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Abstract

We study disturbance decoupling for linear differential-algebraic systems which are not necessarily regular. Compared to
previous approaches, where state feedback is used, we use the concept of behavioral feedback which allows to study a larger class
of systems. We derive geometric characterizations for solvability of the disturbance decoupling problem following the classical
approach. Exploiting the freedom in the choice of the behavioral feedback we show that whenever disturbance decoupling can
be achieved by behavioral feedback we may additionally achieve autonomous zero dynamics. Finally we solve Lebret’s twenty
year old open problem concerning disturbance decoupling with output uniqueness using behavioral feedback.
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Nomenclature:

N, Ng set of natural numbers, Ng = NU {0}

R[s],R(s) the ring of polynomials with coefhi-
cients in R and its quotient field, resp.

R>m the set of n x m matrices with entries
in a ring R

Gl,(R) the group of invertible matrices in
RnXTl

MS ={ Mz eR ‘xES }, the image of
S C R™ under M € R*"

M8 = {zeR" | MzeS}, the pre-
image of S C R! under M € R!*"

C®(R—R"™)  the set of infinitely times differen-
tiable functions f : R—R"; f is also
called smooth

AC(R—TR™) the set of absolutely continuous func-
tions f : R—R"”

Ll (R—R™)  the set of locally (Lebesgue) inte-
grable functions f : R—R"

f=y means that f,g € LL (R — R")
are equal “almost everywhere”, i.e.,
f(t) = g(t) for almost all t € R

fl; restriction of the function f : R—R™
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1 Introduction

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

L Ex(t) = Az(t) + Bu(t),

1
u(t) = Ca(t). .
where E,A € R>*" B € R>*™ C € RP*™. Systems
of that type are also called descriptor systems. The
set of systems (1) is denoted by X, m p, and we write
[E,A,B,C] € X ,mp- DAE systems of the form (1)
occur for example when modeling dynamical systems
subject to algebraic constraints; for a further motiva-
tion we refer to [6, 20, 28, 29, 33] and the references
therein. In the present paper we put special emphasis
on the non-regular case, i.e., 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™ and y : R — R? are called
input and output of the system (1), resp. The tuple
(z,u,y) : R - R™ x R™ x RP is said to be a solution
of (1), if it belongs to the behavior of (1):

B(g,A,B,C) =
Ex € AC(R—TR!) and

(z,u,y) € .
(x,u,y) satisfies (1)
Ll (R—R"xR™xRP)

for almost all t € R

Based on the above behavior, DAE control systems have
been studied in detail e.g. in [6]. We assume that the
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states, inputs and outputs of the systems in ¥ ,, ,, ,, are
fixed a priori by the designer. This is different from other
approaches based on the behavioral setting, see [19,22].
Our aim in the present paper is to characterize the influ-
ence of disturbances on the system (1), i.e., for a given
disturbance matrix @ € R'*? we consider the disturbed
system

L Ex(t) = Az(t) + Bu(t) + Qu(t), ©)
y(t) = Cult),
where w € C>®(R — R?) represents a smooth distur-
bance, which may be due to noise, modeling or measur-
ing errors, or higher terms in linearization.
In the case of ODE systems, the disturbance decoupling
problem (DDP) is the problem of finding, for a given
system [I, A, B, C] and disturbance matrix @), a propor-
tional state feedback u = Fz with F' € R™*" for (2)
such that the transfer function of the closed-loop system
satisfies C(sI — (A + BF))~'Q = 0. This problem has
first been treated and solved by Wonham and Morse [45],
see also the classical textbooks [3, 34, 44]; several other
versions have been considered by Willems [38,39]. In or-
der to pursue a similar approach for DAEs, it must be
required that the closed-loop pencil sE—(A+BF) is reg-
ular. Then the transfer function C(sE — (A+ BF))~1Q
exists and the DDP can be investigated; this has been
done in [24] where additionally derivative feedback is al-
lowed and it is required that the closed-loop system has
index at most one. Extensions of this problem have been
considered e.g. in [23] and [26].
However, the class of regular DAE systems is not closed
under the action of a feedback group [1], thus requiring
sE —(A+ BF) to be regular is a restriction in the choice
of F'. The first version of the DDP for DAEs, which has
been formulated by Fletcher and Aasaraai [25], does not
impose any regularity assumptions. However, it was as-
sumed that the output is independent of the disturbance
in the sense that there is a set of admissible initial condi-
tions such that the output vanishes. But admissibility of
an initial condition depends on the disturbance, which
is usually unknown, and hence it is not known a priori if
a given initial condition is admissible. The appropriate
version of the DDP with proportional state feedback for
DAEs has been introduced and solved by Banaszuk et
al. [2]; some alternative characterizations have also been
given in [30]. However, the definition of the DDP in [2]
already requires a zero output, which does not reflect
the intuitive notion of a disturbance not influencing the
output.
To define disturbance decoupling we follow an intuitive
approach. In the case B = 0 we may treat the distur-
bance w as the input of system (2) and define disturbance
decoupling in terms of the set-valued input-output map
of the system [E, A, Q,C] € 3 q.p-

