
Qi = —Z2f2a; (2.90Db)
Ry = 14— Z3464, (2.900)
Sq = aoq— 23424, (2.90d)
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where matrices
Zsa = (I 0) Zy,
Zsa= (0 I,) Zg,

a1d = T;}— <J[-)¢]> ’
K
agg =T < 1d> , (2.91)
p
I
Bra = (Iqup - Td’r(;) < q> )

0
K
Baa = (Igsp = YY) < IC‘) :
p

and Z; is an arbitrary matrix of appropriate dimension.

According to Remark 2.2.4, by taking matrix Z3; = 0 we obtain

Rqy = oua, (2.92a)
and matrix K 4 is given by
Fd = Ade(Cde)+. (2.93)

Next we give the parameterization in the condition where matrix L; = 0.

Remark 2.3.3. According to Remark 2.2.5, in the case where matrix Ly = 0, one can deduce
matrices K 4 and ®; according to the following equations:

+
o, — Ay (é:;) @) (2.94)
+
K; = Mg <é7;) GL) (2.95)
m

Furthermore, matrices F;, K4 and .J; are given by

Fy = a3q— Z1iPia, (2.96)
Kig = aud— Z1aB34, (2.97)
Jg = Oqaoq — Z14f24- (2.98)

with
I
a3g = 04T (g) ;

0
Qug = g < ) )
4= Pdd |\ g, (2.99)

0
Bsq = (Igpp — TaX) <I > :
p
O4 = [Ad — Ade(Cde)+Cd]Ad.
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From the above results, system (2.84) becomes

Ca(t+1) = A1gGal(t), (2.1002)
ea(t) = Cia, (2.100b)

with matrices

(B O

Consequently the observer design problem of discrete-time systems without the disturbance is
reduced to determine the parameter matrix Z4 such that system (2.100) is stable, i.e., matrix
A4, is Schur.

Now we give the following theorem to determine the parameter matrix Zi4:

Theorem 2.3.1. There exists a parameter matrix Z,4 such that system (2.100) is asymptotically
stable, if and only if there exist a symmetric positive definite matrix Xy and a matrix Y, such that
the following LMI holds

—Xa AfaXa — AgYa) _ g (2.101)
XgA114 — YgA124 —Xy
In this case, matrix Z4 is determined by Z,4 = Xled.

Proof. For system (2.100), we choose the following Lyapunov function candidate:

Vicia(t)] = Ga(t)XaC1a(t), (2.102)

where matrix X = XJ > 0.
The discrete evolution of V' [(14(t)] is AV'[C14(t)], which is given by

AVI[Ga(t)] = VI[Ga(t+1)] = V[Ga(t)],
= Galt + 1)TXg¢a(t + 1) — Ga(t)TXg1a(t),
= Ca®)T[(At1a — Z1aA124) " Xa(Ar1a — Z1aAr2q) — Xa]Cra(t).  (2.103)

From equation (2.103), it is easy to see that AV[(14(t)] < 0, i.e., system (2.100) is asymptotically
stable, if and only if the following LMI is satisfied

(Aj1d — Z1gAi9a) " Xg(A11g — ZA19g) — X4 < 0. (2.104)

In this case, by using Schur complement lemma, we obtain

—Xq A1T1dXd - A1T2dyg <0.
XaA11d — Yahizq —Xq
where matrix Y, = XyZ14. This completes the proof. O
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From the above results, the HDO design procedure for discrete-time systems without distur-
bances can be summarized as follows:

stepl. Choose matrix A, according to rank condition (2.87);

step2. Compute matrices K 4, ®; and O, from equations (2.93), (2.89) and (2.99);

step3. Compute matrices a4, aiog, 34, Q4d, B1d> P24 and Psgq from equations (2.91) and (2.99);

step4. Compute matrix Z4 from the solution of LMI (2.101);

step5. Deduce all the parameter matrices according to equations (2.90), (2.96), (2.98) and
(2.790).

2.3.3 Observer design for systems in the presence of disturbances

In this section, the results of previous section for systems without disturbances will be applied
to design an HDO for linear system (2.75) in the presence of disturbance (wy(t) # 0). By using
the algebraic constraints of lemma 2.3.1, we obtain

Ed(t + 1) = Fdé‘d(t) + Mdvd(t) + (JdEd — (I)dDd)wd(t), (2.105)
vd(t + 1) = PdEd(t) + ded(t) + QdEdwd(t), (2.106)
ed(t) = Rd€d(t) + SdEdwd(t). (2.107)

In this case, we obtain the following system:

Cat+1) = A1gCia(t) + Bigwq(t), (2.108a)
eq(t) = Ciglia(t) + Diqwq(t), (2.108b)
where matrices
B, — <JdEd - (I)dDd>
1 OF10p ’

Remark 2.3.4. According to the parametrization results of previous section and Remark 2.2.7, we
can rewrite the matrices A4, B14, C14 and D14 of system (2.108) as follows:

Ag = Ang — Z14A124,
Big = Biid — Z1aB124,

—®,Dg + @de <Kd> Ey

Biig = 1,
0

E
Biog = (52% d>7

Cig = (g 0),
Dig = aoqly.

64



2.3. A new H, dynamic observer design for discrete-time systems

Consequently, the design problem of the proposed observer for discrete-time systems in the
presence of disturbances and unknown inputs is reduced to the analysis of system (2.108), i.e.,
the determination of the parameter matrix Zq, such that:

1. For wy(t) = 0, system (2.108) is stable;
2. For wy(t) # 0, the Hoo norm || Tyye oo < Y1d;

According to Theorem 2.2.3 for continuous-time systems, a new form of LMI is proposed to
derive a more general solution of matrix Z,,, which is presented in the following theorem:

0
Theorem 2.3.2. Let matrices B = 0 and C = (Algd Biog 0), then there exists a param-
g+t
eter matrix Ziq such that system (2.108) is asymptotically stable for wq(t) = 0 and || Tawellco < Y1d
for wq(t) # 0, if and only if there exist a symmetric positive definite matrix X and a positive scalar
~14 Such that the following LMIs are satisfied

< 0, (2.109a)
(C{ D))" DI Drg—7ds
crtoc™ T <« o, (2.109b)
with
—X + (Cle(Cld (C’{d]D)Id A{ld‘){
Q= | (CID)" DIDyy—~31 BL,X|. (2.110)
(ha0)T LT

Assume that the above LMIs hold, let matrices (B;,B,) and (C;,C,) be any full rank factors of
matrices B andC, i.e., B= B;B,,C = CC,.
In this case, matrices 714 can be determined by Z,; = X~'Y and Y is given by

Y =BfKC + Z - ZCCt, (2.111)

where Z is an arbitrary matrix and

K2 -R1®,L(C, 3,0 +8YV2L(C,d,08)7 12, (2.112)

SER TR D, — DT (C D CT)TIC DR, (2.113)

where L is an arbitrary matrix such that |£|| < 1 and R is an arbitrary positive definite matrix
such that

;2 (RT-Q)t>o. (2.114)
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Proof. According to bounded-real lemma, system (2.108) is asymptotically stable for wq(t) = 0
and || Tagwelloo < 714 for wq(t) # 0, if and only if there exist a symmetric positive definite matrix X
and a positive scalar 14 such that the following LMI is satisfied

T
Ay IB%ld] [2{ 0 } [Ald Bld] [X 0 }
< , 2.115
[Cld Dig] |0 Ig4t] [(Cia Dig 0 yigly ( )

which can be written as:

[AleXAld +CICla—x AT XB14 + CT Dy

<0. (2.116)
(AT;XB1g + C{D1g)" B XByg + D;D1g — ’V%dlf}

By using Schur complement lemma and Remark 2.3.4, we obtain the following inequality:

[A{dXAld + C{dCld - X A{XmBld + (C{led :| <0
(AT AB1g + C;D1a)" B XBig +D{;D1g —ilr] ~
[—X +C{;Cuq Ci;D1d Al,X
(AlgX) (B14X) -X
[—X + CT,Ci4q CT' D1y 0
& (CID1a)"  DigDia—igly Q| <0,
()" (Q2)" -X
& Q+BYC+(BYC)T <o, (2.117)

where

M= AlTldX - AlTQdyT,

Qo = Brﬂd/\/ - BszdyTa

*X?C{dgld . C{d]])ld Aildx
Q= (CleDM)T DleTd - ’Y;dff Bya |,
(Al1qX) (By;4X) —X
0
B= 0 , C=(A12q Braa 0)
—dg+t
Y =X7q4.

According to [106], matrix inequality (2.117) is equivalent to

BLoB'T <0, (2.118)
cTLoc™ T <. (2.119)

In this case, matrix ) can be obtained by
Y=BKC+Z-BB.ZCC, (2.120)
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where Z is an arbitrary matrix and
K2 RS ,1 (BT +8YV2L(C, BT 12, (2.121)

SER!-RIBI[®g — T (C2CT)IC DY BRT, (2.122)

where L is an arbitrary matrix such that the matrix ||£|| < 1 and R is an arbitrary positive definite
matrix such that:

o, 2 (BR'B - Q) >o. (2.123)

0
Furthermore, since matrix B = 0 , we have

—dg+t
( BL = (Iq+t+f 0) )
Bi = Igtttfiq+ts

0 (2.124)
B.=| o |,

At

Bf = (0 —Igpe)-

In this case, by substituting matrices (2.124) into equations (2.120)-(2.122) and inequality (2.123),
we obtain equations (2.111)-(2.113) and inequality (2.114). The inequalities (2.118) and (2.119)
become inequalities (2.109a) and (2.109b) respectively, which completes the proof. O

From the above results, the HDO design problem for discrete-time systems in the presence of
disturbances and unknown inputs can be summarized as the following design procedure:

stepl. Choose matrix A, according to rank condition (2.87);
step2. Compute matrices K 4, ©, K4 and ®, from equations (2.93), (2.99) and (2.89);

step3. Compute matrices ag, (og, O34, Qad, B1d, P24 and P3q according to equations (2.91) and
(2.99);

step4. Compute matrices Aj14, A1og, B114, B124, C14 and D4 according to Remark 2.3.4;
step5. Compute matrices Q and X according to Theorem 2.3.2;

stepb. Choose matrices £, R and Z according to Theorem 2.3.2 and compute matrix ).
step7. Compute matrix Z4 from Z; = X1y,

step8. Deduce all matrices Fy, Jg, Ty, My, Py, Qq, Gq, Rq and Sy according to equations (2.96),
(2.90), (2.79¢) and (2.98).
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2.3.4 Particular cases

In the previous sections, we have solved the design problem of HDO for discrete-time systems.
In this section, we shall show how to obtain the LMI formulations for these observers.

2.3.4.1 Proportional observer

As it is shown in Remark 2.3.1, the PO corresponds to matrices My; =0,P; =0,Q4 =0, G4 =0
and is given by

za(t+1) = Fyzq(t) + Jaya(t) + Taug(t), (2.125a)
ﬁ:d(t) = RdZd(t) + ded(t). (2.125b)

In this case, system (2.108) becomes

Ca(t+1) = Agglaq(t) + Boqwqa(t), (2.126a)
eq(t) = Coglaq(t) + Dagwq(t), (2.126b)

where vector (24(t) = £4(t), and matrices

Agq = Ag1g — ZaaBaza,

Ag1q = asq, Agaa = Pia,

Bog = Bord — Z2aB22d,

Bo1a = OgazaEq — PaDa, Booa = BaaFa,
Cod = a1d,D2qg = a24Eq

ZLoqg = Z14-

Consequently, matrices Q, BB, C of Theorem 2.3.2 become

Q= (C%ng); ngD%d - 'indlf BgldX )
(A314%) (B314X) —X
0
B = 0 ,C = (AQQd Booy 0) .
_Iq

The design problem of PO is reduced to determine the parameter matrix Zo,, which is given by

Tog = XY
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2.3.4.2 Proportional integral observer

According to Remark 2.3.1, the PIO corresponds to matrices Py = —CyR4, Qa4 = I — CqSq,
G4 = 0 and is given by

zg(t+1) = Fazq(t) + Jaya(t) + Taua(t) + Mgvga(t), (2.127a)
va(t+1) = ya(t) — Cazq(t), (2.127b)
Tq(t) = Rqzq(t) + Sqya(t). (2.127¢)
In this case, system (2.108) becomes
Ga(t+1) = AzqCza(t) + Bagqwa(t), (2.128a)
eq(t) = Cs4(34(t) + Dsqwq(t), (2.128b)

q(t)
va(t)
Azg = Az1q — Az2qZ34A334,

_ asg 0 ~ (Lg+p (B O
Agld_(—Cdam 0>,A32d—< 0 ) BRssa=1" 1)

B3g = B31q — B32¢Z34B334,

O 000D — TyD 1, D
Bayy — ( a0aqgDog — Ty 1d> Bagy = ( qarp> By = (52d0 2d> 7

where vector (3,4(t) = [ }, and matrices

Dyi — CqaaqgDog

Csqg = (1g 0),D3q = azaDaq

Zsa = (Z1a My).

