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Abstract

We study the disturbance decoupled estimation problem for linear differential-algebraic systems
which are not necessarily regular. We introduce the notion of partial state observers following
a recent approach to observer design motivated by considerations for behavioral systems. In
our framework, a partial state observer is itself a differential-algebraic system. We derive a
characterization for existence of (asymptotic) partial state observers. Exploiting the freedom
in the proposed observer design, we derive a solution of the disturbance decoupled estimation
problem. The characterization of solvability is obtained via geometric conditions in terms of the
generalized Wong sequences.

Keywords:  Differential-algebraic systems; descriptor systems; disturbance decoupled es-
timation; observer design; Wong sequences.

1 Introduction

We study linear time-invariant systems (the plant) given by differential-algebraic equations (DAEs)
of the form

S$Ex(t) = Ax(r) + Bu(t),
y(t) = Cix(t) + Dyu(t), (D
z(t) = Cox(t) + Dau(t),

where E,A € RI*" B e R>*™ C; € RP*", D; € RPX™M = 1,2. Systems of that type are also
called descriptor systems. The set of DAE systems (1) is denoted by X;, . 5, », and we write
[E,A,B,C1,C3,D1,D3] € Xy mp,,p,- Systems of the form (1) occur when modeling dynamical sys-
tems subject to algebraic constraints; for a further motivation see [5, 19, 31, 32, 38] and the references
therein. In the present paper we do not assume that sE — A is regular, which would mean that [ = n
and det(sE —A) € R[s] \ {0}.

The functions u : R—R"™, y: R—R”! and z : R — R”? are called input, measurement output and
controlled output of the system (1), resp. We call x : R— R" the state although, strictly speaking, x(r)
is in general not a state in the sense that the free system (i.e., # = 0) can be arbitrarily initialized [28,
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Sec. 2.2]; however, x(¢) contains the full information about the system at time z. The tuple (x,u,y,z) :
R—R" x R™ x RPt x RP2 is said to be a solution of (1), if it belongs to the behavior of (1):

0 om Ex € /€ (R—R!) and (x,u,y,z
Bl 4 5.C,.Co.01 D] :—{(x,u,y,z)eﬁéc(R%R x R™ x RP! x RP?) ( ) and (x,u,y )}.

satisfies (1) for almost all t € R

DAE control systems based on the above behavior have been studied in detail e.g. in [5]. For the
analysis of DAE systems in X; , ,, », », W€ assume that the states, inputs and outputs of the system
are fixed a priori by the designer. This is different from other approaches based on the behavioral
setting [16, 21].

Observer design for general differential-algebraic systems has been investigated recently in [9].
It is revealed that there is still a lot of freedom in the choice of the parameters which constitute an
observer. This freedom may be exploited, for instance, for the construction of an observer such that
the observation error does not depend on disturbances which might occur in the plant. In the present
paper we consider this so called disturbance decoupled estimation problem (DDEP) for differential-
algebraic systems. To this end, we consider disturbances of the plant (1), i.e., for given disturbance
matrices Q1 € R'*9,Q, € RP1*4 Q3 € RP2%4 we consider the system

$ Ex(t) = Ax(1) + Bul) + 01d(1),
X y(t):Clx(t)+D1u(t)+Q2d(t), 2)
z(t) = Cox(t) + Dau(t) + Q3d(1)

where d € €~ (R —RY) represents a smooth disturbance, which may be induced by noise, modeling
or measuring errors, or by higher terms in linearization. A (partial state) observer is a dynamical
system whose input is composed of the input # and the measurement output y of the plant. The output
of the to-be-built dynamical system will be a variable Z which approximates the controlled output z in
a certain sense. We consider observers which are themselves DAEs given by

L Eoxo(t) = Apxo(t) + B, <Z8 > 7

2(r) = Coxo(1) +D, (44,

3)

Zobs :

with [E,, Ay, By, Co,0,D,,0] € Xy n. m+p,.py,05 the situation is depicted in Figure 1. For brevity we set

. : u
Xy gt prpy = Sy gt py.ps0 and write [Eg,Ag, Bo,Co,Do| € Ei, nymtpy.p, @8 Well as (xo,(y),2) €
%[E07 A0.Bo,Co.Do) for a solution of (3).
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PLANT

N

[\
7

N
N

OBSERVER 2(¢)
Zobs

N

Figure 1: Interconnection of plant and observer

The idea of partial state observation goes back to Luenberger [34, 35], who showed that the state x
of any linear system driven by the state w of a free linear system (i.e., u = 0) is a linear combination
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of w, i.e., x = Tw provided that x(0) = Tw(0) for some matrix 7. This idea has been picked up again
in the context of disturbance decoupled estimation or, what is the same, unknown input observer
design, see [17, 29, 25, 27]; this problem seems to have been first treated by Basile and Marro [2, 3].
In contrast to this, the idea of designing observers for a pre-defined linear combination of the state,
the controlled output, has been first formulated in [1, 39, 43] and the corresponding DDEP has been
solved by Willems and Commault [43]. Another version, the almost DDEP, has been considered by
Willems [42]. In practice, disturbance decoupled observers are important e.g. in the design of fault
detection and isolation observers [26].

Observer design for DAE systems is the topic of recent (survey) articles [9, 18, 20], see also the
references therein. Partial state observers for DAEs have been first considered in [23], where they are
called Kx-observers for the case z = Kx. The DDEP for DAEs using Luenberger observers in the case
z = x has been considered in [24, 30, 36, 46], where in [24, 36, 46] sE — A is required to be regular
and in [30] also singular sE — A is allowed. The DDEP with DAE observers of the form (3) has been
treated in [22, 23], where in [23] it is assumed that sE — A and sE, — A, are regular and z = x, and
in [22] it is assumed that both sE — A and sE, — A,, are regular and of index at most one. In the present
paper we consider the general setting.

The contribution of this paper is twofold. A rigorous definition of partial state observers is not
available in the literature, not even for ODE systems, hence we introduce this concept following the
behavioral approach as in [9, 41]. Thereafter, we derive a characterization for existence of (asymp-
totic) partial state observers for DAE systems. The second contribution of this paper is the solu-
tion of the DDEP for DAEs. To this end, we introduce the notion of disturbance decoupled partial
state observers and characterize existence. The aforementioned characterizations are completely ge-
ometric with which we follow the classical approach of geometric control theory, see e.g. the text-
books [4, 40, 45].

The present paper is organized as follows: In Section 2 we recall the generalized Wong sequences,
which are the crucial geometric tool for the characterization of solvability of the DDEP. The notion
of partial state observers for DAE systems is introduced and characterized in Section 3. In Section 4
we define when a partial state observer is called disturbance decoupled and show how feedthrough
terms in the plant can be treated. Solvability of the DDEP for DAEs, i.e., existence of a disturbance
decoupled partial state observer, is then characterized in Section 5. For completeness, we consider
the problem of disturbance decoupled asymptotic estimation in Section 6.

Nomenclature
N, Ny the set of natural numbers, No = NU {0}
C4(Co) open set of complex numbers with positive (negative) real part, resp.
R[s] the ring of polynomials with coefficients in R
R™™ the set of n X m matrices with entries in a ring R
ImgrA, kergA, image, kernel and rank of the matrix A € R, resp.
rkr A
||| = VxTx, the Euclidean norm of x € R”
M.7 = {xERl ‘xey },theimageof&”QR"underMERlX”
M1 = {xeR"|Mxc.7 }, the pre-image of the set .# C R/ under M € R/*"
¢ (R—R") the set of infinitely-times continuously differentiable functions f : R — R”



giﬂléc(R—ﬂR”) the set of locally Lebesgue integrable functions f : R — R", where
Jxllf(2)]] dt < eo for all compact K C R

AE(R—R") the set of absolutely continuous functions f : R — R”

=g the functions f,g € £ (R;R") are equal “almost everywhere”, i.e., f(t) =

g(t) for almost all (a.a.) r € R

esssupy || f]] the essential supremum of the measurable function f : R — R"” over I C R

2 Generalized Wong sequences

In this section we introduce the crucial geometric tools for the solution of the DDEP. For E A €
RI>*" B e RI*™ C € RP*" we define the sequences

0 1 Al i . .
Ve asc = kerC, 7/[115+A pc =A (EVpapc +imB)NkerC, >0,
0 1 o ' : .
Vg apc = {0} 7/[112+ABC] (A#[g g pcy+imB) NkerC, i>0.