Definition 1 For a system [E, A, B,C| € X . m p, we

call the set-valued map

®(p ap.c): C°(RHR™) =P (C®(R—-RP)),
Jz € C*(R—-R"): }

U { y € C*(R—RP)
(amu,y) € %[E,A,B,C’]

the input-output map of [E, A, B,C]. Here P(M) de-
notes the power set of a set M.

Definition 2 Let [E,A,0,C] € ¥;,0, and Q € R4,
Then we call [E, A, @, C] disturbance decoupled, if

V’U)l,’LUQ S COO(R%RIJ) :
Qe,4,0,01(w1) = Pe,4,0,c)(w2).

Roughly speaking, [E, A, Q, C] is disturbance decoupled,
if any two disturbances cannot be distinguished using
knowledge of the output. In Section 3 we show that this
is equivalent to the concept introduced in [2].

Example 3 The system
1 (t) = m2(t) +w(t), y(t) = z1(t)

is disturbance decoupled, since the output is given by

y(t) = z1(0) +/0 (z2(s) +w(s))ds, teR,

for fited w € C*°(R—R) and arbitrary (free) state vari-
able x5 € C*(R — R). The non-uniqueness of the out-
put for a fixed disturbance “hides” the disturbance, i.e.,
it is compensated by the free state variable. However, we
stress that the disturbance is mot completely rejected as
a hidden dependence of the output on the disturbance
1s still present. Here disturbance rejection means distur-
bance decoupling with additional output uniqueness which
is considered in Section 5.

Compared to the approaches in [2,25,30], we do not con-
sider proportional state feedback of the form u = Fx for
the solution of the DDP. Taking the viewpoint of the be-
havioral approach due to Willems [37], see also [40, 42],
the variables of the system do not have the interpreta-
tion of states and inputs until an analysis of the system
reveals the free variables. These free variables should
then be interpreted as inputs, since “they can be viewed
as unexplained by the model and imposed on the sys-
tem by the environment” [32]. This approach obeys the
physical meaning of the system variables and it may
turn out that in the original model the choice of states
and inputs was inappropriate. With this in mind, the
variables labeled u by the designer are not necessar-
ily the free variables, i.e., some of the them may be
constrained, and on the other hand free state variables



may be present. Therefore, the use of proportional state
feedback is limited for DAE systems, and actually a
feedback in terms of the free variables is needed. A
setup where this is allowed is provided by the use of be-
havioral feedback of the form Kyx + Ksu = 0, where
K = [K1, K3 € REX? x RFX™ which is not always solv-
able for u in general. The concept of feedback in the be-
havioral sense has its origin in the works by Willems,
Polderman and Trentelman [5,32,35,41,42], where dif-
ferential behaviors and their stabilization via control by
interconnection is considered. The latter means a sys-
tematic addition of some further equations such that
a desired behavior is achieved. The interconnection of
system (2) with the behavioral feedback is depicted in
Figure 1.

L Fa(t) = Az(t) + Bu(t) + Qu(t)
u(t) y(t) = C(t) a(t)

Fig. 1. Interconnection of system and behavioral feedback
The closed-loop system of (2) with the behavioral feed-
back Kix 4+ Keu = 0 is given by

A B
K, Ko

E0
[EK7AK7QK7CK] = ) k)
00

0

s

€ Yitkntmgp  (3)

with state (), input w and output y. If [Ky, K3] =

[F,~1I,], then [EX AK Q¥ CK] is equivalent to
[E, A+ BF,Q,C] and we are in the case of proportional
state feedback. In Theorem 12 we derive a geometric
characterization of solvability of the DDP with behav-
ioral feedback. This result is displayed in Figure 2 and
compared to the classical ODE result, see [44], and to
the DAE result from [2], which both consider propor-
tional state feedback.

The vast freedom in choosing the control matrix K =
[K1, K] for the behavioral feedback can be exploited to
obtain several additional properties such as autonomous
zero dynamics of the (undisturbed) closed-loop system
[EX AKX 0,CK]. Roughly speaking, the zero dynamics
of a system are those dynamics which are not visible at
the output; they are called autonomous, if every trajec-
tory is uniquely determined by its values on any open
interval, see Section 4 for more details.