Consequently, matrices Q, B,C of Theorem 2.3.2 become

—X +C3,Cyy Cl D3y AT X

Q= | (C{Dsa)"  DDsq—iyly BjX |,
whX)7  Ehat
0

B= 0 ,C=(Ag3q Bsgq 0).

— XAz

The design problem of PIO is to determine the parameter matrix Zs4, which is given by
Lzg=D.

Furthermore, the orthogonal complement of matrix 5 becomes

It 0 0
B-=| 0 I 0 : (2.129)
0 0 Apx!
In this case, we can determine matrices Zs,; and ) according to inequalities (2.118), (2.119)
and (2.123) and equations (2.120) - (2.122).

69



Chapter 2. New H,, dynamic observer design

2.3.5 Numerical example

So far, we have solved the HDO design problem for discrete-time systems in the presence of
disturbances and unknown inputs. In this section, a numerical example is presented to illus-
trate the design procedure and the performance of the proposed observer. Let us consider the
following linear discrete-time system of the form (2.75) with:

[0.1370 0.0990 0.2840
Ag = 00118 0.2990 0.4700| ,

0.8940  0.6610 0.0650

0.25 0
By=|06|,Lg= |1],

0.1 0

0.5

100 1

Da = 8 ’Cd_[o 1 0]’Ed_[0.5]'

The initial conditions are x4 (0) = 0.1, 242(0) = 0.1 and z43(0) = 0.2.

2.3.5.1 Observer design

For the above system, we design an HDO by using the previously proposed method. According
to the design procedure proposed, we first choose matrix

0 0 1
Ag= |1 2 1,
21 0
according to rank condition (2.87).
Then, by choosing matrices:
Z = 0,
1 0 0 0 O
01000
R = 1000x |0 O 1 0 O},
00010
0 00 01
1 1 1 1
1 1 1 1
L = 01x]|1 1 1 1},
1 1 1 1
1 1 11
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we obtain the following results:

Yid = 187
[1.8979  0.0256 —0.0256 0 0
0.0256  1.7184 —0.0256 0 0
X = |—0.0256 —0.0256 1.7249 0 0o |,
0 0 0 16672 0
L0 0 0 0 1.6672
[0.0014 —0.0014 0.0019 —0.0025 0.0008 —0.0022 —0.0022
0.0015 —0.0015 0.0021 —0.0028 0.0009 —0.0024 —0.0024
Zig = [0.0015 —0.0015 0.0022 —0.0028 0.0009 —0.0024 —0.0024
0.0016 —0.0016 0.0022 —0.0029 0.0009 —0.0024 —0.0024
0.0016 —0.0016 0.0022 —0.0029 0.0009 —0.0024 —0.0024
Consequently, the obtained HDO is given by
[—0.0860 0.1510 0.3065 0.1300 0.661
zat+1) = | 01124 0.2366 0.3115| z4(t) + |0.1715  0.760 | ya(t)
| 0.3955  0.1725 0.0082 0.0851 0.198
(0.1 0.0022 0.0022
+ 10.35] ug(t) — 0.0024 0.0024 | vy(t),
0.5 0.0024 0.0024
[~0.0016 0.0016 —0.0022 0.0029 0
valt+1) =1 00016 0.0016 —0.0022] Zd“”[o.oow 0] a(®)
_ [Fo0024 —00024]
—0.0024 —0.0024) "\
[0.0769  —0.0769  0.3846 0.3077 0
&g = |—0.3077 03077 —0.0385| z4(t) + | —0.2308 1] ya(t).
| 07692 0.2308 —0.1538 0.0769 0

Similar to continuous-time systems, in order to provide a comparison with PO and PIO, we also
design a PO and a PIO. The PO and PIO are designed under the same condition where 7,4 = 1.8.

The obtained PO is

zp(t+1)

given by

[—0.1037
0.0922
| 0.3753

[0.1642 0
0.2091 0
0.1242 0

[0.0769
—0.3077
| 0.7692

0.1569  0.2825
0.2439  0.2849 | z,(t)

0.1797 —0.0189

6175 0.1

7128 | ya(t) 4+ 0.35| ug(t),

1502 0.5

—0.0769  0.3846 0.3077 0
0.3077  —0.0385| z,(t) + | —0.2308 1| ya(t).
0.2308 —0.1538 0.0769 0
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The obtained PIO is given by

[—0.0923 0.1573  0.2966
Zit+1) = | 01061 0.2429  0.3018 | z(t)
| 0.3894  0.1786 —0.0013

[0.1435 0.661 0.1
+ 0.1845 0.76 | yq(t) + |0.35 | ug(t)
10.0980 0.198 0.5

[—1.7657 —0.0129
+ | 31576 —0.0129 | vy(t),
| —0.5348  —0.0129

Upi(t+1) = yd(t)—Ci‘pi,
0.0769 —0.0769 0.3846 0.3077 O
Bp(t) = |—0.3077 03077 —0.0385| zs(t) + | —0.2308 1| ya(t).
0.7692 0.2308 —0.1538 0.0769 0

2.3.5.2 Simulation results

In order to show the performances of the proposed observer, we do some simulations with
the obtained observer. Furthermore, in the simulation we have considered the system with
uncertainty A Ay, in the state matrix A4. In this case the system matrix becomes Ay + AA4
where:

AArg = [0.1+ 0.01sin(20£)]A

and

0.1 0.2 0.1
A=11 01 05
0.2 03 0.1

The simulation results are shown in the following figures. Figure 2.21 shows all the inputs used
in the simulation. The control input is zero. The dashed line represents the unknown input
which is used in the simulation, and the dash-dotted line represents the disturbance of finite
energy in the time interval from the time 2s to 3s.

Figures 2.22, 2.25 and 2.28 represent the original system states and their estimates obtained
from HDO, PO and PIO, respectively. The solid line represents the original state. The dashed line
represents the state estimate obtained from HDO, the dotted line represents the state estimate
obtained from PO and the dash-dotted line represents the state estimate obtained from PIO.
Figures 2.23, 2.24, 2.26, 2.27, 2.29 and 2.30 represent the estimation errors obtained from HDO,
PO and PIO, respectively. Figures 2.23, 2.26 and 2.29 are the steady behavior of estimation
errors. Figures 2.24, 2.27 and 2.30 represent the estimation errors for 1s. The dashed line
represents the estimation error of HDO. The dotted line represents the estimation error of PO
and the dash-dotted line represents the estimation error of PIO.
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Figure 2.21: All inputs (dashed line: unknown input; dash-dotted line: disturbance)
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Figure 2.22: State z; and its estimates for 5s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)

Figure 2.23: Estimation error e; for 5s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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Figure 2.24: Estimation error e; for 1s (dashed line:
PIO)
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Figure 2.25: State x5 and its estimates for 5s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)
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Figure 2.26: Estimation error e for 5s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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Figure 2.27: Estimation error e for 1s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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Figure 2.28: State x3 and its estimates for 5s (solid line: original state; dashed line: HDO;
dotted line: PO; dash-dotted line: PIO)
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Figure 2.29: Estimation error es for 5s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)
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Figure 2.30: Estimation error es for 1s (dashed line: HDO; dotted line: PO; dash-dotted line:
PIO)

From the above figures one can see the performances of the proposed HDO in the presence of
an additional parameter uncertainty AA;,, compared with PO and PIO. The influence of the
disturbance on the estimate is minimized by using H, theory (see Figure 2.29 from the time 2s
to 3s).

In the steady state regime, the HDO and PIO have the same better behaviors than PO. Take
Figure 2.23 for example. One can see that there is a static error in the estimation error of PO,
while in the estimation errors of HDO and PIO, there are no static errors.

Furthermore, in the transient regime, the estimation error of PIO presents greater oscillations
(see Figure 2.27 for example), compared with HDO, while in the case of HDO, there are no
oscillations.

In general, one can see that the proposed HDO generalizes the existing observers PO and PIO
and has better behavior than these observers, in both transient regime and steady state regime.

2.4 A new H, dynamic observer design for uncertain systems

In the previous sections, we have investigated the observer design problem for systems in the
presence of disturbances and unknown inputs. In this section, we will investigate the observer
design problem for uncertain systems.

One can see from previous sections that the observer design of discrete-time systems is similar
to that of continuous-time systems. The difference is the formulation of LMIs. Therefore, in this
section we only discuss the observer design problem for uncertain continuous-time systems.

Let us consider the following linear uncertain system in the presence of unknown inputs and
disturbances:

i = (A+AA)z+ Ld+ Dw, (2.130a)
= Cz+ Fw, (2.130b)

with the initial state 2(0) = x¢. Assume that the rank of matrix L is rank L = r. In order to
simplify, we also assume that control input v = 0.

76



2.4. A new H, dynamic observer design for uncertain systems

AA is an unknown matrix representing the time-varying parameter uncertainties [1], assumed
to be of the following form:
AA =4 F(t)N, (2.131)

where .# and ./ are known real constant matrices and of appropriate dimensions. . (t) is an
unknown real-valued time-varying matrix satisfying

FTH) 7 () < I (2.132)

In order to decouple the unknown input, by pre-multiplying equation (2.130a) with matrix
LY(L+ € R(»=7)x") we obtain the following descriptor system:

Er = drv+ Adx+ Bw, (2.133a)
y = Cx+ Ew, (2.133b)
where matrices
& = L+,
o = L*YA,
A = LD
Ag/ is bounded by o o
Ad = M F ()N, (2.134)

where # = L+ # and ¥ = &

One can see from system (2.133) that the observer design problem of uncertain systems (2.130)
in the presence of unknown inputs and disturbances is transformed into the observer design
problem of descriptor systems.

Next we give the following assumptions which is necessary for the observer design problem of
descriptor systems:

Assumption 2.4.1. For descriptor system (2.133), we assume

rank {g] =n (2.135)

which is equivalent to
rank(CL) = rank L (2.136)
according to [26] and [31]. O

Assumption 2.4.2. Descriptor system (2.133) is impulse free, in other words,

det(s& — /) # 0.

The following lemma will be used in the design procedure:

Lemma 2.4.1. [125] Let D, & and F be real matrices of appropriate dimensions and F satisfies
FTF < I. Then for any scalar p > 0 and vectors .,y € R", we have

20T DFEy < ptat DD + pyt T Ey.
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Now for descriptor system (2.133), let us consider the following HDO:

z = Fz+ Jy+ Mo, (2.137a)
0 Pz + Qy + Go, (2.137b)
T Rz + Sy, (2.137¢)

where matrix 7' = 0 since there is no control inputs (u = 0).