The sequence (7/[2,A,B,C}

quences terminate after finitely many steps, thus we may set

[E,A,B,C] = ﬂ 7/[Jif,A,B.,cp W[EABC U WIIEABC]

ieNy ieNy

. . . l . .
)ien, 18 non-increasing and (7/[E A,B,C])iENO is non-decreasing and both se-

We call the sequences (7/[2 AB.c))ieN, and (W[}? A.B.c))ieN, generalized Wong sequences, as intro-
duced in [6]. In [7, 13, 14] the Wong sequences for matrix pencils (i.e., B =0 and C = 0) are
investigated, the name chosen this way since Wong [44] was the first who used both sequences
for .the analysis of matﬁx pencils. In [8, 10, 15] the case C = 0 is considered and the sequences
(4//[]’5 A,B,O])iG.NO and (7/[% A,B,O])iENo are called augmented Wong sequences. Similarly, in [12] the se-
quences (”//[1’5 A,o,c})iGNo and (7/[1’5 A,O,C])iGNO (i.e., B = 0) are called restricted Wong sequences. For
more details on these sequences see the surveys [8, 12] and the references therein.

Note that in geometric control theory for ODE systems (i.e., E = 1), see e.g. [45], the sequence
(”//[1’ 4B C]) icN, 1s called invariant subspace algorithm, and the sequence (7/[1’ A B’C}) icN, is called con-
trollablllly subspace algorithm.

We need the following technical lemma.

Lemma 2.1. Let E,A € R>X" B c R>*™ C; € RP¥" j=1,2. Then

"5 8104 8100 "5 8][4 B oo <K T Teanal N eanc) Slerca

Proof. For convenience we define, for i € Ny,

G T (T T N

Step 1: We show by induction that

VieNy: [1,,0]% =%.



For i = 0 the statement is clearly true, so assume it is true for some i € Ny. Then

10171 = 1,0 [& 817 (1591 %)
_ [In,O]{ (1) ER" X R™ | Ax) +Bx; € E[l,,01% A Cix; =0 }
={xeR"|JyeR", z€¥: Ax=By+Ez AN Cix=0}
“YEY+imB)NkerC) = ¥4,

which proves the assertion.
Step 2: We show that
Vi>1: W;=[L,,0]#; x R".

This is immediate from
7= 1587 (4 817)
:{( JER"XR™ | 3(}) € #iy: Exy = Ay1+By2/\0:C1y1}
={ () eR" xR" | x1 € 1,04 }

fori > 1.
Step 3: We show by induction that

Vi€ Ng: #; C [I,,0]#;11 NkerCy C #;y 1.
For i = 0 we have
#o=1{0}, [I,,01#; =kerEnkerCy, #;=E '(imB)NkerCy,
and thus the assertion is true in this case. So we assume that it is true for some i € Ny. Then
[In,O]%Jrz NkerCy = [I,,0] [ 8] ([A] g} %+1> NkerC
SR 20 0] { ) € R" x R" | Ex; € A([l,,01#;11 NkerCy) +imB }mkerq
=E " (A([I,,0]#;11 NkerCy) +imB) NkerC)
1 (A%;+imB) NkerCy = #j41.

and analogously, just using the opposite inclusion in the line above, we obtain [, 0] %H NkerC; C
Wiio.
Step 4: We show the statement of the lemma. It follows from Step 1 and Step 3 that

7/[E,A,B,C1] = [Inao]/yﬁg 8},[6‘1 63}070}, W[EAJLCM = [In,O]W[*[g 8],[641 5]7070] ﬂkeI'C1.

Since ¥ *

EABC C kerCy we have

EaBc VEasc) = [Imo]d//[*[E o} [A B] 00} N [Inao]W[*[E 0] [A B} oo]'

OOaCIOav 007C1077
This already implies < in the statement of the lemma. To show = letx € ”//[E 40" 7/[;; ABC" Then
there exists y € R” such that (3) € /1. 0114 5 . Furthermore, x € [I,,,O]W E01TA B and
116 8):1¢, 6].00] 16 8):1¢, 6].00]
by Step 2 it follows (3) € #}: E01[A B , hence x € kerC, which concludes the proof.
158)[é §]o0)
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In order to consider (generalized) eigenspaces of a DAE we need to introduce the following mod-
ification of the second Wong sequence. As in [7, 10, 14], for E,A € R and A € C we define the
sequence of complex subspaces

P =108 Hia = A—-AE) (EW g ,) CC, i20.

This sequence is non-decreasing and terminates after finitely many steps, hence we may set
% . i
%E,A],l = U %E,A]JL'
i€eNp

It is a straightforward calculation, see also [14], that

spanc (Y 400 VY (Ea00) E Y Eaa “)

for all A € C, where spanc(7’) denotes the complex span of all the vectors in ¥

3 Partial state observers

In this section we introduce the concept of (asymptotic) partial state observers for DAE systems and
derive characterizations for their existence. A partial state observer is a dynamical system which
aims to reconstruct the controlled output. It should be able to process the signals of the plant without
influencing the plant itself. This is subject of the following definition which follows the approach
in [9, 41].

Definition 3.1 (Acceptor). Consider a system [E,A,B,C,C2,D1,D3] € Xiymp, p,- Then
[Eo,A0,B5,Co,Do] € Xy nymtpy,p, 18 called an acceptor for [E,A,B,Ci,Cy,D1,Ds], if for all
(xX,u,,2) € Big 4B,y ,Co,D1,Dy)» theTe exist xg € LI R—RY), 2€ #! (R—RP) such that

('xO? (;) ’2) E t@[E'{NA()73076‘071)0} '

The above definition means that there is a one-directed signal flow from the plant to its accep-
tor via input and measurement output, see Fig. 2. That is, [E,A,B,C;,Cy,D1,D;| may influence
[E,, Ay, By, C,, D, but not vice-versa.

The following definition of a partial state observer is a modification of the observer definition
in [9].

Definition 3.2 (Partial state observer). Consider a system [E,A,B,C1,C2,D1,D2] € X, . p, p,- Then
[Eo,A0,B5,Co, Do) € Xy, 5y mtpy.p, 18 called
a) a partial state observer for [E,A,B,C,Cp,D1,Ds], if it is an acceptor for [E,A,B,Cy,Cs,D1,D5),
and
YV (x,1,,2,%0,8) € LL(R—-R" x R™ x RP! x RP2 x R™ x RP?) :
(X, u,y, Z) € %[E,A,B,Cl ,C2,D1,D3] A (xm (;) 52) € R

%[Eon,Bo.,Co,Do] - =2z
A 2(0) = z(0)

o

b) an asymptotic partial state observer for [E,A,B,Cy,C,D1,D,], if it is a partial state observer for
[E,A,B,C1,Cy,Dy,D5), and

YV (x,1,,2,%0,8) € L (R—SR" x R™ x RP! x RP2 x R™ x RP?) :

((X,Mayaz) € ‘%[E,A,B,C1-,C2,D1-,Dz] A (%o, (;t) 2) € %[EmAmBO?CO?DO})
= limesssupy...) 2~z =0.
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N G EoXo(t) =AoXo(t) + Bo (;Eg) 2(¢)
, 5(t) =Coxo(1) + D, (;‘83)

Figure 2: Interconnection with an acceptor

Partial state observers have been discussed in [17, 27, 29, 43] for ODE systems and in [22, 23] for
DAE systems. However, mostly observers of Luenberger type are considered and a characterization
of existence of partial state observers of the form (3) is still not available in the literature. This is the
topic of the remainder of this section.