Note that for the ODE system & = v+ w, y = x, where
w € C*°(R—R) is a disturbance, the DDP is not solv-
able by state feedback u = Fx, but it is solvable by be-
havioral feedback choosing [K1, Ka] = 0 € R%*2 (i.e., x
and u are not restricted) ! ; this results in a system as in

! See Remark 11 for the definition of R°*2,

Example 3 with free variable o = u. However, as noted
there, disturbance rejection is not achieved. This leads
to Lebret’s twenty year old open problem [30], that is
disturbance decoupling with output uniqueness. In the
present paper we present two possible solutions: One is
to derive additional conditions on [E, A, B,C] and @
which guarantee output uniqueness, see Theorem 21. For
the second solution we relax the compatibility assump-
tion on the control matrix K — a trade-off between re-
quirements on the data and properties of the control —
see Theorem 25. These results and their relations are de-
picted in Figure 3.

Example 4 We consider an example where the DDP is
not solvable by proportional state feedback, but the DDP
with output uniqueness is solvable by behavioral feedback.
Consider the system

xl(t) = l’g(t) + .’Eg(t),
l’g(t) = w1 (t)v

0 = u(t) + wa(t)
y(t) = z1(2),
where wy, ws € C°(R —R) are disturbances. Seeking a

solution of the DDP by state feedback u = fix1 + foxs +
fsxs, fi € R, leads to, when y = 0,

O = l‘g(t) + Ig(t),
I’Q(t) = wl(t),

0= fawa(t) + faxs(t) + wa(t)

and hence wy = (1 — fa)xs and &2 = wy, which gives
we = 01if fo =1, orwg = (1 — fo)wy if fo # 1. In any
case, the disturbances cannot be chosen arbitrarily, i.e.,
the closed-loop system cannot be disturbance decoupled.
Howewver, choosing the behavioral feedback x3 = —xo we
arrive at the closed-loop system

&1(t) =0,
ig(t) = U)l(t),

0 = u(t) + wa(t)
y(t) = xl(t)7

and the output y(t) = x1(0) is independent of the dis-
turbances, i.e., the system is disturbance decoupled with
unique output. Note that in this example the input vari-
able u is not a free variable of the system.

The present paper is organized as follows: In Section 2
we introduce the generalized Wong sequences as the cru-
cial geometric tool for the characterization of solvability
of the DDP. Disturbance decoupled systems are charac-
terized in Section 3 and we investigate when disturbance
decoupling can be achieved by behavioral feedback. The
considerations in Section 3 reveal that there is a lot of
freedom in the choice of the behavioral feedback. In Sec-
tion 4 we exploit this freedom. We recall the concept
of zero dynamics and show that whenever disturbance
decoupling can be achieved by behavioral feedback we
may additionally achieve autonomous zero dynamics. In
Section 5 we investigate Lebret’s open problem [30] and
solve it using the concept of behavioral feedback.



Thm. 12 3 compatible K € RF*(tm) .
R —eee—

imQ C EV + AW, +imB
[£,4,5,C] [2,4,8,C] [EK, AK QK CK] is disturbance decoupled

|

(Dl) lmQ g EV[*E,A,B,C] + AW[*E7A7B,C] + lm B, [27 Thm 52] E'F c Rmxn :

(D2) dim (ER* + 1111 Q) < dimR*, . [E, A+ BF,Q,C] is disturbance decoupled
where R* = Vie,a,B.01,c1 "WiE,A,1B,Q).C]

“E =1
mQ C Vv [44, Thm. 4.2] | 3 e R™*"™ .
m - l———> ]
[1,4.5,C] [I, A+ BF,Q,C] is disturbance decoupled

Fig. 2. Theorem 12 compared to earlier results on disturbance decoupling. The spaces V(i 4 p.c) and Wi 4 g ¢ are introduced
in Section 2. For compatibility of a control matrix K see Definition 10.

3 compatible K € RFx(n+m) .
[EX, AR QX C*X] is disturbance decoupled

Thm. 12
3 compatible K € RFx(n+m) 3 K € RF*(+m) compatible for
[EX, AK, QK C*] is o 15 | T 25 f (B 121, 18),0): [BF,4%,Q, X
disturbance decoupled and is disturbance decoupled and
ZD|px ax o,cK] are autonomous [EK, AK] is autonomous

3 compatible K € RF*(n+m) .
additional | Thm. 21 | [EX, AK Q% ,C*]is

i P
assumption disturbance decoupled and

[EX, AX] is autonomous

(D1) +

Fig. 3. Disturbance decoupling results and their relations. (Autonomous) zero dynamics ZD gk sk o cx) are defined in
Section 4. Autonomy of DAEs [EX, AX] is defined in Section 5.