Firstly, we define an error variable as:
e=2z—0&x. (2.138)

Similar to the previous sections, we obtain the following results:

g = - 98k,

= Fz4+Jy+ Mv—0dx — AT — PAwW,

= Fe+Mv+ (JE - PB)w+ (FOE — ¢ + JO)x — PAA x, (2.139)
v = Pe+ Gu+ QFEw+ (P®& + QO)z, (2.140)
Z = Re+ SEw+ (R®& + SC)x. (2.141)

Then, the algebraic constraints (2.14) of Lemma 2.2.1 become

FO& — b +JC = 0, (2.142a)
PO®E+QC = 0, (2.142b)
R®E + SC = I, (2.142¢)

and equation (2.20) becomes

<§ g) (qf ) N G) ‘ (2.143)

The necessary and sufficient condition for equation (2.143) to have a solution is that the follow-
ing rank condition must be satisfied

0¥
rank g = rank <<I>j> =n. (2.144)
I,

Assume that above rank condition holds, and let A be an arbitrary matrix of full row rank such

that:
A 023
rank <C’> = rank < c ) =n. (2.145)

In this case, equation (2.24) becomes
®& + KC = A, (2.146)
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or equivalently
—
(@ K) <C) =A. (2.147)

One solution of equation (2.147) is given by

+
o = () (%) 2146

_ AT/
K = A(C> <Ip>. (2.149)

Furthermore, matrices P and () are given by equations (2.27) and (2.28). Matrices R and S
are given by equations (2.29). Matrices F, K and J are given by equations (2.40), (2.41) and
(2.42), where matrix © = o«

With the above parameterization results, system (2.52) becomes

G o= MG +Biw+ E A, (2.150a)
e = Ci¢1+Diw, (2.150b)
with matrices
A = Ay —ZAy,
By = By — ZBag,

_oB + 0T+ (K> E

By, = Ip
0
<62E> (2.151)
B2 = R
(C1 = (a1 0),
]D)l = azE,

]

With all the above results, we can see that the observer design problem of uncertain systems
(2.130) in the presence of disturbances and unknown inputs is reduced to study system (2.150),
in other words, to determine matrix Z such that:

1. For w = 0, matrix A, is a stability matrix;

2. For w # 0, the Ho, norm || Tyel/so is minimized.

The parameter matrix Z can be determined by using the following theorem:
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Theorem 2.4.1. System (2.150) is asymptotically stable for w = 0 and || Tyellco < 7y for w # 0,
if there exist two symmetric positive definite matrices P, and P», a matrix Y and a given positive
scalar ~ such that the following matrix inequality holds

N TP 0 0 ETP B
* -1 0 0 0
Q= | % * Qo PEA Q3 <0 (2.152)
* * * -1 0
* * * * DID; - 721f

where

0 = STPE+E P + 20,
Qy = A{lpg + PyAqp — A{QYT — YA + C,{Cl,
Qg = PQEll - YBH + (C’{Dl

In this case, matrix Z is given by Z = Py 'Y.
Proof. For system (2.150), let us choose a Lyapunov function as follows:
V=V+V, (2.153)

where Lyapunov functions V; = (&x)T Py(&x) and Vo = (I Py(y. Matrices Py > 0 and P, > 0.

Subsequently, the derivative of V; along the solution of system (2.133) is given by

Vi = (€i)'P&x+ (6x) P (),
l‘T(fQ{Tplg + (?Tplﬁ)l‘
+22T TP Atz + 2T ET PLBw + w! BT P Sz, (2.154)
According to Lemma 2.4.1 and conditions (2.131) and (2.132), by choosing p = 1, we obtain the
following inequality:

Vi < T dTP &+ ETPA)x + 2T ETPLBw + wT BT P Ex
+2T TP (ET P + T Fx. (2.155)
On the other hand, the derivative of V5 along the solution of system (2.150) is given by

Vo = {PRG+EPG
= (T(ATP + PA)CG + T PoBiw + w BT oy 4 2¢] PoE A/, (2.156)

According to Lemma 2.4.1 and conditions (2.131) and (2.132), and by choosing p = 1, we have
the following inequality:
Vo < (TIAT Py + oAy + PoEy (P )T
42T F T Fx+ (T PByw + wBT Py (2.157)

80



2.4. A new H, dynamic observer design for uncertain systems

Finally, we obtain the following results on V:
Vo= i+ W,
2T ATP &+ ETPLot + ETPLA(ET PN + 28 Fa
+2" TP Bw + v BT P &
+C{ (AT Py + PoyAy + PE A (PE ) )G
+(T PoBiw + w BT Pay,
(27 (T W] [T (T W™, (2.158)

N

N

where matrices

o 0 &TPA
Q/ = * QIQ PQB 1
* % 0

OV = STPE+ETPA + ETPLAETPA) 2N T,

912 = A’{PQ + PyA + PQIEl](PQ]El])T.
From equation (2.150b) and inequality (2.158), we obtain

V+ele— 72wTw

oI dTP 6 + ET Pt + ETPLA(ET L) + 27

+2T T P Bw + wT BT P Ex

+(T AT Py 4+ PoAy + PR A (PoEy#)T + CT TG

+(L(PBy + CTDy ) w 4+ w? (BT P, + DTCy) G,

+w! (D] D1 — 4*Ip)w,

27 I W' Q[T T W', (2.159)

IN

IN

where matices

Q 0 &TP %
* Qg PBq + C,{Dl
* x  DIDy —421;

QO =

)

QF = AP+ A + PBE\Z(PE.Z)T +CIC,.

Notice that if Q < 0, we have
V+ele— WQwTw < 0. (2.160)
By integrating inequality (2.160) it follows
V(00) = V(0) < ~? / wlwdt — / eledt. (2.161)
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Under the zero initial state, we obtain
V(oo) < 72/wdet— /eTedt
& 0< 72/wdet—/eTedt

& /eTedt < 72/wdet,

or equivalently
[Twelloo < -

With the above results, it is obvious that for system (2.150), the Ho, norm ||Tye|loo < 7 if inequality
Q < 0 holds.

On the other hand, in the case where w = 0, inequality (2.159) becomes
V<[zl ¢ o]Qt ¢ o] —ele (2.162)

One can see from inequality (2.162) that if Q@ < 0, then V < 0, since it is alway satisfied that
ele > 0.

In summary, we know that a sufficient condition for system (2.150) to be stable when w = 0 and
| Twelloo < ¥ when w # 0 is that inequality Q < 0 must hold.

Subsequently, by inserting the matrices A and B of equation (2.151) into inequality Q < 0, the
latter becomes:

Q0 ET P, A
x Q) PBi — PZB1;+CTDy| <0 (2.163)
* % ]D){]D)l — 'yQIf

where

0= AL Py — ALZT Py + PyA1y — PyZA 15 + PB4 (PR #)T + CTCy.

In this case, by using Schur complement lemma and defining matrix Y = P,Z, inequality (2.163)
becomes (2.152), which completes the proof.
O

Notice that matrix inequality (2.152) is bilinear. In order to solve the matrix inequality, we can
rewrite matrix inequality (2.152) as:

Q+BPC+ (BPE)T <0, (2.164)
where matrices
- -
24N 0 0 0 0
* -1 0 0 0
Q= * * Qo PEA Q5 , (2.165)
* * * -1 0
| * * % * DID; - yzlf
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gT

C=[A 4 0 0 Z. (2.166)

3|
I
co oo

Then we can use Theorem 2.2.3 to solve the matrix inequality (2.164).

2.5 Conclusions

In this chapter, a new form of HDO has been proposed for linear systems in the presence of
disturbances and unknown inputs. The proposed observer generalizes the results on the existing
observers such as PO and PIO.

Firstly, we investigated the observer design problem for continuous-time systems. Based on the
parameterization of the algebraic constraints obtained from the analysis of the estimation error,
the observer design problem was reduced to the determination of one parameter matrix. Then
the determination problem was formulated as an optimization problem in terms of LMIs, based
on bounded real lemma. Subsequently, the results of continuous-time systems were extended
to discrete-time systems. The observer design was derived from the solution of LMIs, based on
bounded-real lemma and Schur complement lemma.

Numerical examples were presented to illustrate the design procedure and the performances
of the proposed HDO for both continuous-time systems and discrete-time systems. The perfor-
mances of the proposed observer were shown to be better in both transient regime and steady
state regime, compared with PO and PIO.

In the end, we discussed the observer design problem of uncertain systems. One can see that
the design problem of uncertain systems in the presence of disturbances and unknown inputs
can be transformed into the observer design problem of descriptor systems.
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Chapter 3. H., dynamic-observer-based control design

3.1 Introduction

As a challenging problem, observer-based control has been an active research area in the past
decades. The important use of observer is to realize observer-based control design, in which a
state feedback law has to be implemented when the states of system are not accessible. A sub-
sequent development of this is the requirement of making the observer optimal and robust due
to inevitable presence of uncertainties in the system. Several approaches have been presented
in [57, 85, 54, 149].

It is well known that the observer-based control design can be realized by using the separation
principle. This principle permits to design the observer independently of the control, and the
eigenvalues of the closed-loop system are formed by those of the observer and those of the
control. The most existing results take the use of PO [39, 75, 84, 114] or PIO [44].

In Chapter 2, we have proposed a new form of HDO. The performances of the proposed observer
were shown to be better than other observers such as PO and PIO. Therefore, in this chapter,
the new HDO will be inserted into the closed-loop and an H,., dynamic-observer-based control
design is proposed for uncertain systems in the presence of disturbances. The parameter un-
certainties are time-varying and norm-bounded. The design problem is formulated as a BMI
optimization problem.

This chapter is organized as follows. In section 3.2, the observer-based control design problem
of uncertain systems in the presence of disturbances is presented. The algebraic constraints
are derived through the analysis of the estimation error and the parameterization results are
presented in section 3.3. In section 3.4, the control design problem is formulated as a BMI
optimization problem and a two-step algorithm is proposed to solve this problem. A numerical
example is provided to illustrate the performance of the proposed control in section 3.5. Finally,
some conclusions are given in section 3.6.

3.2 Problem formulation

Let us consider the following uncertain system in the presence of disturbances:

z = (A+ AA)xz+ Bu+ Duw, (3.1a)
= Cz+ Fuw, (3.1b)

with initial state 2(0) = zo. = € R", u € R, w € R/ and y € NP are the system state, the
control input, the exogenous disturbance of finite energy and the output, respectively. Matrices
A, B, C, D and F are known constant and of appropriate dimensions.

AA is an unknown matrix representing the time-varying parameter uncertainty, which is as-
sumed to be norm bounded and has the following structure [1]:

AA = MF()N, (3.2)

where M and A are known real constant matrices and of appropriate dimensions. F(t) is an
unknown matrix function satisfying

FL)FE) < I (3.3)
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The observer we consider is the HDO proposed in Chapter 2, which is given by

2 = Fz+Jy+Tu+ Mo, (3.4a)
v Pz + Qy + G, (3.4b)
T Rz + Sy, (3.40)

where z € R? is the state of observer, v € RY is an auxiliary vector and Z € R" is the estimate
of system states. Matrices F, J, T, M, P, ), G, R and S are unknown and of appropriate
dimensions to be determined.

The control law for system (3.1) is expressed as
u= Kz, (3.5

where K is an unknown matrix and of appropriate dimension. The control we use is an observer-
based control where K is the gain matrix to be determined.

With all the presentations, the design problem of H,, dynamic-observer-based control for un-
certain systems (3.1) in the presence of disturbances is reduced to determine the parameter
matrices F, J, T, M, P, @, G, R and S of observer (3.4) and the matrix K of control (3.5) such
that the following two conditions are satisfied:

1. For w = 0, the estimation error e(¢t) — 0 when ¢ — oo, and the closed-loop system obtained
from the system (3.1), the observer (3.4) and the control (3.5) is stable;

2. For w # 0, minimize the effect of w on the output y.

3.3 Algebraic constraints and parameterizations

Similar to Chapter 2, in this section we shall present some algebraic constraints and parameter-
izations before solving the control design problem, based on a new defined error variable and
the analysis of the estimation error.