We propose a partial state observer similar to the observer design introduced in [9]. Given a plant
[E,A,B,C1,C3,D1,D3]) € Ly i p,.py> let k € No, Ly € RI*k, L, € R/ %k and L, € RP2K and consider
the following observer design,

4Ex,(t) = Ax,(t)+ Bu(t) ~+Lew(t),

y(t) = Cixo(t)+Diu(t) +Lyw(t),
5(t) = Coxo(t) +Dou(t) +Low(r), ®)

~~ e

internal model innovations

where 7 is the observer output. In other words, we consider a partial state observer of the form (3)
with

AL
[EO,AMBO,CO?DO] - [[g 8} ’ [Cl Lv] ’ [gl *(}m] 7[C2 LZ] ) [Dz 0] € Zl+p|,n+k,m+p|,p2- (6)

As depicted in (5), the partial state observer consists of an internal model of the plant driven by
innovations. This design goes back to Polderman and Willems [37, p. 351] and the innovations
“express how far the actual observed output differs from what we would have expected to observe”.

The interconnection of [E,A,B,C,Cy,D1,D;] and [E,,A,,B,,C,,D,] is described by the control
system

E 0 0 O x(t) A 0 0 O x(t) [ B
0 0 0O (1) ¢t -1 0 O (t D

d y 1 y 1

@10 0 E 0| |x() 0 0 A L||xn|T]s]") 7
0 0 0O W(l‘) 0 —-I G Ly W(l) _Dl_

Introducing the difference v(¢) = x,(¢) — x(¢) we obtain

E 0 0 O] [/x(2) A 0 0 O x(t) B ]
000 o]y c —1 0 ol [y D

d y _ & y 1

alooEof|v)|=lo o a L|ve|T]o]*W ®
0 0 0 0] \w(r) 0 0 C Ly| \w() | 0




and the observation error satisfies
e(t) =2(t) —z(t) = Coxo(t) + Dou(t) + Low(t) — Cox(t) — Dou(t) = Cov(t) + Low(t). 9)

In particular, the error is the output of the DAE system
a|E Ol (v(t)\ _[A L (v()
1o 0] \w()) |C1 Ly \w())’
v(t
et)=[Cy L] (w(;))'

Theorem 3.3. Consider the system [E,A,B,Cy,Cy,D1,D3] € X m p, p, and let k € No, L, € RIxk,
L, € R <k and L, e RP2*K Then we have the following for the system [E,,A,,B,,C,,D,] as in (6):

~

(10)

(i) [Ey,A0,Bo,Co,D,] is an acceptor for [E,A,B,Cy,Cy,D1,Ds).

(ii) [Ep,A0,Bo,Co, D, is a partial state observer for [E,A,B,Cy,C>,D1,D;] if, and only if,
o =7 Nker[Cy, L),
758014 o] 5814 o0 "
b) v AW S
(58014 oo " I58104 Kloo] ="

(iii) [Eyp,A0,Bo,Co,D,| is an asymptotic partial state observer for [E,A,B,Cy,Cp,D1,D;] if, and
only if, a) in (ii) holds true and

VAeCy: ¥ AL

165] e 1]

C kerc[Cy, L. (11)

Proof.

(i) The system [E,,A,,B,,C,,D,| is an acceptor for [E,A,B,Ci,Cy,D1,D,|, since for all
<X7u7y7Z) S '@[E,A,B,C] .C2.D1.D,] we have

((0):(5):2) € Bk, 4,.8,.C,.D,)-

(ii) = Suppose that [E,,A,,B,,C,,D,]| is a partial state observer for [E,A,B,C;,C>,D,D;|. Con-
sider a solution (v, w,e) of (10) with e(0) = 0. By (7), (8) and (9) we have

(0,0,0) € Bpapcicaoio) A ((0):(0)€) € Big, 5,0, (12)
The definition of a partial state observer implies ¢ = 0. The statement then follows from

Lemma A.2.

<: Assume that a) and b) are satisfied and consider (x,u,y,z) € DBigapc,c,.0,,0, and
(()59) s (z) ,2) c %[E07A(17B()7C07D0] with Z(O) = 2(0) Then (V =Xp — X, W, = 2 — Z) solves (10)
with ¢(0) = 0 and it follows from Lemma A.2 that ¢ = 0. This means that [E,,A,, By, C,,D,)
in (6) is a partial state observer for [E,A,B,Cy,C,,D1,D;].



(iii)) =: Assume that [E,,A,,B,,C,,D,] in (6) is an asymptotic partial state observer for
[E,A,B,C|,Cy,D1,D5]. Then a) in (ii) holds true. To show (11), consider a solution (v,w,e)
of (10). Then the relations in (12) hold true and the definition of an asymptotic partial state
observer gives lim; . esssupy; ) [|e|| = 0. Hence, for all solutions (v,w,e) of (10) we have

lim esssupy, .. H (Co, L] (:fég) H =0.

t—>o0

Then Lemma A.4 implies (11).

«<: Now assume that a) in (ii) and (11) are satisfied. It is a consequence of (4)
that (11) implies b) in (ii) and hence [E,,A,,B,,C,,D,| in (6) is a partial state observer
for [E,A,B,Cy,Ca,Dy,D;]. Now, consider (x,u,y,z) € Blg A p.c,.c,.p,,p, a0d ((37),(¥),2) €
BlE, AyBoCoDy)-  Then (v =x, —x,w,e = Z—z) solves (10) and by condition (11) and

Lemma A.4 we find
| o 0 ||
lim esssupy . (o) = imesssupy . | (€2, (1)) | =0.

The system [E,,A,,B,,C,,D,] in (6) is therefore an asymptotic partial state observer for
[E7A7B7C17C27D17D2]~ ]

Remark 3.4. Note that in the partial state observer (6) in almost all cases we have E, # I, i.e., the
observer is not governed by an ODE, even if the plant is an ODE (E = I). However, if the system
[E,A,B,C;,D;] is impulse observable (for a definition, see e.g. the survey [12]), then sE, — A, in (6)
can be constructed to have index at most one as shown in [9]. In this case there exists an equivalent
observer where E, = I, see also [11].

Next we show that the partial state observer [E,, Ay, B,,Co, Do) € X1 p, ntkmtp;,p, i (6) has a uni-
versal property in a certain sense: If an (asymptotic) partial state observer exists, then it can be con-
structed to be of the form (6).

Theorem 3.5. For [E,A,B,C1,Cy,D1,D2] € ¥y p, p, the following holds true:
(i) There exists a partial state observer for [E,A,B,Cy,Cy,D1,D;] if, and only if,

) Vi =V NkerCy,

VB A oe] T [ (&) eo) T

b) Vi NH

[[5):1& Joo] T [5][&] 00)

(ii) There exists an asymptotic partial state observer for [E,A,B,Cy,C>,D1,D;] if, and only if, a)
in (i) holds true and

C kerCs.

VA eC, : W[*{g]’[éﬂﬂ C kerc Cs. (13)

Proof. We start with proving “<” for (i) and (ii) together: Consider the acceptor [E,,A,, B,,C,, D] €
it prtkmtpy,p, 10 (6) with k=0, L, = 0,9, Ly =0, 9 and L; = 0, 9. Then, by Theorem 3.3 (ii)
(resp. (iii)), [Ey,As, Bo,Co, D,] is an (asymptotic) partial state observer, if the conditions in a) and b)
(resp. a) and (13)) hold true.

It remains to prove “=-" for (i) and (ii):



(i) Suppose that [E,,A,,B,,C,,D,| € Y, npmip,pp 18 @ partial state observer for
[E,A,B,Cy,C,,Dy,D;). Consider x € .Z! (R—R") with Ex € /¢ (R—R') and

loc
7 [g}xa':e' Lﬂx (14)
such that Cox(0) = 0. Then (x,0,0,Cox) € Big 4 B¢, 0,00, a0d
(0,(8),0) € Big, 4,.8,.C,.0.)- (15)

Since [E,,A,,B,,C,,D,] is a partial state observer for [E,A,B,C1,C>,D1,D>] we obtain Cx =
0. By Lemma A.2 this implies a) and b).