2 Generalized Wong sequences quences

V[OE,A,B,C] = ker C,
V[lgiA,B,C] = A_l(EV[iE“A’B’C] + im B) N ker C,

W[OE,A,B,C] = {0},
Wit o = E (AW 4 g +im B) Nker C.

In this section we introduce the crucial geometric tools The sequence (Vi ); is non-increasine and
for the characterization of disturbance decoupling. Since - sed [£,4,B,C)/i€No &

the seminal work by Wonham and Morse [45] the exis- W(g,a,B,c))ien, is non-decreasing and both sequences
tence of a feedback which achieves disturbance decou-
pling is usually characterized by a geometric condition
involving the limits of certain subspace sequences. For
DAE systems [E, A, B,C]| € Xy m,p we define the se-



terminate after finitely many steps, thus we may set

Vigano = () Vieanap
1€Np

Wiganseo = U Wsasc
i€Np

We will call the sequences (V[lE A.B,c))ieN, and
(W[iE,A,B,C])iGNO generalized Wong sequences. In [11,16,
17] the Wong sequences for matrix pencils (i.e., B = 0
and C' = 0) are investigated, the name chosen this way
since Wong [43] was the first who used both sequences
for the analysis of matrix pencils. In [12,14,18] the case
C = 0 is considered and the sequences (V[iEAA,B,o])iENo
and (W[iE,A,B,O])iENO are called augmented Wong se-
quences. Similarly, in [15] the sequences (V[iE,A,o,c])ieNo
and (WfE,A,o,C])iENO (i.e., B = 0) are called restricted
Wong sequences. Using the invariance concepts intro-
duced in [31], Vi 4 g is the supremal (A, E,B)-
invariant subspace of ker C| i.e., the largest subspace V C
ker C' with the property AV C EV+im B. Furthermore,
Wg, 4,5,c) is the infimal restricted (E, A, B)-invariant
subspace of ker C, i.e., the smallest subspace W C ker C'
with the property W = E~Y(AW + im B) N ker C.
For more details on the Wong sequences see the sur-
veys [12,15] and the references therein.

Note that in geometric control theory for ODE systems
(i.e., E =1I), see e.g. [44], the sequence (V[iI,A,B,C])iGNO
is called invariant subspace algorithm, and the sequence
(W[iI,A,B,C])iGNO is called controllability subspace algo-
rithm.

In the remainder of this section we derive some impor-
tant relations for the generalized Wong sequences which
are the basis for the results on disturbance decoupling.

Lemma 5 Let [E,A,B,C| € ¥, m,p and choose T €
R™*k with vk T = k such that im T = ker C'. Then

(ET)V[*ET,AT,B,O] = EV[*E,A,B,C]
and (AT)W[*ET,AT,B,O] = AW[*E,A,B,C]'
PROOF. First we prove that
Vi€ No: ETV{gr ar,po = EVig.ap.0)-

For ¢ = 0 we have EV[OEA g = ElkerC) = im ET =
ETVPET’ AT, B,0]" Suppose that the assertion is true for

some i € Ny. Then

ETV}, ET AT,B,0]
= ET(AT)~ (ETV[ZET,AT,B,O] +im B)

= ET(AT)"Y(EV{g 4 p.c) +imB)
—ET{acR ‘ ATz € BVig o p.c)+mB |
~B{yecimT ‘ Ay € EVig apo+imB }

= E(A™(EV{g 4 p.c) +1m B) Nker C) = EV’;A B.O
The proof for ATWfET7 AT.B0] = AW[iE, A,B,C) for all
1 € Ny is analogous and omitted. O

Lemma 6 Let [E, A, B,C| € ¥1.mp. Then

(B, O]VT[E,O],[A,B],O,O]

and [A7B] E[E,O],[A»BLO’O]

= EV[*E,A,B,O]

== AW[*E,A,B,O] + im B.