3.3.1 Algebraic constraints

Firstly, we define an error variable:
e =z— ®ux, (3.6)

where vector € € R? and ¢ € R?*" is an arbitrary matrix.
Different from the analysis in Chapter 2, there is an uncertain term AA in system (3.1). In this
case, the derivative of error ¢ is given by

¢ = - g,
= Fz+JCx+ JEw+Tu+ Mv
—P(A+ AA)x — PBu — Dw,
= F(z—®2)+ Fbzr+ JCx + JEw+ Tu+ Mv
—PAr — PAAx — ®Bu — ®Dw,
= Fe+Mv+ (JE—-®D)w— PAAx
H(F®+ JC — dA)z + (T — ®B)u. (3.7)
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Furthermore, from observer (3.4) it follows that:

v = Pz+4 Qy+ Gu,

= Pe+Guv+ QFEw+ (PP + QC)z. (3.8)
and
T Rz + Sy,
Re + SEw + (R® + SC)x. (3.9

On the other hand, inserting control (3.5) into system (3.1) yields

t = Ax+ AAx+ BKZ + Dw,
= Az + AAxz+ BK(Rz + Sy) + Dw,
= Az + AAxz+ BK[R(z — ®z) + R®x + SCz + SEw]| + Dw,
— [A+ BK(R® + SC)|z + BKRe + (D + BKSE)w + AAx. (3.10)

Notice that if the following algebraic constraints hold

Fo+JC-dA = 0, (3.11a)
T-®B = 0, (3.11b)
P®+QC = 0, (3.110)
RO+ SC = I, (3.11d)
equations (3.10), (3.7) and (3.8) become

t=(A+ BK)r+ BKRes+ (D+ BKSE)w + AAx, (3.12)
e=Fe+ Mv+ (JE —PD)w — PAAz, (3.13)
v = Pe+ Guv+ QFEw, (3.19)

and we obtain an expression of estimation error e as follows:
e = Re + SEw. (3.15)

In this case, we obtain the following system:

T A+ BK BKR 0 T D+ BKSE
€ = 0 F M| le|l+ ]| JE—PD | w
o 0 P allv QF
AA 0 0 [z
+|-oa4 0 of |e],
0 0 0] |v
xr
y = [C 0 0] |e|+ Ew,
v

88



3.3. Algebraic constraints and parameterizations

or equivalently

where

AA is given by

where matrices Ml =

£ = A +Buw+ AAE, (3.16a)
y = C¢&+Duw, (3.16b)
X
E=|e| =&(1),
v
A+ BK BKR 0
A= 0 F M|,
0 P G
(3.17)
D+ BKSE
B=| JE—®D |,
| QFE
c=[c 0 0,
D=E
T AA 0 0
AA = |[—-®AA 0 0],
0 0 0
[ M
= |-oM|FH)[N 0 0],
0
= MF(t)N, (3.18)

—®M|andN= [N 0 0].

With all the above results, the H,, dynamic-observer-based control design problem is reduced
to study system (3.16) in the presence of disturbances and uncertainties. In detail, we must
determine all the parameter matrices of system (3.16) such that:

1. Conditions (3.11) are satisfied;

2. For w = 0, the augmented system (3.16) must be asymptotically stable;

3. For w # 0, minimize the effect of w on y, i.e., the Hy, norm || Tyy|lc0 < 7,

where T, is the transfer function matrix from w to y and ~ is a given positive scalar.
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3.3.2 Parameterizations

In this section, in order to simplify the problem, we will do some parameterizations to algebraic
constraints (3.11). The procedure is similar to the parametrization presented in Chapter 2.
Firstly, from equations (3.11c) and (3.11d) we obtain the following equation:

(2 g) (g) B (I(;) ' (3.19)

The necessary and sufficient condition for equation (3.19) to have a solution is that the following
rank condition must be satisfied:

i)
rank g = rank <2> =n. (3.20)
I

Assume that the rank condition (3.20) holds, and let A (A € 239*™) be an arbitrary full row rank

matrix satisfying
A D
rank (C) = rank (C) =n, (3.21)

then there always exist two parameter matrices K (K € R?*P) and ® such that:

(2*) N G)q _If> <g> ’ (3.22)

which leads to

d=A-KC, (3.23)
also equivalently,
(@ K) (2?) =A. (3.24)
In this case, a solution of equation (3.24) is given by
_ I\T
(@ K) =A<éf) ) (3.25)

or equivalently,
L\" (I
v - (B (%) 029

_ I\NT /0
- a(B) (), 62

Consequently, by inserting equation (3.22) into equation (3.19) we obtain

(Z g) <161 _If> @) - GD (3.28)
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and matrices P, (), R and S are given as follows:

P = *Zgﬁl, (3293)
Q = —Zyb, (3.29b)
R = a1 — 2351, (3.29C)
S = Q2 — Zgﬁg, (329d)
with
Zy=(I; 0)Z,
Zy=(0 I, Z,
1
o] = TJF (5) s
a9 = T+ (?) y
P (3.30)

pr = (Iq—irp - TT+) <Iq) )
P = (Iq+p - TT+) < )

r-(2).

and 7 is an arbitrary matrix of appropriate dimension.

Remark 3.3.1. According to Remark 2.2.7, we know that if we take matrix Zs = 0, we can avoid
the bilinearity. In this case, matrices R and S are given by

R = a, (3.31)
S = an (3.32)
u

On the other hand, matrices F' and K are given by:

F = ag — Zlﬁl» (3333)
K1 = ay4— Z1fs, (3.33b)

with matrices

1,
a3 = 9T+ <61> 5
0
_ +
g =0T <1p> ’ (3.34)
0
53 = (Iq-i-p - TT+) <I ) 9
p
O =370A.

Furthermore, matrix J is given by

J = Oas— Z15s. (3.35)
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Based on the above developments, we obtain the following results on the matrices A and B of
system (3.16):

_ <o) a_zim | (3.36)

where matrices

Aq

[0‘3 0] Ty = [Zl M] and Ay = [501 OI}, (3.37)
— 4t

and

D+ BKSE

B = | JE-®D |,
QF

D+ BKSE

= @OéQE - ZlﬁgE - oD y
—ZaB2E

_ [D+BKSE
= |5, — 2,5, ] , (3.38)

where matrices

B, = [@O‘2EO D ] and B, — V%E] . (3.39)

Remark 3.3.2. The determination of matrix Z; is independent of the choice of the generalized
inverse Y. The proof can be found in [29]. [ |

Notice that once matrices K, 71, Z5, M and G, i.e., matrices K and 7Z; are determined, we can
deduce all the parameter matrices of observer (3.4) and control (3.5) according to equations
(3.29), (3.30), (3.33), (3.34) and (3.35). Therefore the control design problem is reduced to
determine parameter matrices K and Z; such that:

1. For w = 0, the augmented state £(¢) — 0 when ¢ — oo;

2. For w # 0, the Ho, norm ||y |0 < 7-
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3.4 H, dynamic-observer-based control design

With the help of the previous works, the observer-based control design problem is reduced to
determine two parameter matrices K and Z;. In this section, the method to determine these
matrices will be investigated. Firstly, we give the following theorem:

Theorem 3.4.1. System (3.16) is asymptotically stable for w = 0 and || Tyyy||oc < 7y for w # 0, if
there exist two symmetric positive definite matrices X1, Xo, and a given positive scalar - such that
the following matrix inequality holds

XA + ATX + XM(XM)? + N'N +CTC XB+ C'D

(XB + CTD)T D7D — 421, < (3.40)
Proof. For system (3.16), we choose the flollowing Lyapunov function:
V() = €TX¢, (3.41)

where matices X = diag(Xy,Xz) and XI =X; >0 (j = 1,2).
Then the derivative of Lyapunov function V (£) along the solution of system (3.16) is given by

V(E) = ETX¢+ETXE,
= [Af 4+ Bw + AAE)TXE + €TX[AL + Bw + AAE],
= I(XA + ATX)E + TXBw + w! BTXe 4+ 267X AAE. (3.42)

According to Lemma 2.4.1 and inequality (3.18), and by choosing p = 1, we obtain the following
result:

V() = &'XA+ATX)E + TXBw + wIBTXe + 26T XMUF (£)NE,
1 (XA 4+ ATX)E + €7XBw + wTBTXe + T [XM(XM)T + NTNJ¢,

<
< ETIXA + ATX 4+ XM(XM)T + NTNJ¢ + ¢TXBw + wTBTX¢. (3.43)

Subsequently, from inequality (3.43) and equation (3.16b), we obtain

VIO +y"y—7ww < ¢FXA+ATX + XM(XM)” + NTNJ¢
+ETXBw + wIBTXE
+(C¢ + Dw) T (CE + Dw) — y?wlw,

< TXA + ATX 4+ xM(xM)T + NTN 4 ¢cT'Cle
+¢T(XB + CTD)w + [¢7(XB 4 CTD)w]”
+w (DD — 4*11)w, (3.44)
or equivalently
V(E) +yTy —ywTw < [¢7 wT] QT wT)", (3.45)

where matrix

XA + ATX + XM(XM)” + N'N+ CTC XB+C'D

€ = (XB + CTD)T DTD — 421"
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From inequality (3.45) we can see that if 2 < 0, we have
V() +yly — y*ww < 0. (3.46)

Then by integrating inequality (3.46) it follows that:
V(o) = V(0) < 72/wdet — /yTydt.
It is easy to see that under the zero initial state, the above inequality is equivalent to

HTwaoo <.

One can see from the above results that in the case where w # 0, the Hy norm || Tyylloo < 7, if
inequality © < 0 holds.

Next let us consider the case where w = 0. If w = 0, inequalities (3.45) becomes
V(e) < [€7 o]Qe” 0] —yTy, (3.47)

In this case, it is obvious that if Q < 0, then V (£) < 0 since it is always satisfied that y"y > 0. In
other words, system (3.16) is stable, if inequality 2 < 0 holds.

With all the above results, one can know that system (3.16) is asymptotically stable for w = 0 and
|Twylloo < 7y for w # O, if there exist two symmetric positive definite matrices X1, Xy, and a given
positive scalar ~y such that the matrix inequality Q0 < 0 holds, i.e., the matrix inequality (3.40)
holds. The proof is completed. O

According to Theorem 3.4.1, we obtain the following theorem to determine the two matrices
71 and K:

Theorem 3.4.2. System (3.16) is asymptotically stable for w = 0 and || Tyyllcc < 7 for w # 0,
if there exist two symmetric positive definite matrices X1 and Xo, three matrices Q1, Qo and K
of appropriate dimensions, and a given positive scalar « such that the following matrix inequality
holds

Q1 (BKR 0) Q3 X{INT M X;'eT
* QQ XQ]Bl — QQ]BQ 0 Xg <_(I())M> 0
* * ETE — 421 0 0 0 <0, (3.48)
* * * -1 0 0
* * * * -1 0
| * * * * * -1 |

where

O = AXD) '+ BQ+[AX]) T+ BT, Qi = K(XT) T,
Dy = XoA; — QoAy + (XoA — QoAy)T,
Q3 = D+BKSE+X;'CTE.

In this case, matrices K = Q1 Xy and Z; = X;l(@g.
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Proof. By using Schur complement lemma, equality (3.40) can be rewritten as:

XA+ ATX XB+C'D NI xM CT

* D'D—-~%; 0 0 0

* * -1 0 0| <. (3.49)
* * * =1 0

* * * * =1

In this case, substituting matrices of equations (3.17), (3.29), (3.30), (3.33), (3.34) and (3.36)
into matrix inequality (3.49) yields

T
" X; 0
0 X

(2

A+BK (BKR 0)

0
<0> Al — ZIAQ

A+BK (BKR 0)]
_|_

0
<0> Al — ZlAQ

*
*
*
*
CT
Xy 0 D+ BKSE
(5 )G [o] -
ETE —~%I;
*
*
*
T
NT X, 0 M C
0 0 X, % —dM 0
0 2 0 0
0 0 0 <0, (3.50)
—1 0 0
* -1 0
* * -1 )
or equivalently
94 (XlBKR O) Qf NT XM CT7
* QQ XgBl — QQBQ 0 Xg (—‘IE)M) 0
* * ETE—-+’I; 0 0 01| <0, (3.51)
* * * —TI 0 0
* * * * —1I 0
| * * * * * —1I]

where . .
Ql = X1A+XlBK+(X1A—|—XlBK) ,

XoA1 — Qohg + (XA — Qoho)’, Qo = XoZy,
L = Xy(D+ BKSE)+CTE.