(ii) Suppose that [E,,A,,Bo,Cp,Do| € Lj, n, m+p,,p, 1S an asymptotic partial state observer for
[E,A,B,C),C>,D1,D5]. Then a) in (i) holds true. To show (13) consider x € £ (R —R")

loc

with Ex € &/% (R — R!) which satisfies (14). Then (x,0,0,Cox) € BlE AB.C),CrDy,Dy]- AgAIN
consider the trivial trajectory (15) of the observer. The assumption that [E,,A,, B,,C,, D,] is an
asymptotic partial state observer leads to

tlggess SUP|; oo [|C2x(2) || = 0.
By Lemma A .4 this implies (13). U

Remark 3.6. We consider some special cases using the notation from Theorem 3.5.

(i) Assume that C, = I,. Then condition a) in Theorem 3.5 (1) is always satisfied and hence The-
orem 3.5 is equivalent to [9, Thm. 3.5], i.e., the partial state observer is a full state observer in
this case.

(i1) Assume that sE — A is regular. By Lemma 2.1, condition b) in Theorem 3.5 (1) is equivalent to
Ea0c) M Eaoc) CkerCa.
It is a simple calculation that

EAa0c) " W[E,A,O,C,] S Y00 W[E,A,o,o] = {0},

where the last equality follows from regularity of sE — A, see [7, Prop. 2.4]. Therefore, condi-
tion b) is always satisfied in this case.

(iii)) A combination of (i) and (ii) shows that if sE — A is regular and C, = I, then a (partial state)
observer always exists, i.e., full state reconstruction is always possible for regular DAE systems.
This was already shown in [9].

(iv) Assume that E = I,. Using the notation &(A,C) := [CT,ATCT,..., (A" 1)TCT]" for some

C € RP*" it is a straightforward calculation that condition a) in Theorem 3.5 (i) is equivalent to

c
% (A, {C;D = 0(A,C)) NkerCs.

Therefore, invoking (i1), the above condition characterizes existence of a partial state observer
for an ODE system.

10



sE—A [9, Thm. 3.5] 3 partial state observer
I’kR[S] =n < >
C for [E,A,B,Cl,ln,Dl,Dz]
HCQ =1
2) 7/[[% ]7[31],0@2} - 7/“15 Hé‘l },0,0] NkerC, § Thm. 3.5 | 7 partial state observer

for [EvAvB7C17C2aD17D2]

b) Ve a0 iEaoc, CkerCa

HEI
3 partial state observer
04,16 = o) nkerc  Thm.35 | °P
for [In7AvB7C17C27D17D2]

Figure 3: Simplified conditions for the existence of a partial state observer in the cases C; = I,, and
E =1I,,, and comparison with [9].

(v) The relations derived in (i1)—(iv) are depicted in Figure 3.

(vi) We like to note that it is hard to compare Theorem 3.5 to the results derived e.g. in [43], since
the notion of a partial state observer is different there. Roughly speaking, in [43] a system
[1,A,,B,,C,,D,] is called a partial state observer for a given plant, if zero initial values of the
states, i.e., x(0) = 0 and x,(0) = 0 (using the notation in (2), (3)) implies z(z) = 2(¢) for all
t > 0. This is different from our framework, where z(0) = 2(0) implies z(¢) = 2(¢) for all t > 0.

4 Disturbance decoupled partial state observers

In this section we define disturbance decoupling using the intuitive approach introduced in [6]. To
this end, we consider a system [E,A,0,C,0] € X;,, ¢ , and disturbance matrix Q = [gﬂ e RU+P)*q,
the corresponding DAE is of the form (2) with m = 0 and p, = 0. We may treat the disturbance d

as the input of this system and define disturbance decoupling in terms of the set-valued input-output
map of the system [E,A,Q1,C, Q2] € Xy, 4.p-

Definition 4.1. For a system [E,A,B,C,D] € X, . » we call the set-valued map

q)[E,A,B,C,D] : %m(R—)Rm) — @(%‘”(R_)RP)),
u— { ye € (R—RP) ‘ Ixe € (R—-R"): (x,u,y) € :%[EyA’B’C?D} },

the input-output map of [E,A,B,C,D]. Here, (. ) denotes the power set of a set ./ .

Definition 4.2. Let [E,A,0,C,0] €%, and O = [

disturbance decoupled, if

gﬂ e RU4P)X4_ Then we call [E,A,Q;,C, Q]

Vdi,dy € €7 (R—=RY) : g4 0, c,0,(d1) =Piz a0, .c,00(d2)-

11



Roughly speaking, [E,A,Q1,C,Q>] is disturbance decoupled, if any two disturbances cannot be
distinguished using knowledge of the output. The above definition generalizes the definition given
in [6] to the case of output disturbances. The following characterization is a straightforward modifi-
cation of [6, Prop. 7] to that case.

Lemma 4.3. Let [E,A,0,C,0] € %0, and Q = [gﬂ e RUPX4. Then [E,A,Q1,C, Q5] is distur-
bance decoupled if, and only if,

Vde € (R—-RY) Ixc € (R—-R"): Cx+0d =0 N Ex=Ax+Qid. (16)
We record a straightforward consequence of Lemma 4.3.

Corollary 44. Let [E,A,0,C.0] € T1,0, and Q = | 81| € VP4, Then [E,4,01,C, Q2] € T,
is disturbance decoupled if, and only if, [[g] , [‘é} , [gﬂ ,0,0} € Xi4png0 IS disturbance decoupled.
In the following we give the definition for a disturbance decoupled partial state observer. Classi-

cally, an observer has this property, if in the closed-loop system the observation error is independent
of the input and the disturbance. We give the precise definition using our framework.

0
Consider a system [E,A,B,C1,C2,D1,D2] € X; ., p, With disturbance matrix Q = {82] €
3

RU+P1P2)X4 g5 in (2) and a partial state observer [E,, Ay, By, Co,D,] € X1, nympy.p, 3 in (3), where
we write
By = [Bo.1,Bo2) € RPXMP1) and D, =[D,1,D,,] € RP>* 71, (17)

The interconnection is depicted in Figure 1 and, after some straightforward manipulations, we may
write the resulting system as

86 ) (0) =l ) () s mn 520, (0)
10 E,| \x Bo,ZCI Ao \Xo Bo,l+Bo72D1 Bo,2Q2 d)’