PROOF. First we prove that

: . i _ pyi
Vi€ NO . [E7 O]VI:[EQ],[A’B],O,O] = EV[E,A,B,O]'
For ¢ = 0 we have EV[OE’A}B’O] = ImFE =
[E, 0]V . Suppose that the assertion is true
[12,01,[4,B1,0,0]

for some 7 € Ng. Then

(B, 0]V
" 1e01,04,81,0,0]

= [B,0](4, B) ! QEﬁ]f mmﬁwd>
= [E,0]([A, (EVig,a,5.0)

el " j

Al’l +B$2 € EV[EABO]}

= E {1 €R"[322 € R™: Aw) + Bz € EVip 4 p |
= EATY(EVg apo +imB) = BV 5

Now we prove that

VieNg: [A, B]Wi[ AW(g 4 p o +im B

C
(£,0].[4,B].00] =
- [A’ B]W’H—l .
[[EVOHA,B],O,O]
For i = 0 we have
0 — 0 .
14, B]W[[E,OL[A,B],O,()] ={0} € AWg a0 +1mB

C Aker E +im B = [A, B)W} :
[12.01,14,B1,0,0]



Suppose that the assertion is true for some i € Ny. Then

[A, B
[12.01,14,B1,0,0]

= [A,B)([E,0])7" <[A’B}WT[E70],[A7BJ’0vO]>

C (4, B([E,0) " (AWipa 5o +im B)

= (A, B] { <xl> e R
T2

r1 € R", 2o € R™,
Azy + Bz | a1 € E-H AW/ 4 g +im B)

Exy € AW 4 p g +im B}

_ i+1
=Wig.a,80

= AWt

(,4,8,0 T1mB

and analogously, just with the opposite inclusion sign, we

. 742 i+1 :
obtain [A4, B]W[[E,O],[A,B],O,O] 2 AWy potimB. O

3 Disturbance decoupling

In this section we derive a characterization of distur-
bance decoupled systems. Furthermore, we recall the
concepts of behavioral feedback and compatible control
and characterize solvability of the DDP by behavioral
feedback.

Recall Definition 2 of disturbance decoupled systems.
We derive the following characterization of disturbance
decoupled systems which matches the definition for the
DDP used in [2], but differs from the concepts used
in [23-26] where regularity is required.

Proposition 7 Let [E,A,0,C] € ¥i,0, and Q €
R4, Then [E, A, Q, C] is disturbance decoupled if, and
only if,

Vw e C®(R—R?Y) Jz € C*°(R—-R"):
Cr=0and Ei = Az + Quw. (4)

PROOF. =: Let w € C*R — R9). Then
Q(g,4,0,c1(w) = P[5 4,0,01(0) and the assertion follows
from 0 € (I)[E,A,Q,C] (0)

<: It suffices to show that @5 40.c)(w) =
@(g,4,0,c1(0) for all w € C*(R—RY). Let w € C*(R—
R?) and observe that ®(z 4.¢,c)(w) # 0 by (4). We show
g a,Q.0(w) € Praqgc(0). Let y € Qp 4 q.c(w).
Then there exists z; € C*°(R — R™) such that EZ; =
Az + Qw and y = Cz;. By assumption, there exists
zo € C®(R — R") such that Fzy = Az + Qw and
Czy = 0. Setting x := 21 — 29 € C*°(R—R") yields

Eit=Az +Quw — Az, — Quw = Ax

and Cz = Cz; — Czy = y. Therefore, y € @15 4,0,01(0).
The opposite inclusion can be shown analogously and
this finishes the proof. O

Remark 8 Consider [E,A,0,C] € £, 0,p with regu-
lar sE — A and let Q € R4, Using Laplace transform
and Proposition 7 it is immediate that [E, A, Q,C] is
disturbance decoupled if, and only if, the transfer func-
tion from the disturbance to the output is zero, i.e.,
C(sE — A)7'Q = 0. In particular, the concept intro-
duced in Definition 2 generalizes the classical concept of
disturbance decoupled ODE systems, see e.g. [44].

We are now in the position to derive a geometric charac-
terization for [E, A, Q, C] being disturbance decoupled.

Theorem 9 Let [E,A,0,C] € 10, and Q € R4,
Then [E, A, Q, C] is disturbance decoupled if, and only if,

im@ C EVF}E,A,(),C] + AW[*E,A,O,C]' ()

PROOF. Step 1: We reduce the problem to a prob-
lem of existence of solutions for a certain DAE. Let
Ty, € R™" T, € R"*(™=7) be such that im 7} = ker C'
and T = [T, T»] is invertible. Then CT = [0,CTy] =
[0,Cs], where Cy € RPX(™=7) has full column rank:
Cox = 0 = CTyx for some x € R implies Thxr €
imTy, Nker C = im7Ty Nim T} = {0}, thus Tobx = 0 and
hence z = 0 by full column rank of T5. By Proposi-
tion 7, [E, A, @, C] is disturbance decoupled if, and only
if, (4) holds. Applying the coordinate transformation
z =T~ 'z, (4) is equivalent to

Vw e C®(R—-R?Y) Jze C*R—-R"):
CTz=0and ET: = ATz + Quw.