)
no
I
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Then, by pre- and post-multiplying matrix inequality (3.51) with matrices

X710 000 0
0O I 0 00O
0O 071 00O
0 0017 0O
0 000 IO
L 0 0 0 0 0 I
and ) )
XH=t 0o 0 0 0 0
0 I 00 00
0 0 I 00O
0 0 0 I 0 0|’
0 000110
. 0 000 0 I
matrix equality (3.51) becomes
[/ (BKR 0) Qs X7NT M X;'e™
* Qg XQ]BI — QQBQ 0 XQ <_(I;M> 0
* * ETE —~%I; 0 0 0 <0,
* * * -1 0 0
* * * * -1 0
| * * * * * —I |

where
Qf = AX{) T+ BEX]) T+ [AXD T+ BEEX) T
Q3 = D+BKSE+X;'CTE.

In this case, by defining matrix
Q = K(X])™,

we can obtain matrix inequality (3.48), which completes the proof.

(3.52)

O

With all the above results, one can see that the H,, dynamic-observer-based control design prob-
lem for uncertain systems in the presence of disturbances is reduced to solve matrix inequality
(3.48). Unfortunately, matrix inequality (3.48) is a BMI so that the problem is not convex. In

order to solve it, we propose the following two-step algorithm:

s1: Determine matrices Q; and X; from solving the following LMI:

AXD) ™ 4+ B+ [AX]) T+ BQy)T <0

(3.53)

which corresponds to the first block of matrix inequality (3.48), i.e., matrix inequality

0 < 0.

In this case, matrix K can be deduced by

K = Q1Xj.
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s2: By inserting the matrices K and X; obtained from the first step into matrix inequality (3.48),
then matrix inequality (3.48) becomes an LMI and the solution of this LMI permits to deduce
matrix Z; by

Zy = X5 X3 (3.54)

So far, we have investigated the H,, dynamic-observer-based control design problem for un-

certain systems in the presence of disturbances. The control design can be summarized as the

following design procedure:

stepl. Choose matrix A according to condition (3.21);

step2. Compute matrices ®, K and © from equations (3.26), (3.27) and (3.34);

step3. Compute matrices oy, as, as, ag, 51, F2 and B3 according to equations (3.30) and (3.34);

step4. Compute matrices A1, Ao, B1, By, C and D according to equations (3.17), (3.36), (3.37),
(3.38) and (3.39);

step5. Determine matrices K and X; by solving LMI (3.53);

step6. By inserting matrices K and X; into matrix inequality (3.48) and solving the deduced
LMI, compute matrix Zi;

step7. Deduce all the parameter matrices of observer (3.4) according to equations (3.29),
(3.33), (3.35) and (3.11b).

3.5 Numerical example

In the previous sections, we have solved the observer-based control design problem for uncertain
system in the presence of disturbances. In this section, a numerical example is presented to
illustrate the design procedure and the performances of the proposed control. Let us consider

the following system of the form (3.1):

12 1
A=10 -2 1],
0 0 -1
1 1
B=|2|,D=|o],
1 1

1
M= |0l N=1]1 2 1],
1

F(t) = 0.5sin0.04xt,

The initial conditions are z; = 1,29 = 1 and x3 = 0.5.
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It is easy to see that the above system is unstable, since the first eigenvalue is 1, which is on
the right side of the complex plane. The control aim is to stabilize the system, i.e., place all
eigenvalues on the left complex plane, by using the control (3.5) based on the proposed HDO
(3.4).

3.5.1 Observer-based control design

For the above system, we design an H,, dynamic-observer-based control by using the proposed
method. According to the design procedure presented in section 3.4, we first choose matrix

2
A= |2
1

o = O

0
of,
1

according to rank condition (3.20).

Then, by following the design procedure, we obtain

K = [-1.3263 0.5386 —0.3288],

—23.4341 23202 0.1615 48.7380  0.3305
7. — —57.2720 5.9519 04177 119.3283 0.8779
b7 |=11.4150 1.2071  0.0852  23.7986  0.1861 |’

0.0000  —0.0000 —0.0000 —0.0000 —0.5000

v = 0.9.

Consequently, the obtained HDO is given by:

—26.5820 4 —10 47.1640
i o= |-59.9857 2 —6|z+ |117.9714|y
—~11.8024 0 -1 23.6048
2 0.3305
4+ |7 u+ [0.8779] v,
1 0.1861
v = [0.2014 0.001 —0.001] z — [0.4027] y — [0.5] v,
04 0 0 0.2
& = |-08 1 —=3|z+ |-04|y.
0 0 1 0

The obtained observer is full-order observer. One can also design a reduced-order observer by
choosing ¢ = 2.
The obtained control is given by

u=Ki=[-13263 0.5386 —0.3288] 2.
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Based on the determined HDO and control, the eigenvalues of the closed-loop system are:
[—0.5070 4 2.7492i, —0.5070 — 2.7492i, —1.5639] .

One can see from the results that all the eigenvalues are on the left side of the complex plane. In
other words, the controlled system becomes stable by using the proposed H., dynamic-observer-
based control.

3.5.2 Simulation results

In order to show the performances of the proposed control, we have done some simulations with
the determined observer and control. Furthermore, we consider another uncertainty AA in the
state matrix (A + AA + AA) where

AA = Asin 27t

and
0.2 0.1 0.2
A= 102 03 0.1
0 0.2 0.1

The simulation results are shown in the following figures.

Figure 3.1 represents the disturbance of finite energy used in the simulation.

Figures 3.2, 3.4 and 3.6 represent the original system states and their estimates obtained from
the proposed HDO. The solid line represents the original system state. The dotted line represents
the state estimate.

Figures 3.3, 3.5 and 3.7 represent the estimation errors of each system state obtained from the
proposed HDO.

Figure 3.8 represents the output of system.
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Figure 3.1: Disturbance
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Figure 3.2: State x; and its estimate (solid line: original state; dotted line: HDO)
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3.5. Numerical example
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Figure 3.8: Output y

From the above figures one can see the performances of the proposed H., dynamic-observer-
based control, in the presence of an additional uncertainty.

Take Figure 3.8 for example. The control stabilizes the unstable system. After a period of oscil-
lation, the controlled system becomes asymptotically stable. In the case when the disturbance
appears, the control can guarantee the asymptotic stability of system and minimize the effect of
disturbance on the controlled output.

Furthermore, we can see from Figures 3.2 and 3.3 that the influence of disturbances on the
estimate is minimized. Besides, both the proposed control and observer are insensitive to the
uncertainty (see Figures 3.8 and 3.3 from time 45s to 55s for example).

Generally, we can see that the proposed H., dynamic-observer-based control can guarantee the
asymptotic stability of the closed-loop system and handle the uncertainty and disturbance very
well.

3.6 Conclusions

This chapter focused on the H,, dynamic-observer-based control design problem for uncertain
systems in the presence of disturbances, based on the HDO proposed in Chapter 2. The uncer-
tainty was time varying and assumed to be norm bounded.

Firstly, through the analysis of the estimation error, the algebraic constraints were obtained.
Then the control design problem was reduced to the determination of two parameter matrices,
based on the parameterizations of the algebraic constraints. Thereafter, the determination prob-
lem was formulated as a BMI optimization problem and a two-step algorithm was proposed to
solve the problem.

A numerical example that contained an unstable system was presented to illustrate the design
procedure of the H., dynamic-observer-based control. One can see that the proposed control
can guarantee the asymptotic stability of closed-loop system and was insensitive to uncertainties
and disturbances.
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Chapter 4. H., decentralized dynamic-observer-based control for large-scale uncertain systems

4.1 Introduction

In the past several years, the system of large-scale has gained considerable attention. In order
to solve the problem of LSS, the decentralized observer-based control has been developed. For
example, the observer-based decentralized control scheme for stability analysis of networked
systems was proposed in [38]. In [71], the observer-based decentralized control was designed
to enhance the power system dynamic stability. The authors of [74] proposed a reduced-order
observer-based control design, by using LMI approach. The usage of decentralized observer was
extended to continuous moving web in [95].

In recent years, the decentralized control has been developed for large-scale uncertain systems.
In [88], the observer-based decentralized control was designed for large uncertain multivari-
able plants. In [89], the authors solved the problem of decentralized stabilization and output
tracking for large uncertain systems. On the other hand, in order to deal with the disturbance,
the decentralized H filtering problem for linear systems was solved by using LMI technique in
[133]. In [140], the authors proposed an observer-based decentralized H,, control for inter-
connected systems. Furthermore, the applications of decentralized control for uncertain systems
with disturbances can be found in [8, 49, 118] and references therein.

In this chapter, by using the HDO proposed in Chapter 2, we propose an H,, decentralized
dynamic-observer-based control for large-scale uncertain systems in the presence of distur-
bances. These systems are composed of a set of interconnected subsystems of lower dimen-
sions, where the interconnections are assumed to be nonlinear and satisfy quadratic constraints.
First we do parameterizations to the algebraic constraints obtained from the analysis of the es-
timation error. Then based on the parameterization, Lyapunov function approach and Schur
complement lemma, the control design problem is formulated as an BMI optimization problem
and a two-step algorithm is proposed to solve the problem.

The rest of this chapter is organized as follows. In section 4.2, the H,, decentralized dynamic-
observer-based control design problem for large-scale uncertain systems in the presence of dis-
turbances is presented. The algebraic constraints are derived through the analysis of the esti-
mation error and parameterizations of these constraints are presented in section 4.3. In section
4.4, the design problem is reduced to a BMI optimization problem and a two-step algorithm is
presented to solve the problem. A numerical example consisting of two unstable subsystems
is presented to illustrate the design procedure and the performance of the proposed control in
section 4.5. Finally, some conclusions are given in section 4.6.

4.2 Problem formulation

Let us consider the following large-scale uncertain system in the presence of disturbances, which
is composed of N subsystems and the i-th subsystem is described by the following model:

T; = (Az + AAZ):BI + Bu; + D;w; + hi(t, .%'), (4.1a)
v = Ciz; + Ew;, i=1,...,N, (4.1b)

where z; € R, u; € K™, w; € R and y; € RP: are the system state, the control input, the
exogenous disturbance of finite energy and the output, respectively. Matrices A;, B;, C;, D; and
E; are known constant and of appropriate dimensions.

hi(t,x) represent the interconnections of N — 1 subsystems with the i-th subsystem. We take
the representations of interconnections presented in [139], which are assumed to satisfy the
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4.2. Problem formulation

following quadratic constraint:
RE(t, 2)hi(t, z) < a?2T HY H;z, 4.2)

where scalars a; are bounding parameters and matrices H; € 9R%*" are constant bounding
matrices.

AA; are unknown matrices representing the time-varying parameter uncertainties, assumed to
be norm bounded and has the following structure:

AA; = M Fi(t)N, (4.3)

where M, and N; are known real constant matrices and of appropriate dimensions. F;(t) are
unknown matrix functions satisfying

FE)Fi(t) < 1. 4.4)

Next let us consider the proposed HDO for each subsystem, which is presented by:

Zi = Fizi+ Jiyi + Tiug + My, (4.5a)
Vi = Pizi+ Qiyi + Givi, (4.5b)
i = Rizi+ Siyi, (4.5¢)

where z; € R% is the state of observer, v; € R is an auxiliary vector, #; € SR™ is the state esti-
mate. Matrices F;, J;, T;, M;, P;, Q;, G;, R; and S; are unknown and of appropriate dimensions
to be determined.

The observer-based control of each subsystem is expressed as
U; = Kii'i, (46)
where K; are unknown matrices and of appropriate dimensions to be determined.