(18)
e=2—2=[DopCi—C, C,] (;C) + [Do,1 =Dy 2D1 —Dy D, 20, — 03] (Z) ;
(Y

~~~~~ E 0 A 0 B 01
E,A7B7 C7D = ) 9 )
| HO E0:| |:Bo,2cl Ao‘| |:Bo,1 + B, 2D Bo,2Q2:|

Definition 4.5. We call a partial state observer [E,,A,,B,,C,,D,] € X1, npmtpy,p, disturbance de-

0
coupled for a system [E,A,B,C\,C2,D1,D;| € X;mp, p, and disturbance matrix Q = {8;} €
3

In the following we show that it is sufficient to restrict ourselves to the case of vanishing
feedthrough matrices, i.e., D1 = 0,D, = 0 and O, = 0,03 = 0. To this end, we augment the state

12



space of the system (2), that is we consider

E 0 0 0O X A 0 0 0 0 X B 01
0 0 0O0O 2] 0 —Ip 0 0 0 7] D, 0
410 00 0 O] [wf=]0 0 -1, 0 0 v l+|0|ut|0]d,
00000 V3 0 0 0 -I, 0 V3 D> 0
00 O0O0O 7 0 0 0 0 -1, V4 0 03
= s . -~ -4 N—— N e’
=E =A =B ::Q
X
Vi (20)
y:[Cl I, I, O O] V2 |
~ g V3
=:Cq
V4
X
Vi
= [CZ 0 0 I Ipz] V2
h . 4 V3
:ZC2
121

Lemma 4.6. A partial state observer [E,,Ay,B,Co,Do| € X1 n) mip,.p, 18 disturbance decoupled for

0

a system [E,A,B,C1,C2,D1,D3]| € X p,.p, and disturbance matrix Q = [g;] e RU+P1TP2)xq if,
3

and only if, using the notation from (20), [E,,A,,B,,Co,D,| is disturbance decoupled for the system

n A A A , To
[E,A,B,C1,C5,0,0] € Z142p,+2p0 n42p1+2pym,p1.p, A0d disturbance matrix {8}.

Proof. The statement follows from a straightforward calculation. [

5 Disturbance decoupled estimation

In this section we consider the disturbance decoupled estimation problem. In view of Lemma 4.6
we first consider the case of zero feedthrough matrices (D; = 0 and D, = 0) and undisturbed output
equations (Q> = 0 and Q3 = 0). That is, for a given system [E,A,B,C{,C>,0,0] € X, p, p, and
disturbance matrix Q € R"*? we seek a partial state observer [E,,A,, B,,C,,D,] € X4, no,m+py,pa Which
is disturbance decoupled for [E,A,B,C},C>,0,0] and [g} or, equivalently, invoking Definition 4.5 and

Corollary 4.4,

E O A 0 B 0
0 E,|, B, »Cy Aol ,|Bo1 0],0,0 is disturbance decoupled, 2n
0 O D,>Ci—Cy G, D,1 0

where we use the partitioning (17).

Theorem 5.1. Let [E,A,B,C,C5,0,0] € Xy, ., p, and Q € R!*9. There exists a partial state ob-
server [Ey,Ay,Bo,Cp,Do| € Xy, ) mvpy.p, SUCh that (21) is satisfied if, and only if, the following state-
ments hold:

(i) im[B, 0] S EY{g 5 0.0yt AV £ 4 0.0)

13



a{i) 7= =Y Nker|C,,0|,
D a8 @loscso] = [5G4 9] 0] RO

(iif) 7 NH:

ea0c) Y Eaoc) SkerC

Proof. <=: We construct a disturbance decoupled partial state observer [E,,A,,B,,Co,D,] €
X1, ng.m+p1,p, Of the form (6) with k € Ny, Ly € Rle,Ly e Rk and L, € RP2*k If we assume
this form, then Lemma 4.3 yields that (21) is equivalent to

V(u,d) € €°(R—R™ xR?) 3 (x1,x2,x3) € €°(R—-R" x R" x R¥) :
Ex; =Ax; +Bu-+Qd,
Exy, = Axp + Lyx3 + Bu,
0=Ci(x2 —x1)+Lyxs,
0=Cy(xp —x1) + L;x3.

Introducing the new variable v = x, — x; we obtain the equivalent decoupled conditions
V(u,d) € € (R—-R" xR?) Jx; € €7 (R—R"): Ex; =Ax;+Bu+Qd,
which is always satisfied by statement (i), and

Vd € €°(R—R7) I(v,x3) € €°(R—R" x R¥) :
Ev=Av+Lx3—Qd,
0= C1V+LyX3,
0=Cyv+ Lxs.

(22)

It remains to find Ly, Ly, L, such that (22) is satisfied and [Ey,Ap, By, C,,D,) is a partial state observer,
i.e., conditions a) and b) in Theorem 3.3 (ii) are satisfied. We choose k =¢q, Ly = Q, Ly=0and L, = 0.
Then (22) is obviously satisfied, since for any d € €*°(R —RY) we may choose v = 0 and x3 = d.
Condition a) in Theorem 3.3 (ii) is equivalent to (ii) and condition b) in Theorem 3.3 (ii) is equivalent
to
v NH C ker[C>,0 23
15114 9100 "5 8112 §Joo] <= )

which, invoking Lemma 2.1, follows from statement (iii).

=: Let a partial state observer [E,,A,,B,,C,,D,] € X, ngm+p1,p, SUch that (21) is satisfied be
given. From Lemma 4.3 it is clear that (i) must be satisfied. For (ii) and (iii) we show that

V(x,u,d,y,2,%0,2) € €7 (R—R" x R" x R? x RP! x RP2 x R"™ x RP2) :

(xa(Zf)?yaZ) S '%[E7A7[B7QLC1,C2,O,O] N ()CO,(;l),f) e A (24)
’@[EO,A,,,B(,,CMDU] — 7 =2Z.
A 2(0) =2(0)

Let (x,(g)
that z(0) =
such that

)52) € BlE A [B,0],C1,02,00 ad (X0, (V) ,2) € Bg, a,.B,.,D, De smooth trajectories such
2(0). Furthermore, by (21) and Lemma 4.3 there exist ¥ € € (R—R"), %, € € (R—R"™)

E 0 : A 0 R B 0 y
$10 E (x): B,2Ci A, <X)+ By1 0 <d>.
0 0] \° D,2C1—Cy C,| N D,; 0
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The new variables v := X —x and w := X, — x,, satisfy

Ev = Ay,
Eow =A,w+ B, 2Cyv,

and
2—72=Cyx,+ Da’lu + D072C1x — sz—(szCl — Cz))f —Cyx, — D071u = (Cz — D072C1 )V —Cow,
-0
thus
Cow+Dy2C1v=Cv—(2—2).
Therefore,

(1,0,Cv,Cov) € B apcc00 N W (C?v) Cov—(2-2)) € BIE, A,.By.Co.Dy)

and since [E,,A,,B,,C,,D,| is a partial state observer and C,v(0) = C,v(0) — (2(0) —z(0)) we obtain

Cov=Cwv—(Z—72),

hence Z = z, which proves (24). It remains to consider x € € (R—R") and d € € (R—RY) such that

(x. (g

) ,0,C2)C) S ‘%[EA,[B,Q],CL ,C2,0,0] with CQX(O) = 0. Since (O, (8) ,0) S %[EU7AO7B()7C07D()] it follows

from (24) that Cox = 0, i.e., we have shown that

Vxe ¢*(R—R"),de € (R—R?Y): (Ex=Ax+Qd A Cix=0 A Cx(0) =0) = Cx=0.

By Lemma A.2 this implies (ii) and (23). Invoking Lemma 2.1, (23) is equivalent to (iii). ]
Remark 5.2.
(i) It may seem strange that condition (i) in Theorem 5.1 involves a condition on B, while in the

(ii)

ODE case the solution of the disturbance decoupled estimation problem does not involve such
a condition, see [43]. Condition (i) is specific to the DAE case and always satisfied in the ODE
case, since it characterizes the existence of a solution x € (R —R") of

Ex=Ax+ Bu—+ Qd

for any given input u € (R — R™) and any disturbance d € €= (R —RY). If sE — A is not
regular, then this condition may not be met.

The intuition for conditions (i1) and (ii1) in Theorem 5.1 is as follows: Since only inputs and
outputs are known to the partial state observer, the dynamics of the system

SEx=Ax+Qd,

25
0:C1x ( )

are hidden from the observer. More precisely, for any (x, (),y,z) € BlE A[B,0),C1,C2,0,0) and a
solution (¥,d) of (25) we have

(x+%,(4), 32+ Co%) € Bip A [B,0).C1.0>.0,0)>
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1.e., another solution with the same input u and the same output y; the disturbance d is not
visible for the observer. Now, conditions (ii) and (ii1) guarantee that the partial state observer is
still able to reconstruct the controlled output from its initial condition, i.e., that if C,%(0) = 0,