Partitioning z = (2] , 2y )| with z; € C*(R—=R"), 2, €
C®(R — R™") and invoking that 0 = CTz = Caz
implies zo = 0, we find that, with £y = ETy, A; = ATy,
[E, A, Q,C] is disturbance decoupled if, and only if,

Vwe C®(R—-RY) Iz € C°(R—R"):
Elz'l = A121 + Qw (6)

Step 2: We prove that (6) is equivalent to (5). Choose
full rank matrices P, € R"*™ R, € R™"*™2 P, €
R>¥4 Ry € REXE2 guch that

im Py =V, 4,00+ Wei, 41,000
iIIlPl EBHHRl = Rn,

im Py = E\Vig, 4,000+ AW e, 4,00
im P, @ im Ry, = R'.



Then, by [16, Thm. 2.3], with V = [P}, R;] and W =
[P2, Ry ™1 we have

sE11 — Ay sEi12 — Aq

W(SE1 — Al)V == )
0 sEyy — Ago

where

(l) EH,AH S Rllxnl, ll < ni, satisfy I‘kR(S)(SEH —
All) - l17

(ll) EQQ,AQQ S Rlzxnz’ lg >ngorly =ny = 0, satisfy
rk Fay = ng and kg (AF2a—Ags) = na forall A € C.

By [16, Lem. 3.1] there exists a unimodular matrix

[Z‘Ig((j))} € R[s|(n2tlz=n2)xl> (j o [A}g((ss))} is invertible

over R[s]) such that

M(s)
K(s)
Now, [16, Thm. 3.2] yields that for given w € C>*(R —

RY?) the DAE E;2; = A;z1 + Qw has a solution 21 €
C>*(R—R") if, and only if,

I7L2
(sEag — Agg) = l 0 ] .

K(§)w =0,

I where @ = [0, [, ]WQuw.

Therefore, (6) is equivalent to
Vw e C®(R—RY) : K(L)[0,L,]WQuw=0  (7)

and it remains to show that (7) is equivalent to (5). We
prove that (7) is true if, and only if, [0, [;,]IWQ = 0:
Sufficiency is clear and we show necessity. Condition (7)
implies that K (s)[0, I;,]WQ = 0 as a polynomial matrix.
Writing K (s) = K; + sK2 + ... + s 71K, we thus have
K;[0,I,]WQ =0for all i = 1,...,p, which gives

p
im[0, I,,JWQ < () ker K;.

i=1

As shown in the proof of [16, Lem. 4.19] we have
”_, ker K; = {0} and hence [0, I;,]WQ = 0.

Finally, this shows that [E, A, @, C] is disturbance de-

coupled if, and only if,

I
im Q C ker[0, I,]W = W~ im l ll] =1im P,
0
= EWVig, 4,00+ AWz, 4,0,
From Lemma 5 we may deduce that Elv[}l’Al’O o

AlW[*El,Al,O,O] = EVGE’A’O,C]—%AW[*E’A,O,C] and this con-
cludes the proof. O

As mentioned in the introduction, the solution of the
DDP with proportional state feedback has been derived
in [2] for DAEs, where it is shown that for [E, A, B,C] €
i n,m,p and disturbance matrix @) € R*? there exists
F € R™*" such that [E, A+ BF,Q,C] is disturbance
decoupled if, and only if, conditions (D1) and (D2) as
depicted in Figure 2 hold true. However, as explained,
the use of state feedback is limited for DAEs, since
it does not take the physical meaning of the variables
into account. In contrast to the approach in [2], we
seek a feedback in the behavioral sense, i.e., a control
K = [K1, Ky € RFX" x RF¥*™ gych that the closed-loop
system [EX, AK QK CX] asin (3) (cf. also Figure 1) is
disturbance decoupled. In the undisturbed case w = 0,
the control K has to be compatible with the system in
a certain sense, cf. also [12] and the references therein.
Here we introduce a slightly different notion of compat-
ible control which uses smooth solutions only.

Definition 10 Let [E, A, B,C] € X ,mp. A control
matriz K = [K1, Ky] € RF*" x RF¥>™ k¢ Ny, is called
compatible for [E, A, B,C], if

V(:v,my) S %[E,A,B,C] OCOO(R—”RH x R™ x R;D)
3(z,a) € BEK,AK 0150,00%n] NC®R—-R" x R™):
Ex(0) = E#(0).

Remark 11 We explain what Ogx, for n € Ny is.

(i) We deem 0g as the only element of R® = {09} and
view the latter as a linear R-vector space. It does not
have a basis, so its element Oy cannot be represented
by the coordinates of the basis vectors. R? is gener-
ated by the empty set and its dimension is zero.