From the representation of subsystems (4.1), the global system can be described by the following
state representation:

t = (A+AA)x+ Bu+ Dw+ h(t,x), (4.7a)
y = Cz+ Ew, (4.7b)
where vectors
r € R"(n = Ef\;lni,aﬁ = [x{, . ,m%]T),
u€ R (m=3N myu=[nd,.. . L)),
w E %f(f = Ei]ilfi,w = [w{,...,w%]T),

y €W (p =iy =yl url"),
h(t,z) = [Tt z),..., K%t 2)T.
Matrices A = diag(A;), B = diag(B;), C = diag(C;), D = diag(D;) and E = diag(E;).
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h(t,x) represents the interconnection of the global system, which is assumed to meet the fol-
lowing quadratic constraint:

WE(t,z)h(t,z) < olaeTHIHix+---+ ool HyHyz,

< o * 0 €,
HN * * 04]2V HN
< 2TH™U 'Hz, (4.8)
where matrices H = [HT,..., HL)T isal x n matrix (I = ©Y,1;), ¥ = diag(¥;) with ¥; = \;1

and \; = 1/a?.

A A represents the time-varying parameter uncertainty of the global system, defined in the fol-
lowing form:

AA = MF({)N, (4.9)

where AA = diag(A4;), matrices M = diag(M;) and N' = diag(N;). F(t) = diag(F;(t))
satisfies

FL)F@) < 1. (4.10)

Furthermore, the global observer composed of N local HDOs (4.5) is given by

2 = Fz+Jy+Tu+ Mo, (4.11a)
v = Pz+ Qy+ G, (4.11b)
T = Rz+ Sy, (4.11¢0)

where vectors

z€Ri(qg= Zi\il%, z = [zf, . z;"\;}T),

veR(t= Efilti, v = [vf, ey U%}]T),

TeR" T = [ir{,...,:ﬁ}f]]T.

Matrices F' = diag(F;), J = diag(J;), T = diag(T;), M = diag(M;), P = diag(F;), Q =
diag(Q;), G = diag(G;), R = diag(R;) and S = diag(S;) are unknown and of appropriate
dimensions to be determined.
The observer-based control law of global system (4.7) is expressed as

u= Kz, (4.12)

where K = diag(K;)(K; € R™*") is unknown matrix to be determined.
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4.3. Algebraic constraints and parameterizations

Consequently, with all the above presentations, the H,, decentralized dynamic-observer-based
control for large-scale uncertain systems in the presence of disturbances (4.7) is reduced to
determine all the parameter matrices of observer (4.11) and control (4.12) such that:

1. For w = 0, the estimation error e(t) — 0 when ¢t — oo and the closed-loop system obtained
from system(4.7), observer (4.11) and control (4.12) is stable;

2. For w # 0, minimize the effect of w on y, i.e., minimize the H., norm ||,y cc-
The following lemma will be used in the control design procedure:

Lemma 4.2.1. [35] For any matrices (or vectors) X and %) of appropriate dimensions, the following
inequality holds

Ty +9Tx <xTHx +9T0'Y (4.13)

where 11 is any positive definite symmetric matrix.

4.3 Algebraic constraints and parameterizations

In this section, similar to the previous chapters, we shall present some algebraic constraints and
parameterization results.

4.3.1 Algebraic constraints

Firstly, we define an error variable:
e=2z— dx, (4.14)

where ¢ € Ri(e = [ef,...,e4]T) and & € RP*"(® = diag(®;), ®; € RE*™) is an arbitrary
matrix.
Then the derivative of error ¢ is given by

¢ o= - i,
= Fz+4JCzx+ JEw+ Tu+ Mo,
—®(A+ AA)x — PBu — ®Dw — h(t, x)
= F(z—®z)+ Fox+ JCx+ JEw + Tu+ Mo,
—PAx — PAAx — PBu — PDw — Ph(t, x)
= Fe+ Mv+ (JE - ®D)w — ®h(t,xz) — PAAx
H(F® + JC — ®A)z + (T — ®B)u. (4.15)

From observer (4.11) it follows

v = Pz+4 Qy+ Gu,
= Pe+Gv+ QEw+ (PP + QC)x, (4.16)
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and

=

Rz + Sy,
Re + SEw + (R® + SC)x. (4.17)

On the other hand, by inserting control (4.12) into system (4.7), the system equation (4.7a)
becomes

&t = (A+AA)x+ BK2+ Dw+ h(t, z),
= Az + BK[R(z — ®z) + R®z + SCx + SEw)
+AAx + Dw + h(t, z),
= [A+ BK(R® + SC)]a + BKRe + (D + BKSE)w
+AAx + h(t, z). (4.18)

Notice that if the following conditions hold

FO+JC—dA = 0, (4.192)
T-%B = 0, (4.19b)
P®+QC = 0, (4.19¢)

RO +SC = I, (4.19d)

we obtain the following results on the derivative of state z, error € and auxiliary vector v:

& =(A+BK)x+ BKRe+ (D + BKSE)w + h(t,z) + AAx, (4.20)
¢=Fe+ Mv+ (JE —®D)w — Oh(t,z) — PAAx, (4.21)
0= Pe+ Gv+ QFw, (4.22)

Furthermore, the expression of the estimation error e is given by
e = Re + SEw. (4.23)

Consequently, we obtain the following system:

T A+ BK BKR 0 x D+ BKSE
el = 0 F M| |e|+ | JE-®D |w
¥ 0 P G| |v QF
I, I,
+ |—®| h(t,z) + |—P| AAxz, (4.24a)
0 0
€T
y = [C 0 0] |e| + Euw, (4.24b)
v
or equivalently,
€ = AE&+Bw+ h(t,€) + AAE, (4.25a)
= C¢+ Duw, (4.25Db)
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where

£=|e| =€),
A+ BK BKR 0
A=| 0 F M|,
0 P G
D+ BKSE (4.26)
B=| JE—&D |,
| QE
I
h(t, &) = Th(t,z),T = |-®| ,
0

C=[C 0 0] andD=E.
h(t, &) is assumed to satisfy the following constraint inequality:

Tt 6n(t, &) < 2THITTU 'THz,

27 THITT w1 H

0 Of |«
< e 0 0 0] |ef,
v 0 0 Of |v
< IHTwHE, (4.27)

with matrix H= [TH 0 0].

AA is similar to the uncertainty AA in system (4.7). It is used to represent the uncertainty
which is assumed to satisfy the following equation:

AA = M]:(t)N, (4.28)
M
where matrices M = |—-®M | andN= [N 0 0].
0

Consequently, one can see from the above developments that the H., decentralized dynamic-
observer-based control design problem is reduced to study the augmented uncertain system
(4.25), in other words, to determine all the parameter matrices of observer (4.11) and control
(4.12) such that:

pl. Constraint conditions (4.19) are satisfied;
p2. For w = 0, the augmented state £(¢) — 0 when ¢ — oo;

p3. For w # 0, the Hyo norm || Ty ||oc < 7.
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4.3.2 Parameterizations

Subsequently, we shall do some parameterizations to the constraints condition (4.19). We only
present the results, since the procedure is similar to the previous chapters. From equations
(4.19¢) and (4.19d) we obtain the following equation:

<§ g) <g> - (2) ' (4.29)

The necessary and sufficient condition for equation (4.29) to have a solution is that the following
rank condition must be satisfied:

i)
C )

rank o= rank (C) =n. (4.30)
I

Assume that rank condition (4.30) holds, and let A € R?*"™ (A = diag(A;),A; € RE*") be an
arbitrary full row rank matrix such that:

rank (g) = rank (2) =n. (4.31)

Then there always exist two parameter matrices K = diag(K;) (K; € 93%*Pi) and ® such that

(g> N G)q _If> ((/E) ’ (4.32)

which leads to

d=A-KC, (4.33)
or equivalently,
— (L,\ _
(@ &) ( C> _ A (4.34)

One solution of equation (4.34) is given by
+
I, I,
v - (5 (%) 439
— L\ [0
k- a(B) (1), 436

By inserting equation (4.32) into equation (4.29), we have

(n $) (8 5)(@) = () @31
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4.3. Algebraic constraints and parameterizations

In this case, matrices P, @), R and S are given by

P = —Zgﬁl, (4.38a)
Q = —Zsfo, (4.38b)
R = a;— Zsb, (4.38¢)
S = ag— Z3f, (4.38d)

where matrices

Zy=(I; 0)Z,
Zs=(0 I,)Z,
A

r=(e)

(4.39)

B = (Iq—l—p - TT+> (%’) )
Ba = Ugtp — TT™) <§() :
P

\

and Z is an arbitrary matrix of appropriate dimension.

Remark 4.3.1. According to Remark 2.2.7, in order to avoid the the bilineaity, we take matrix
Z3 = 0 and obtain

R = a, (440)
S = o (4.41)
|

On the other hand, matrices F' and K are given by

F = a3 — Zl,Bl, (4.423)
K, = a4— Z183, (4.42b)

where Z; is an arbitrary matrix of appropriate dimension, and matrices

ag =0T <I61> ,
0
— oT+

@y = OT <Ip> ) (4.43)
0

53 = (Iq-i-p - TT+) <I ) )
P

| © =0A.

Furthermore, matrix J is given by

J = Oay— Z15s. (4.44)

111



Chapter 4. H., decentralized dynamic-observer-based control for large-scale uncertain systems

Consequently, based on the above parameterizations, the matrices A and B of augmented system
(4.25) can be written as:

[A+BK BKR 0

0 P G

A+ BK BKR 0
= 0 a3 — 2181 M|,
—Z G

A+BK (BKR 0)
- (0) A — Zuh | (4.45)

where matrices

Aq

[0‘3 0] 7y = [Zl M] and Ay = [501 OI}, (4.46)
— 4t

and

D+ BKSE
B = | JE-®D |,
QF

D+ BKSFE
— |OmE - Z13E — oD |
—Z33E

(4.47)

D+ BKSE
| By —Z;B; |

where matrices

B, = [@O‘zEO D ] and By — V%E] . (4.48)

With all these results, one can see that matrix A is needed to be choosen according to rank
condition (4.31). In this case, once matrices K, Z1, Z, M and G, i.e., matrices K and Z;
are determined, we can deduce all the parameter matrices of the observer (4.11) and control
(4.12) according to equations (4.38), (4.39), (4.40), (4.41), (4.42) and (4.44). Thus the H.,
decentralized dynamic-observer-based control design problem is reduced to the determination
of parameter matrices K and Z; such that the purposes p2 and p3 are satisfied.
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4.4 H,., decentralized dynamic-observer-based control design

In previous sections, based on the parameterization of algebraic constraints, the control design
problem is reduced to the determination of two parameter matrices K and Z,. In this section,
we will solve the determination problem. Firstly, we give the following theorem:

Theorem 4.4.1. With ¥ = diag(V;) (V; = NI and \; = 1/a?), system (4.25) is asymptotically
stable for w = 0 and || Tyyy||oc < 7y for w # 0, if there exist two symmetric positive definite matrices
X1 > 0, Xy > 0, and a given positive scalar y such that the following matrix inequality holds

XA+ ATX + HTOTH + XTX + XM(XM)? + NTN + CTC  XB +CTD

Proof. For system (4.25), we choose the following Lyapunov function:
V(€) = €7X¢, (4.50)

where matrix X = diag(Xy,Xy) and X; > 0(j = 1,2).
Then the derivative of Lyapunov function V (£) along the solution of system (4.25) is given by

V(E) = IXe+TXE
= [AE+Bw + h(t, &) + AAETXE
+ETX[AE + Bw + h(t, €) + AAE],
= XA+ ATX)E + TXBw + wT BT Xe
+ETXN(t, &) + hT (¢, £)XE + 26TXAAEL. (4.51)

According to Lemma 2.4.1 and the expression of uncertainty AA (4.28), by choosing p = 1, we
obtain the following inequality:

V(E) = €0(XA+ATX)E + ¢ XBw + wBTX¢

+ETXN(t, &) + hT (8, £)XE + 26T XMF (t)NE,

¢T(XA 4+ ATX)E + ¢7XBw + w'BTXe

+ETXN(t, &) + AT (1, )XE + T [XM(XM)T + NTNJ¢. (4.52)

IN

According to Lemma 4.2.1 and the constraint of interconnection h(t, &) (4.27), by choosing I1 = I,
we obtain the following inequality:

T(XA 4+ ATX)E + eTXBw + w! BT XE

+hT(t, Oh(t, &) + ETXTXE + ¢[XM(XM)T + NTNJ¢,

T(XA 4+ ATX)E + eTXBw + w! BTX¢

+eTHT O H + XTX + XM(XM) T + NTNJ¢. (4.53)

V()

IN

IN
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From inequality (4.53) and system equation (4.25b), we have

V() +y Ty —Yww = V(€ + (CE+Duw)” (CE + Dw) — 7w’ w,
< T(XA + ATX)E + TXBw + w! BT XE
+HTHTYH + XTX + XM(XM) T + NTNJ¢
+eTCTce 4+ 1CTDw + wI DT CE + wDTDw — 2wl w,

< XA+ ATX + HTOH + XTX + xM(xm)©
+NTN + CTCl¢ + ¢7(XB + CTD)w
+ET(XB + CTD)w]” + w' (D'D — 4214w, (4.54)
or equivalently
V(E) +yTy —uTw < [¢7 wT Q[T wT)", (4.55)
where
XA + ATX + HTOH 4+ XTX + XM(XM)T + NN +CTC XB+C™D
Q= e p or | . (4.56)
(XB + CTD) DTD — 421,
Notice that if Q) < 0, we have
V(€) +y"y — 2w w <0, (4.57)
which is equivalent to
[ Twylloo < - (4.58)

One can see from the above results that for system (4.25), the Ho, norm ||Tiyy|lco < v in the case
where w # 0, if inequality 2 < 0 holds.