then we have C>x = 0, see also Lemma A.2.
Utilizing a more geometric interpretation, condition (ii) states that the unobservable space of
the ODE part of the DAE (25), where () is treated as the state, with respect to the controlled
output z = Cx is equal to the kernel of the output matrix C;, 1.e., if the initial state is not visible
at the output, then it is not visible at the output for all other time instants. The unobservable
space is given by ¥/} . 01 TA O , see [12]. Condition (iii) guarantees that the completely
L5 8]:[&, §Jolcaal
controllable part of %Ex = Ax+ Qd (where d is viewed as an input) restricted to kerCy, i.e., of
the system

ETx=ATx+Qd, imT =kerCy,

lies in kerC,, so that it is not visible in the controlled output z = Crx. Geometrically, the
completely controllable part is characterized by the reachable space of the system, which in
turn is given by the intersection of the generalized Wong sequences [2 4,001] N [E 4,00)°
see [8, 15].

(iii) In [43] the following result has been derived: For [I,A,B,C},C>,0,0] €, 1m.p,,p, and Q € R/xq
there exists [I,A,,B0,Co,Do] € Xy, n,.m+p;.p, SUch that the closed-loop system (18) has zero
transfer function, i.e.,

sI—A 0 }‘1{3 0

:| + [DOJ O] =0
if, and only if,
Piaoc) € kerCa. (26)

This may be compared to Theorem 5.1 as follows: Condition (i) is always satisfied since £ = I;
condition (ii) is due to the different definition of the partial state observer compared to [43],
see Remark 3.6 (v), hence such a condition does not appear there; condition (ii1) is weaker
than (26), wl?e.re /14001 is considered instead of “//[17 4,0.C1] N .7/[1’ 4.0.C1] The rea:tson for thl.s
weaker condition is that we allow for a DAE observer (i.e., E, in (3) is not invertible) even if

the plant is governed by an ODE.

The existence of a disturbance decoupled partial state observer for a general system
: : O : .
[E,A,B,C1,C2,D1,D2] € X1 mp.p, @nd disturbance matrix Q = |0, | € RUHPIFP)*4 ] je., with

03
nonzero feedthrough matrices, follows from Theorem 5.1 and Lemma 4.6. In the case of an undis-

turbed controlled output, that is Q3 = 0, the conditions simplify a lot; this is the result of the following
theorem.

Theorem 5.3. There exists a disturbance decoupled partial state observer |E,,A,,B,,C,,D,]| €
0
L1, npmtpy.p, Jor a system [E,A,B,Cy,C2,D1,D2] € Xy 1 p, p, and disturbance matrix Q = [Q;] €
0
RUTPIEP)X4 if and only if. the following statements hold:
() im[B, 1] € EV{g 4 001 AW (g p0,0)
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Qi) ¥ _ oy
VT4 8ot T (B LA SiJoo
(i) 77 ply/2 C kerCs.

L6l al[@]o) [[§][a 1[Gl

Proof. Using the notation in (20), Lemma 4.6 and Theorem 5.1 give that there exists a disturbance

Nker[C,,0],

) . . 01| .
decoupled partial state observer for [E,A,B,Cy,Cy,D1,D5] and disturbance matrix Q = [Q;] if, and
0

only if,

(@) im[B,Q] CEV ;4 o0 +A 4o

(b) oy ) o ) = Y* X . ﬂker[éz,O],
16814 SJoesa] [[58[4 8oo]

©) ¥ [EA 00 my/[ZA 06 S C ker(Cy.

We proof that (a)—(b) are equivalent to (i)—(iii) by proceeding in several steps.
Step 1: We show that (a) is equivalent to (i). A simple inductive argument gives that

7/[27& 00] 7/[2,,4,0,0} x {0} x {0} x {0} x {0},

7/{21400] _7/[21400} x RP1 x RP! x RP? x RP2,

hence

EVi . AW

£ A00] £A00] (E“//[ZAOO]—}—A%EAOO]) « RP1 x RP! % RP2 % RP2.

The statement then follows from observing that

I, 0
. OC 8 .
Vie N: ¥ A = | ;! V!
E‘O AQ A 0 0 E07AQ]OC0
Ho OHC1 0}’0’[@’0@ 9 1(; Ho o] [cl 3 ] © ﬂ
For i = 1 the statement follows from
v -
N io
Hg 8][@1 0},0,[62,0]}
[ /x, Iy €R": Axi +Qix¢ = Eyi, xs = 0,
_ | e prt2mt2mtg x = 0, Cixi+x2+x3 = 0,
: —x3+0xx¢ = 0, Cxj+xs+xs5 = 0,
L X6 X4 = 07
(
X1 Ql . E
— c Rn+2p1+2p2+q |:CJ X1+ |:Q 1X6 € 1m |:0:| ) Coxy = 07
{ X6 X2—0, X3——C1X1,X4:0, )C5:O
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Assuming that the statement is true for some i € N we obtain, with a similar calculation as above,

i+1 o
c ol [4 0],
[[g OHG 0}70,[02,0}}
X1 o E 0] ,
X1+ X¢ € V! ,
_ . | e rr2m2n2ta {CJ 1 {Qj 6 [0 O] “[[£8]:[4 8] 0lc0]
X6 szlz(), XZZO, X3:—C1X1,X4:0, X5:0
and this proves the statement. Analogously, it can be shown that
r 1, 0
. %9 .
VieN: 7} PN ="' v .
A A 0 0 EO0][A Q
Hg 8“@1 g]’o’o} 59 16 8)-1c, &) 0]
Now we have
r 1, 07 T, 07
¢ 0 ¢ 0
_ * — *
(b)<:> 01 0 %HE O] [A QI]O[C O}] = 01 0 VHEO] [A Ql]OO] ﬂker[Cz,0,0,Ipz,Ipz,O]
0 0 00/[lCc; Q)% 0 0 00)LC @217
L 0 I, | 0 1, ]
rl, 07 C 1, 07
¢, 8 ¢,8
_ N _ “ ..
0 0 00/LlCy Q)% 0 0 00/LC @217
L 0 I, | 0 1, ]
Step 3: We show that (c) is equivalent to (iii). For brevity we denote, for i € Ny,
Vi=Naoer V=] ot Y= eaoer = e 402

161[a)1g] o 1§11a] 1]

We show by induction that

For i = 1 this follows from

X1 dyeR",zeR?: Ax; =Ey+ Qiz,
= . € Rn+2p1+2p2 X = O, —X3 = sz, X4 = O7

xs x5 =0, Cix1+x0+x3=0

\

(
X1

- crrt2eii2p | 1€V =003 = —Chay,
x4=0,x5=0
L\

Now assume that the statement is true for some i € N, then

1 dye %,zeRY: Axy = Ey+ 01z,
Vg1 = | eRIPEITIR | xy = 0, —x3 = 0oz, x4 =0,
L\ x5=0,Cix1+x+x3=0
X1
_ | e grtmtam | MLE Yit1, X2 =0, x3 = —Cxy,
: X4 = 0, X5 = 0
L \X5
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Next, we show by induction that

VieN: ¥ = (W; x R2p1+21’2) NkerC;.
For i = 1 we have
W, = | e grreiaepy | FZERT: Exyp =0z,

0=0z, Cix1+x04+x3=0
X5

= (W1 x R¥P172P2) nker €.

Assume that the statement is true for some i € N, then we have

R X1 1 . EX] :A}’l‘f‘QlZ» )’2207
Vi1 = D errE 3l e zeRY: y3=0hz, y4 =0, y5 =0,
Xs Vs Cixi+x+x3=0

and since V/A, C kerCy it follows 0 = Ciy1+y2+y3 =C1y1 + Oz and hence

R 1 Ex; = Ay + 01z,
Wiv1 = D eRMPIII Jy e z€RY: 0=Cryr + 0z,
X5 Cixi+x+x3=0

= (Wit x R2p‘+2p2) NkerCy.

Invoking that ”f/ : C kerC; we may infer that

[EAQG) =

(c) = —zcl ”//f‘[E} [ ] [Ql} ]ﬁ (7/[*[15} [ ] [Ql} } XRZP1+2P2> gker[CZ,O,O,Ipz,Ipz]

AL B 4] (G SN O -

In the remainder of this section we consider the special case of full state estimation (i.e., C; = 1)
and show that the conditions (i1)—(iii) in Theorem 5.1 simplify in this case.

Corollary 5.4. Let [E,A,B,C1,1,,0,0] € X 1 p, p, and Q € R4 with tk Q = q. There exists a partial
state observer [E,,A,,B,,Co,D,| € X1, o m+p1.py SUCh that (21) is satisfied if, and only if, the following
statements hold:

(a) im[B, Q] C EYip s o6+ AW g 4 0.0p

E—A
(b) tkgyy {S C g] =n+q.