(ii) We may also consider the set of all homomorphisms
mapping R™ to R, that is

RO*7 .= { L:R" - R ‘ L a homomorphism },

n € Ny. The vector space R°*™ has also only one
element, i.e., RO*" = {0gxn}, and Opxp =: —
does not have a matrixz representation in the usual
sense, but it holds that —v = Q¢ for all v € R™.

(iii) Analogous statements for R™*? = {0,x0}, | € Ny,
hold with ﬂ = 0;xo and HOO =0; € R.

The concept of a compatible control is important from a
practical point of view. If we assume that the controller
is switched on at time ¢t = 0, then it must be guaranteed
that there actually exists a closed-loop trajectory (&, u)
such that the initial differential variables EZ(0) match
those of the open-loop trajectory (z,u,y). Otherwise, a
jump from Ez(0) to EZ(0) would occur which must be
avoided. Note that our concept of compatible control is
a slight modification of the concept introduced in [27].
The following theorem is the analog of [2, Thm. 5.2] for
the case of behavioral feedback.



Theorem 12 Let[E, A, B,C| € ¥ m,p and Q € R4,
Then there exists a control K = [K1, Ky] € RFXn x Rkxm
compatible for [E, A, B, C] such that [EX, AK QK CX]
is disturbance decoupled if, and only if,

1mQ Q EV[*E,A,B,C] + AW[*E,A,B,C] + im B.

PROOF. Let T} € R™ ", T, € R™*(=") be such that
imTy = kerC and T = [T1,T3] is invertible. As in
Step 1 of the proof of Theorem 9 we may show that
for some compatible control K € RF*("+m) the system
[EE AK QK CX]is disturbance decoupled if, and only
if,

Vw e C*(R—R?) I(z,u) € C°(R—R" x R™) :
ET 2= ATz + Bu+ Qw and K111z + Kou=10. (8)

Writing

ET, 0
0 ol

ATy B

(B, AfT] =
K1T1 K2

we find that (8) is equivalent to

Vw e C®(R—R?Y) Jv € C*(R—R"™™):
Efo=AKv+ [g] w

«: Choosing k = 0 (i.e., K = 0 € RO*("*™)) and invok-
ing the above statement, [EX, AKX QK CK] is distur-
bance decoupled if, and only if, [[ET7, 0], [ATy, B], Q, 0]
is disturbance decoupled. By Theorem 9, this is equiva-
lent to

im@Q C [ETy, O]V[[ETl,O]a[ATl ’B]’O’O]

+ [ATy, B]W*[‘ (9)

[ET: 0],[AT1,B],0,0]”
and invoking Lemmas 5 and 6 we find that

= [ETI; O] |:[ET1,0],[AT11B]’O’O:| ’

AW[E,A,B,C} “+ 1m B = [147117 B] I:[ETI,O],[ATI,B]’O,O] y

(10)

EV[*E,A,B,C]

which yields the claim.
= If K = [Ki,Ky] € RF™ x REX™ s a com-
patible control for [E, A, B,C] such that the system
[EE, AKX QK CK]is disturbance decoupled, then (8) in
particular implies

Vw e C®(R—RY) I (z,u) € C°(R—-R" x R™):
Ele = Ale + Bu + Qw,

which means that [[ETl,OL[AThB],Q,O} is distur-
bance decoupled. Then (9) and (10) hold true and the
claim follows. O

Remark 13 We consider an ODE system [I, A, B,C| €
Ynn,mp With disturbance matriz @ € R**? and com-
pare the classical result in [44, Thm. 4.2] to Theorem 12,
see also Figure 2. The main difference is that in [44,
Thm. 4.2] proportional state feedback w = Fx is consid-
ered to achieve disturbance decoupling, whereas we con-
sider behavioral feedback K1x+ Kou = 0. Roughly speak-
ing, in the latter the input variables are not completely
determined by the state variables in general, but are free
variables in the closed-loop system. These input vari-
ables can be used to cancel the disturbances in the closed-
loop system. Ezxemplary, we consider the case C = I in
more detail. In this case, the condition im Q) C V[*I,A,Bc]
from [44, Thm. 4.2] implies Q = 0, which may also be
verified by investigating the solutions of

t=(A+BF)z+Quw, y==

for some feedback matriz F' € R™*™. The output admits
the representation

t
y(t) = e(AJ“BF)tx(O) +/ e(A+BF)(t_S)Qw(s) ds
0

for all t € R, and is independent of w if, and only if,
Q = 0. If we consider a behavioral feedback instead and
choose K = [K1, Ko] = 0 € ROX("*™) then the output of
the corresponding closed-loop system [, AK Q¥ CK],
namely

&= Ax+ Bu+ Quw, y=u,

reads

y(t) = eAtx(O)—F/t A=) (Bu(s)+Qu(s)) ds, tER,
0

and it is independent of w in the sence of Definition 2 if,
and only if, for anyw there exists u such that Bu = —Quw.
This is equivalent to im QQ C im B or, what is the same,
to the condition im ) C V[*LA’B,C] + AW[*LA’B’C] +im B
from Theorem 12.