On the other hand, in the case where w = 0, if Q < 0 we have the following results:

V(E) +yTy <0,
s V(E©) < —yTy <o, (4.59)

since it is always satisfied that y'y > 0. In this case, one can see that system (4.25) is stable.

With all the results, we can see that system (4.25) is stable for w = 0 and ||Tyy||oc < v for w # 0,
if matrix inequality (4.49) is satisfied. This completes the proof. O

Subsequently, from Theorem 4.4.2, we obtain the following theorem to determine the parame-
ter matrices K and Z;:

Theorem 4.4.2. With ¥ = diag(¥;) (V; = NI and \; = 1/a?), system (4.25) is asymptoti-
cally stable for w = 0 and || Twyllcc < 7 for w # 0, if there exist two symmetric positive def-
inite matrices X1 = diag(X11,Xj2) and Xy = diag(Xa1,Xog), matrices Q1 = diag(Q11, Q12),
Q2 = diag(Q21,Q92) and K of appropriate dimensions, and a given positive scalar v such that the
following matrix inequality holds
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' (BKR 0) Q3 XINT M XP'HTTT 1 0 X['oTT
0 —dM 0 0
o w (o) =5 () o= ()
* * ETE —~%I; 0 0 0 0 0 0
* * * —TI 0 0 0 0 0 <0
* * * * -1 0 0 0 0
* * * * * - 0 0 0
* * * * * * —I 0 0
* * * * * * *x =1 0
L * * * * * * * * —I
(4.60)
where
0 = ARX]) ™+ BQu + [AX]) T + BQi)T, Qi = K(XT) 7,
Q2 = XoA; — QoAg + (XaA; — QoAs)T, Qg = X074,
Q3 =D+ BKSE +X[;'C'E,
Qg = XoB;1 — Q2Bs.
In this case, matrices K = Q1 Xy and Z; = X;l(@z.
Proof. Matrix inequality (4.49) can be rewritten as
XA+ ATX XB+C'D N xM HT XT €™
* D'D—-~*; 0 0 0 0 O
* * I 0 0 0 0
* * * =1 0 0 0| <0, (4.61)
* * * * =¥ 0 0
* * * * * =1 0
| * * * * * * =]

by using Schur complement lemma.

Subsequently, substituting the matrices of equations (4.45), (4.46), (4.47), (4.48), (4.38), (4.39),
(4.42) and (4.43) into matrix inequality (4.61) yields

T
<X1 0>>< A+ BK (BKR 0) A+ BK (BKR 0) ><<X1 0)

0 X, (8) A —ZiAs | T (8) Ay — 71 Ay 0 X,

b R S S S S o
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T T
<X1 0) " <D+BKSE> (“Z) “ B /\(f)
0 X B — Z1Bs (O) <0)
ETE —~%I; 0
* -1
* *
* *
* *
* *
Xy 0 M H Xy 0 et
W) ) o] © =) [6)
0 0 0
0 0 0 0
0 0 0 0 <0, (4.62)
-1 0 0 0
* v 0 0
* * -1 0
* * * -1 )
which is equivalent to
Q) (XyBKR 0) Q4 NT XiM HITT Xy 0 C77
w3 e
* * ETE — 721f 0 0 0 0 0 0
* * * -1 0 0 0 0 0 <0
* * * * —I 0 0 0 0 ’
* * * * * v 0 0 0
* * * * * * —-I 0 0
* * * * * * * —I 0
| * * * * * * * k=TI ]
(4.63)

where

Q) =X A +XBK + (XA + X, BK)7,

0y = XoA; — XoZ1Ag + (XoA; — XoZ1Ag)T,
L =Xi(D+ BKSE)+ CTE,
L = XoBy — XoZ:Bs.

Then, by pre- and post-multiplying inequality (4.63) with matices
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X710 00000 0 0
0O I 00 O0O0O0O0TO0
0 0 I 0O0O0O0OO0TO0
0O 00 I 0O O0O0O0TFO O
0 0001 O0O0O0O0OTO
0O 00 O0O0OTTO0OO0OTO
0 00 O0OO0OO0OTITTO0OO
0O 00 O0O0OO0OO0OTIO O
L 0 0 0 0 0 0 0 0 I
and
'(XlT)_1 0000 0 0 0 0]
0 I 00 0 0 O0OTD
0 07 00 0O0OO0OTO
0 0 0I 00 O0O0OTO
0 000 I 0O0O0O0f,
0 0000 T O0O0OTO
0 0000 O0OTITO0OTO O
0 0000 O0O0OTIO
L 0 0000 O0O0O0 I]
we obtain
QY (BKR 0) Q3 X INT M XPHTTT 1 0 X{'o™
com e () =) () 0= ()
* * ETE —~%I; 0 0 0 0 0 0
* * * -1 0 0 0 0 0 <0
* * * * —I 0 0 O 0 ’
* * * * * - 0 0 0
* * * * * * -1 0 0
* * * * * * * =1 0
| % * * * * * * * —I ]
(4.64)
where

O = AXD) N+ BE(X]) T+ [AX]) T+ BE(X]) T,
Q3 = (D + BKSE) +X{'CTE.

In this case, by defining matrices Q; = K (XlT)*1 and Q, = X971, matrix inequality (4.64) becomes
matrix inequality (4.60), which completes the proof. O
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Consequently, the H,, decentralized dynamic-observer-based control design problem of large-
scale uncertain systems (4.7) is formulated as a matrix inequality optimization problem. Notice
that matrix inequality (4.60) is a BMI and in order to solve the problem, we propose the follow-
ing two-step algorithm:

s1: Determine matrices Q; and X; by solving the following LMI:
AXD ™+ BQu A+ [AXD) T+ BQi)T <0, (4.65)

which corresponds to the first block of inequality (4.60), i.e., matrix inequality ; < 0. In
this case, matrix K can be deduced by

K =QQ:X;. (4.66)

s2: By inserting the matrices K and X; derived from the first step into inequality (4.60), the
latter becomes an LMI and the solution of this LMI permits to deduce matrices Z; by

Z1 = X5'Qo. (4.67)

With all the above results, we have presented a method to solve the design problem of H.,
decentralized dynamic-observer-based control for large-scale uncertain systems in the presence
of disturbances. The above results can be summarized in the following design procedure:

stepl: Choose matrix A according to rank condition (4.31);

step2: Compute matrices ®, K and © according to equations (4.35), (4.36) and (4.43);

step3: Compute matrices a1, ao, as, oy, $1, /1 and f3 according to equations (4.39) and (4.43);
step4: Comput matrices R and S according to equation (4.40) and (4.41);

step5: Comput matrices A, Ay, By, Bo, C and D according to equations (4.46), (4.48), (4.26);
step6: Determine matrices K and X; from solving the LMI (4.65);

step7: Insert the obtained values of matrices K and X, into inequality (4.60), and solve the LMI
(4.60) to determine parameters Z, v and a;;

step8: Deduce all the parameter matrices of observer (4.11) according to equations (4.38),
(4.42) and (4.44).

4.5 Numerical example

In the precedent sections, we have solved the H, decentralized dynamic-observer-based control
design problem for large-scale uncertain systems subject to disturbances. In this section, a
numerical example is presented to illustrate the design procedure and the performances of the
proposed control. Let us consider a large-scale uncertain system consisting of two subsystems
which are described by
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Subsystem 1:

Subsystem 2:

1 2 3
Ar=10 -1 2|,
0o 0 -1
[ 1 1
Bi= |05|,Dy = |0],
|1
Ci=[1 0 0],E; =01,
1
My= (0| Mi=[1 2 1],
1

F1(t) = 0.5sin0.04nt,

1 2
Az {0 —J’
1 1
B2: |:O:| 7D2: |:1:| )
Cy=[1 0],E;=0.2,
1
F5(t) = 0.5sin 7t

The interconnections between the two subsystems are

Subsystem 1:

Subsystem 2:

hi(t,z) = ay sin(5t/m)Hx,
1 0 0 1
1 1 1 0f,

0 010
ho(t,z) = agsin(2.5t/m)Hox,

10001
HQ_{00101]'

The initial conditions of the two subsystems are:

r11 = 1,212 = 0,213 = 0.5

and

xo1 = 1.1,2990 = 1.

It is easy to see that both the two subsystems are unstable. The eigenvalues of subsystem 1 are
1, —1 and —1. The eigenvalues of subsystem 2 are 1 and —1.

Our control aim is to design an H,, decentralized dynamic-observer-based control in order to
stabilize the large-scale uncertain system formed by the above two subsystems.
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4.5.1 Observer-based control design

In this section, we will determine all the parameter matrices of the observer (4.11) and control
(4.12) by using the proposed method. According to the design procedure, firstly we choose
matrices A; and As according to rank condition (4.31). The two matrices A; and Ay we choose
are:

Ay

Il
N =
o = O
— o O

and

4 0

A22[2 1

By following the design procedure, we obtain

Ky =[-18126 —1.2469 0.7254],
K,=[-15 -2],
ay = 0.3, ag = 0.4,

v =0.9.

Then, the obtained local HDOs for each subsystem are given by

11.6077
21+ [13.1238| w1
11.0419

—11.8038 4 6]
—-12.5619 3 8
—8.0209 2 2]

subsystem 1: 2, =

[0.5344  0.4276 0.3577
0.4616 1.1218 0.6230] vy,
10.2171  0.3686 0.7405

2
2.5 uy + 103
2

+

0.0718 0 O

U =
0.0326 0 O
—724.2775

0.5029
0.2131

+

04 0 0

1=
-04 0 1

—4.3399 4

subsystem 2: 29 = [—30088 1

120

0.0524 0 0] 21 +

—08 1 0] 21+

B

—0.1436
—0.1048 Y1
—0.0653

0.2197
0.3709
—725.9822

0.5073
725.5666
0.3691

U1,

0.2
—-04 Y.
—0.2

6.6797
6.0176| 2
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N 643.6592 361.0189
11 %27 [317.1734 731.9549| “¥

. [F0.1209 0] - [0.2500
27 10,0327 0|27 [0.0655| ¥2

~726.1181  —0.0082 |
—0.0082 —726.1654| 2’

. _ [04 0] - To2
27 g4 1|27 | —02] ¥

The observers we designed are full-order observers. One can also design reduced-order ob-
servers, by choosing g1 = 2,41 =1, =1 and t, = 1.

Subsequently, the obtained local controls for each subsystem are given by

subsystem 1: w; = [—1.8126 —1.2469 0.7254] &;.
subsystem 2: wy = [-1.5 —2] 2.

With the determined observers and controls, the eigenvalues of the closed-loop subsystem 1 are
[~0.7429 4 3.1619; —0.7429 — 3.1619i —1.2248,]
and the eigenvalues of the closed-loop subsystem 2 are
0.5 —1],

which are all on the left side of complex plane. In other words, the large system composed
of two subsystems become stable, by using the proposed H,, decentralized dynamic-observer-
based control.