Proof. By Theorem 5.1 it suffices to prove that conditions (ii) and (iii) in Theorem 5.1 are equivalent
to condition (b).

=: Assume that conditions (ii) and (iii) in Theorem 5.1 are true. By Lemma 2.1, (iii) is equivalent
to

TTE81A 9100 ([ 8].[4 8J0g] < et O) D
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Now let

0
e v NH: ,
(xz) [581[& 6100 “[[§8].[c, §]o0)
then

&) -[4 ) =la S Ciagie g0 ™z 9o

E 0}
— 7/* A ﬂ W* A 3
{0 0 ( [[5 8], §leo] T [§8][c %]7070]>
where the last equality follows from [13, Lem. 4.4]. Then (27) implies that Qx, = 0 and hence x, =0
as rk Q = g, thus we have shown

TTE 1A 9100 "5 81[4 8o = 1O (28)

By a combination of [8, Cors. 5.1 & 5.2] and [13, Thm. 2.6] it follows that condition (28) is equivalent
to (b).

<: As shown above it follows from (b) that (28) is true and this implies (iii) in Theorem 5.1.
Since

E O
ki /4
er[o 0]_ [ 8].[& 809
it follows that
ker[l,,0]N 71z 0114 0 gker[E O]H”I/*EO A0
16 0)-1c, 6)o9] 00 16 0)-c, 6)o9]
(2 NH: =
="E9014 9oo Tl 84 §Joo ~ 1

Furthermore, since tk Q = g and C, = I,, we have that
A Q
14y A c vt A = ker [ } Nker[Z,,0] = {0},
[68].[c, 8]omoa] = "[[§8].[c 6]omal G 0
and hence we may conclude that (ii) in Theorem 5.1 is true. ]

Note that, if sE — A is regular, then, using the notation from Corollary 5.4, condition (i) in Corol-
lary 5.4 is always satisfied by Remark 5.2, hence in this case the DDEP with C; =1, and tkQ =g is
solvable if, and only if, condition (ii) in Corollary 5.4 is true.

6 Disturbance decoupled asymptotic estimation

In this section we consider the problem of disturbance decoupled asymptotic estimation and derive
a characterization for the case of zero feedthrough matrices. Similar to Section 5, the general case
follows from Lemma 4.6. We omit the analog of Theorem 5.3 here.

Theorem 6.1. Let [E,A,B,C1,C2,0,0] € X 1 p,,p, and Q € R!*4. There exists an asymptotic partial
state observer [E,,A,,B,,Cy,D,| € X1, nomtp1,py SUCh that (21) is satisfied if, and only if, the following
statements hold.:
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(i) im[B, Q] CE”f/*Aoo]"”A [EAOO]

(i) 77 40 =7 Nker[C,0],

[[68)-[& §locaa] — [[GE][E §loo

(iii) YA €T : #; C kerc[Cy,
111 4t HO 0],[é g“ﬂ r(C[ 2 ]

Proof. <: As in the proof of Theorem 5.1 we choose [E,,A,,B,,C,,D,]| to be of the form (6) with
k=g,L,=0Q,L,=0,L; =0, and we already know that [E,,A,,B,,C,,D,] is a disturbance decoupled
partial state observer for [E,A,B,Cy,C>,0,0]. To show that [E,,A,,B,,C,,D,]| is asymptotic we need
to show that (11) is true for L, = Q, Ly = 0 and L, = 0, but this is immediate from (iii).

=: Let an asymptotic partial state observer [E,,A,,B,,Co, D] € £, ng.m+p1,py Such that (21) is

0>

satisfied be given. Then Theorem 5.1 implies that (i) and (ii) are satisfied. For (iii) we show that
V(x,u,d,y,2,%,2) € €7 (R—R" x R" x R? x RP! x RP2 x R x RF?) :

((, (4):3:2) € B aB.01.¢1.0.00] N Kos (5),2) € Big, a,8,C,00) = lim (2(r) —z(r)) =0.
(29)
Let (x,(4),%,2) € BlEaB.0C1.c00 ad (Xo,(Y),2) € PBg, a,8,c,p0,) De smooth trajectories.
By (21) there exist ¥ € €= (R—R"), X, € €=(R—R") such that

E 0] /. A 0] /. B 0]
410 E, (x): B,»C1 A, <X)+ B,1 O (d>.
0 O ¢ D, Ci —C G, ¢ D,; O

As in the proof of Theorem 5.1 we may show that the new variables v := ¥ —x and w := %, — x,, satisfy

(1,0,Cv,Cov) € B apcc00 N (W (Clv) Cov—(2-2)) € Big, a,.B,.Co.D.)-

Since [E,,A,,B,,C,, D, is an asymptotic partial state observer we obtain

0 = lim ((sz(l) — (2(t) —z(1))) —sz(t)> = lim (2(¢) — z(1)),

1—ro0 —roo

which proves (29). It remains to consider x € (R — R") and d € €*(R — RY) such that
(X, (2) ,0,C2)C) S ‘@[E,A,[B,Q},Cl,Cz,0,0]' Since (O, (8) ,0) S ‘@[Eon,Bo,Cu,Do} it follows from (29) that
lim;_. Cox(t) = 0, i.e., we have shown that

Vxe ¢ (R—R"), de € (R—R?Y): (Ex=Ax+Qd A Cix=0) = tli_)msz(t) =0.

By Lemma A.4 this implies (iii). [

The characterization of existence of disturbance decoupled asymptotic partial state observers for
ODE systems (E = I) can be compared to the result in [43] similar as in Remark 5.2.

Concluding this section we consider the special case of full state asymptotic estimation (i.e.,
C, =I) and show that the conditions (i)—(iii) in Theorem 6.1 simplify in this case.

Corollary 6.2. Let [E,A,B,C1,1,,0,0] € X;, ., p, and Q € R4 with tkQ = q. There exists an
asymptotic partial state observer [E,,A,,Bo,Cp,Dy| € i, n, m+p,.p, SUch that (21) is satisfied if, and
only if, the following statements hold:

(a) im[B, Q] S EV{g 4 .0+ AWk A 0.0
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(b) YA €Ty : ke [AECI_A g] R

Proof. By Theorem 6.1 it suffices to prove that conditions (ii) and (iii) in Theorem 6.1 are equivalent
to condition (b). o
=-: Assume that conditions (ii) and (iii) in Theorem 6.1 hold true. Let A € C, and

() ey g0

By (iii) we find that x; = 0 and furthermore

Ylegeap ' 8 (6 D) el 9]

00J)°1C1 O 00J]°[C; O

This implies Qx, = 0 and hence x, = 0, thus we obtain

Meaagna =

Since

A—AE Q| ... o -~
ol o S 900 a2 914 O
we may infer (b).
<«: Condition (b) in particular implies condition (b) in Corollary 5.4 and hence it follows that
condition (ii) in Theorem 6.1 is true. Condition (iii) in Theorem 6.1 follows from the fact that by (b)

we have, forall A € C,
A—AE Q]
kerc [ Ci 0:| - {0}7

which implies

Wﬁg 8“3 gH,A - [l[g 8Hé41 gHJ = {0}. -

For the case of regular sE — A, Corollary 6.2 was already proved in [23, Thm. 4-4.3].

7 Conclusion

In the present paper we derived a geometric characterization for solvability of the DDEP. This required
a rigorous definition and the characterization of existence of (asymptotic) partial state observers. It
turned out that the respective observer design is new even if the plant is governed by an ODE, since
partial state observers are DAE systems in general. In the case of full state estimation also algebraic
characterizations for the DDEP were derived.

A thorough investigation of the proof of Theorem 5.1 reveals that the freedom of choice in the
(partial state) observer design (6) is not fully exploited yet, since we set L, = 0 and L, = 0. Hence,
there is still room for additional tasks in the observer design apart from disturbance decoupling.
Additional requirements on the observer, such as regularity of sE, — A, (and its index being at most
one) or estimation of certain components of the disturbance vector, may use the full freedom.
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Appendix A

We provide some preliminary results for the characterization of (asymptotic) partial state observers.
To this end, we consider the set of homogeneous DAEs

SEx(t) = Ax(t), (30)

where E,A € R'*" which is denoted by Y, and we write [E,A] € ¥; ,. The behavior of [E,A] € ¥,
is given by

Bl A = { xe L (R—=R") | Ex € /€ (R—R!) and x satisfies (30) for almost all 7 € R } .

Lemma A.l. Let A € R™".C € RP*" and set O(A,C) :==[C",ATC",...,(A""")TCT]". Then the
following two statements are equivalent:

(i) Vxe€ By : Cx(0)=0 = Cx=0,
(ii) ker0(A,C) =kerC.

Proof. (i)=>(ii): By definition we have ker 0'(A,C) C kerC. Let x” € kerC and set x(t) := ¢"x" for
all # € R. Then x € %y 4 and Cx(0) = Cx® = 0, thus (i) implies that Ce*x? = 0 for all# € R. By a

classical argument, see e.g. [40, Sec. 3.3], we obtain x° € ker &(A4,C).
(i)=-(): Let x € B 4) with Cx(0) = 0. Then x(¢) = eAx(0) for all ¢ € R and x(0) € kerC =
ker O(A,C). According to [40, Sec. 3.3] we find Cx(r) =0 for all t € R. O

Note that ker 0'(A,C) = ¥*

1,A4,0,C] which motivates the following result.

Lemma A.2. Let E,A € R™" and C € RP*". Then the following statements are equivalent:
(i) Vx€ Bpa: Cx(0)=0 = Cx=0,
(i) Vx € BpaNe”(R—R"): Cx(0)=0 = Cx=0,
(iii) a) ”//[EA’O’C} = 7/[2,,4,0,0] NkerC,
b) Vg a00 Vg 00 < KerC.

Proof. Utilizing [14, Cor. 2.3] we may, without loss of generality, assume that the pencil sE —A is in
quasi-Kronecker form, i.e.,

sEp—Ap 0 0 0
| o si,-7 0 0
SE=A=1 0 sN—-I, 0 |’ (1)
0 0 0 SEQ—AQ

where
1. Ep,Ap € RP*"P [p > np, are such that tk(AEp —Ap) = np and tk Ep = np;
2. Je Rwxn,

3. N € R"™*™ is nilpotent;
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4. Eg,Ap € RleXn0 15 < ng, are such that tk(AEg —Ag) = lg and tk Eg = Ip.
Let C = [C},C,,C3,C4] according to the partitioning of sE — A in (31). Then we have that, see [14],

Ea00 =R xRY x {0} x {0},

£.400 =R x {0} x R"™ x {0}, (32)
a0 =(m 9] [ 9 oserca] * 10

(i)=-(iii): Assume that C} # 0. Choose x; € (R — R"?) such that x; (0) = 0, Epx; = Apx| and
Cix; #0. Then x = (xlT,O, 0,0)" € B 4] with Cx(0) =0 and Cx # 0, a contradiction. Therefore, we
have C; = 0 and it follows from (32) that

£.4,00 VY Ea00 =R x {0} x{0} x{0} Cker[0,C5,C3,C4] = kerC,
which proves b). Furthermore, it follows from (32) that
[EA?O?C} =R"" x 7/[1*7170@2] x {0} x {0}, 7/[271&070] NkerC = R" x kerC, x {0} x {0}.

Now, let x; € By with Coxz(0) = 0. Then x = (0,x,,0,0)" € P 4 and Cx(0) = 0, thus we
have Cox; = Cx = 0. Then it follows from Lemma A.1 that ker 0(J,C,) = ”1/[1* 170G = kerC,. This
proves a).

(ii1)=-(i): It follows from (32) and b) that

400 Vg a00 =R" x {0} x {0} x {0} Cker[C1,C;,C5,Cy],
which implies C; = 0. Furthermore, as in “(i)=-(iii)” we have

R X Hi] 0.0y % 40} < {0} = W5 a0.c) 2 Hit a0 NkerC =R xkerCy x {0} x {0},

which gives “//[;‘JOCZ] = kerCy. Now, let x = (x{ ,x; ,x3 %4 ) € Bk 4 with Cx(0) = 0. First, it

follows from [13, Thm. 3.2] that x3 = 0 and x4 = 0. By C; = 0 it follows Cyx»(0) = 0 and as

x3 € By g and 7/[1* 10G] = kerC,, we may infer from Lemma A.1 that Cox, = 0, thus Cx = 0.

The proof for “(ii)<>(iii)” is analogous and omitted. [
The next two results are the basis for the characterization of asymptotic partial state observers.
Lemma A.3. Let A € R™" and C € RP*", Then the following two statements are equivalent:
(i) Vx € Bpa ¢ limeCx(t) =0,
(ii) YA € C, : kerc(AI—A)" C kerc C.

Proof. (i)=-(ii): Seeking a contradiction we assume that there exist A € C, and x° € kerc (Al —A)"
with Cx¥ # 0. Obviously, A is an eigenvalue of A. By [33, Thm. 2.11] we find that

m—1 ti )

M0 = M ,—‘(A — AN, teR,
~
i=0
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where m is the algebraic multiplicity of A. Let k € {0,..., p} such that ekTCxO # 0, where ¢; denotes
the kth unit vector. Invoking that for any polynomial p(t) = ag +ait + ... +a,t? with ag # 0 it holds
|p(t)| > |ao| for sufficiently large ¢, we may infer that there exists 7 > 0 such that for all t > T we

have
mll
’ [ty 0‘ M) - e Cx° +Z—ekCA AD)0| >

‘e;CxO’ > 0.
~—~
=1

This shows that x(¢) := eAx", t € R, satisfies x € %1 4 and Cx(t) #+ 0, a contradiction.
(ii)=(@1): Let x € Hy; 4 and M,..., A € C be the pairwise distinct eigenvalues of A. Then [33,
Thm. 2.11] gives that

mj—1 ;

Ajt 4
x(t) e (A=Ajl)'zj, teR,
() Z X G-y

where mj is the algebraic multiplicity of Aj and z; € kerc(A — A; )™ for j=1,...,r. We may
assume that A,...,4;, € C; and A441,...,A € C_ for some g € {0,...,r}. Since (A —A;I)'z; €
kerc(A —A;I)" CkercCforall j=1,...,q it follows that

t ,
Cx(r)= ) it Y SCA-NI)z;, tER,
j=q+1 =0 b
and hence, obviously, Cx(t) — 0 which completes the proof. U

In the following DAE version we use the space 7/[2 A introduced in Section 2.

Lemma A4. Let E,A € R and C € RP*". Then the following statements are equivalent:

(i) VX € Bipa: limwesssupy o, [|Cx(t)[| =0,
(i) Vx € BipaNE”(R—R"): lim;eCx(t) =0,

(i) VA € Cy: W 4 4 CkercC.

Proof. Without loss of generality we assume that sE — A is in quasi-Kronecker form (31) with the
properties stated in the proof of Lemma A.2, and C = [C},C;,C3,C4] according to the partitioning of
sE —A. It s a straightforward calculation, see also [14], that

Vﬂ[Z,AM = C" x kerc(Al,, —J)" x {0} x {0}. 33)
(i)=-(iii): We show that C; = 0. Assume that C; # 0 and choose x; € (R — R"?) such that
Epx; = Apx; and ||Cx1(t)|| — eo. Then x = ()CIT,O,O,O)T € Bg a) with Cx /5 0, a contradiction.
Therefore, C; = 0 and, in view of (33), it remains to show that for all A € C; we have kerc (Al —
J)™ C kerc C;. This follows from Lemma A.3 and the fact that for any x, € A1) we have that
x=(0,x,,0,0)" € Bk 4) and hence Crxp (1) = Cx(t) — 0.
(iii)=-(i): By (33) we obtain C; = 0 and hence kerc (Al —J)" Ckerc C; for all A € C.;.. Therefore,
Lemma A.3 implies that for all x; € Z|; ;; we have Coxp(f) — 0. If now x = (x],x),x],x;)" € BlE Al
then it follows from [13, Thm. 3.2] that x3 “£ 0 and X4 . Furthermore, x; € e%’[]’ J] and therefore

we obtain
lim ess supy ., ()| = lim ess supy ., [Coxa )| = 0.

The proof for “(i1)<>(ii1)” is analogous and omitted. ]
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