4.5.2 Simulation results

In this section, in order to show the performance of the proposed control, we have done some
simulations with the obtained observer and control. Furthermore, we consider the system with
another uncertainties A A; in each subsystem state matrix (A; + AA; + AA;) where

AZl = Al Sin1 27Tt,

0.2 0.1 0.2
A= 102 03 0.1},
0 02 0.1

and

AZQ = Ag Sing 5’/Tt,

Ay — [0.1 01} .

0.1 0.2

121



Chapter 4. H., decentralized dynamic-observer-based control for large-scale uncertain systems

The simulation results are shown in the following figures. Figure 4.1 represent the disturbances
of finite energy used in the simulation. For subsystem 1, the disturbance is added in the time
interval from 30s to 40s, while for subsystem 2, the disturbance is added in the time interval
from 70s to 80s.

Figures 4.2, 4.4, 4.6, 4.8 and 4.10 represent the original states and their estimates. Figures 4.2,
4.4 and 4.6 represent the original states of subsystem 1 and their estimates obtained from HDO,
while Figures 4.8 and 4.10 represent the original states of subsystem 2 and their estimates ob-
tained from HDO. The solid line represents the original system state. The dotted line represents
the estimate.

Figures 4.3, 4.5, 4.7, 4.9 and 4.11 represent the estimation errors obtained from HD. Figures
4.3, 4.5 and 4.7 represent the estimation errors for subsystem 1. Figures 4.9 and 4.11 represent
the estimation errors for subsystem 2.

Figures 4.12 and 4.13 represent the outputs of each controlled subsystem. Figure 4.12 repre-
sents the output of subsystem 1 and Figure 4.13 represents the output of subsystem 2.

1 T

T T
m— istrubancel

0.8

0.6

disturbancel

041

0.2

0 10 20 30 40 50 60 70 80 90 100
time/s

m— disturbance2

0.8

0.6

041

disturbance2

021

0 10 20 30 40 50 60 70 80 90 100
time/s

Figure 4.1: Disturbances

X11

15 i i i i i i i i i
0 10 20 30 40 50 60 70 80 90 100

time/s

Figure 4.2: State x1; and its estimate (solid line: original state; dotted line: HDO)
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X13
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Figure 4.6: State x13 and its estimate (solid line: original state; dotted line: HDO)
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Figure 4.8: State x9; and its estimate (solid line: original state; dotted line: HDO)
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1 T T

m— hdoe21

0.6 1

0.4 4

e21

0.4 i i i i i i i i i
0 10 20 30 40 50 60 70 80 90 100

time/s

Figure 4.9: Estimation error eg;

1.2 T T

— XD,
o hdoX22

0.8 P 1

0.6 4 1

0.2 4

0.4 i i i i i i i i i
0 10 20 30 40 50 60 70 80 90 100

time/s

Figure 4.10: State x5 and its estimate (solid line: original state; dotted line: HDO)

1.4 T T

m— hdoe22

1.2 q

0.6 1

0.2 m 1

0.4 i i i i i i i i i
0 10 20 30 40 50 60 70 80 90 100

time/s

e22

Figure 4.11: Estimation error es

125



Chapter 4. H., decentralized dynamic-observer-based control for large-scale uncertain systems

0.5 1

y1
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Figure 4.12: Output y;
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Figure 4.13: Output y»

From the above figures, one can see the performances of the proposed H, decentralized dynamic-
observer-based control, in the presence of additional uncertainties.

Take Figure 4.12 for example. The control stabilizes subsystem 1. After a period of oscillation,
subsystem 1 becomes asymptotically stable. For subsystem 2, one can see from Figure 4.13 that
by using the proposed control, it becomes asymptotically stable.

In the case when disturbances appear, the control can guarantee the asymptotic stability and
the influences of disturbances on each controlled output are minimized (see Figure 4.12 from
30s to 40s and Figure 4.13 from 70s to 90s). On the other hand, the effects of disturbances on
estimation errors are minimized, see Figures 4.3 and 4.9 for example.

Furthermore, we can also see that the proposed control is insensitive to uncertainties.
Generally, the proposed H., decentralized dynamic-observer-based control can guarantee the
asymptotic stability of the controlled systems in the presence of disturbances and uncertainties.
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4.6 Conclusions

This chapter focused on the H,, decentralized dynamic-observer-based control design problem
for large-scale uncertain systems in the presence of disturbances. These systems were composed
of a group of interconnected subsystems, where the interconnections were assumed to be non-
linear and satisfy quadratic constraints. The uncertainties were time varying and assumed to be
norm bounded.

The results of Chapters 2 and 3 have been applied to solve the control design problem. Firstly,
from the analysis of the estimation error, algebraic constraints were derived. Then the pa-
rameterizations have been done to the algebraic constraints. Based on the parameterizations,
Lyapunov function approach and Schur complement lemma, the control design problem was
formulated as a BMI optimization problem. A two-step algorithm was proposed to solve the
problem.

A numerical example composed of two unstable subsystems was presented to illustrate the de-
sign procedure and the performances of the proposed control. One can see that the proposed
control can guarantee the asymptotic stability of the controlled subsystems in the presence of
disturbances and it is insensitive to uncertainties.
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Chapter 5. Conclusions and perspectives

In our thesis, we have proposed a new form of HDO, which generalizes the existing observers
such as PO and PIO. We also investigated the application of this HDO in the observer-based
control of LSS. In this chapter a brief summary of the work discussed in the previous chapters
will be given and some areas that merit future research will be described.

5.1 Conclusions

This thesis began with the HDO design for systems in the presence of disturbances and un-
known inputs in Chapter 2. Firstly, algebraic constraints were derived from the analysis of the
estimation error. Then, based on the parameterizations of the algebraic constraints, the de-
sign problem was reduced to the determination of one parameter matrix. Based on bounded
real lemma and Schur complement lemma, the determination problem was formulated as an
optimization problem in terms of LMIs. Both continuous-time and discrete-time systems were
considered. The performances of the proposed HDO were proved to be better in both transient
regime and steady state regime, compared with PO and PIO.

Furthermore, we studied the observer design problem of uncertain systems in the presence of
unknown inputs and disturbances. It was shown that the problem can be transformed into an
observer design problem of descriptor systems.

In Chapter 3, by inserting the proposed HDO into a closed-loop, an observer-based control
was designed for uncertain systems in the presence of disturbances. The uncertainty was time
varying and assumed to be norm bounded. Based on the parameterizations of the algebraic
constraints and Lyapunov function approach, the design problem was formulated as a BMI op-
timization problem, and a two-step algorithm was proposed to solve this problem. The perfor-
mances of the proposed control were illustrated through a numerical example, which contained
an unstable system.

By extending the obtained results to LSS, an H,, decentralized dynamic-observer-based control
was proposed for large-scale uncertain systems with disturbances in Chapter 4. These systems
were composed of several interconnected subsystems, where the interconnections were assumed
to be nonlinear and satisfy quadratic constraints. The control design problem was formulated
as a BMI optimization problem, and the two-step algorithm was used to solve the problem.
A numerical example that contained two unstable subsystems was presented to illustrate the
design procedure and the performances of the proposed control.

5.2 Perspectives

In this thesis some topics were addressed and in the previous section we highlighted several con-
tributions of this thesis. However, some new interesting questions also arose. These questions
and other interesting problems are left for future research. We will now discuss some issues that
warrant further investigations:

- Do more practice simulations with the proposed observer and observer-based control;

- In Chapter 2, we found that the design problem of uncertain systems with unknown inputs can
be transformed into an observer design problem of descriptor systems. Based on the results on
the observer design of descriptor systems [28, 30, 32, 92, 98], we can study the HDO design
problem for uncertain systems in the presence of unknown inputs and disturbances;
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- In Chapter 3, for the observer-based control design, only the effect of disturbances on the
output is minimized (||Tiyy||co < 7). According to [103], we will minimize the effect of distur-
bances on both estimation error (|| Tyelloo < ) and control (||Toy |l < 7e), in the observer-
based control design.

- Due to the negative influence of time-delays, the design problem of observers and observer-
based control for time-delay systems has been greatly investigated. In the case where the time-
delay is assumed to satisfy some constraints, the design can be decoupled from the time-delay
[55] and [116]. Otherwise, the problem can be solved by using Lyapunov function approach
[17, 22, 77, 127, 146]. We can investigate the HDO and observer-based design problems
for time-delay systems, and then extend the results to large-scale time-delay systems, such as
network systems;

- The adaptive observer has become a hot topic in the research field, since it can estimate the
unmeasured states as well as the unknown parameters simultaneously. The adaptive observer
design problems of LTI systems were solved in [59, 90, 112, 141], while in [3, 4, 9, 83, 144,
145], the adaptive observers were designed for linear time varying (LTV) systems. Based
on the existing results, the proposed HDO can be used to estimate the states and unknown
parameters of small systems first, then the results can be extended to LSS.
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Résumé

Cette these est le résultat de recherche effectuée a Longwy au sein du département CID < Controle
Identification et Diagnostic > du Centre de Recherche en Automatique de Nancy (CRAN). Elle concerne,
d’une part, la synthése des observateurs dynamiques (d’ordre plein et d’ordre réduit) et la commande
basée observateur d’une classe de systémes linéaires incertains, d’autre part, 'application de ces résultats
aux systemes de grande dimension.

Dans une premiére partie, une nouvelle forme d’observateurs dynamiques H,., est concue pour les
systémes linéaires en présence d’entrées inconnues et de perturbations, pour les systémes continus et
discrets. L’observateur proposé généralise ceux existants tels que les observateurs proportionnels et
proportionnels-intégrales. La conception d’observateur est fondée sur la résolution des inégalités ma-
tricielles linéaires (LMI).

Ensuite, ces observateurs ont été utilisés dans la synthése de contréleurs basés observateur pour les sys-
témes incertains en présence de perturbations. Cette synthese est basée sur le paramétrage des solutions
des contraintes algébriques obtenues a partir des erreurs d’estimation. La solution est obtenue a partir de
la résolution des inégalités matricielles bilinéaires en utilisant un algorithme a 2 étapes.

Dans la derniére partie, les résultats obtenus ont été étendus aux systémes de grande dimension. Dans ce
cadre, les systéemes considérés sont décomposés en plusieurs sous systemes interconnectés de faible di-
mension, ol les interconnections sont supposées non linéaires et satisfaire des contraintes quadratiques.
Une commande décentralisée basée observateur dynamique est proposée pour les systémes interconnec-
tés incertains en présence de perturbations.

Mots clés: Observateur dynamique, commande basée observateur, systéme linéaire incertain, systéme de
grande dimension, LMI, commande décentralisée.

Abstract

The present thesis is the result of research conducted in Longwy, within the department Control, Identi-
fication, Diagnosis (CID) of Research Center for Automatic Control of Nancy (CRAN). This thesis investi-
gates the problem of dynamic observer (full- and reduced-order) and observer-based control design and
their applications to large-scale systems.

Firstly, a new form of H,, dynamic observer is designed for linear systems in the presence of unknown
inputs and disturbances. The proposed observer generalizes the existing results on proportional observer
and proportional integral observer. The observer design is based on the solution of linear matrix inequal-
ities (LMI). Both continuous-time and discrete-time systems are considered.

Thereafter, by inserting the proposed observer into a closed-loop, an observer-based control is presented
for uncertain systems in the presence of disturbances. Based on the parameterization of algebraic con-
straints obtained from the analysis of the estimation error, the control design is derived from the solution
of bilinear matrix inequality, by using a two-step algorithm.

Finally, the obtained results have been extended to large-scale systems. A decentralized observer-based
control is proposed for large-scale uncertain systems in the presence of disturbances. These systems
are composed of several interconnected subsystems of low dimensions, where the interconnections are
assumed to be nonlinear and satisfy quadratic constraints.

Key words: Dynamic observer, observer-based control, linear uncertain system, large-scale system, LMI,
decentralized control.
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