However, this does not mean complete disturbance rejec-
tion, since a hidden dependence of y on w is still present,
cf. also Example 3. This problem is treated in Section 5.

4 Disturbance decoupling and zero dynamics

The proof of Theorem 12 does not exploit any freedom
in choosing the control [K7, Ko J{ In view of Proposition 7
the closed-loop system [EX | AK Q% CF] has, for every
smooth “input” w, a solutlon Whlch generates z€ero out-
put. We show that an appropriate additional condition



yields uniqueness of this solution in the sense

Vw e C*(R—RY)
V(zl,w,O), (Zg,w,O) S %[EK7AK7QK70K] :

a

EKzl(O) = EKZQ(O) — 21 =< Z29.

By linearity of the behavior the above statement is equiv-
alent to

V(Z,0,0) S %[EK7AK7O,CK] :

EX2(00=0 = 220
and therefore independent of the disturbance matrix Q).
In fact, the above property means that the zero dynam-
ics of [EK,AK,O,CK] € Yitkn+m,0,p are autonomous.
Loosely speaking, the zero dynamics are those dynamics
which are not visible at the output. For ODE systems
this concept has been introduced in [21]. The zero dy-
namics are, for [E, A, B,C| € X m.p, defined by

ZD(g,A,B,C) = { (z,u,y) € Bip,a,B,0] ‘ y =0 }

For linear DAE systems the zero dynamics have been
well investigated, see [7-10]. The zero dynamics of (1)
are called autonomous, if

V¢ € ZDig,a,B,c) VI C R open interval :

;=0 = (=0.
The definition of autonomous zero dynamics is a special
case of the definition of autonomy, as it has been intro-
duced in [32, Sec. 3.2] for general behaviors.

Recall the following characterization of autonomous zero
dynamics from [8, Prop. 3.5].

Lemma 14 For[E, A, B,C] € ¥, m p the zero dynam-
ics ZD(p,A,B,c] are autonomous if, and only if,

sE—A —-B
-C 0

=n-+m.

I‘kR[S] [

In the following we show that under the condition in
Theorem 12 we may choose [K, K»] such that, addition-
ally to disturbance decoupling, we achieve autonomous
zero dynamics of the undisturbed closed-loop system.

Theorem 15 Let [E, A, B,C] € % .. p and Q € R4,
Then there exists a control K = [K1, Ko] € RFXnxRFXm
compatible for [E, A, B, C] such that [EX, AK QK CX]
is disturbance decoupled and ZDpx ax ocx] are au-
tonomous if, and only if,

imQ € EVig 4 .oy + AWgapc +imB.  (11)

PROOF. =: Follows from Theorem 12.

<: Step 1: Let T} € R"*", Ty € R™*(n=7) he such that
im Ty = ker C' and [T}, T3] is invertible. As in the proof
of Theorem 12 we may show that for any control K =
[K1, K3] € RF>7 x R¥X™ compatible for [E, A, B, O],
the system [EX, AKX QK CX] is disturbance decoupled
if, and only if,

Vw e C®(R—R?Y) Jv € C*(R-HR™™):
Efo= Ao+ [C]w, (12)

where

ET, 0
0 0

ATy B
KT Ko

[E{(vAf] = .

)

In particular, condition (11) implies that

Vw e C®(R—R?Y) I (z1,u) € C°(R—=R" x R™) :
Furthermore, it is a straightforward calculation to see
that for any (z,u) € C*(R — R" x R™) with (3}) :=
[Ty, T»] 'z we have

((i) 707 0) S ZD[EK,AK,O,CK]
<~ ((2),0,0) GZD[ElK,A{{,O,O] and 22:0.
Therefore, it suffices to find a control K =
[K1, K3 € R x REX™M compatible for [E, A, B, C]

such that [, AK Q¥ 0] is disturbance decoupled and
ZD[E57A5<7070] are autonomous.

Step 2: In order to construct K, let

El = [ETlvole]v Al = [ATlvBL

and choose, according to [17, Cor. 2.3], S € G1;(R) and
T € Gl (R) such that

slp, — A1 —An 0

S(SEl - Al)T = )
0 0 SE23 — A23

where A;; € Rnlxnl,Alg S Rnlan,Egg, Agg €
RU=71)%13 with rke(AEas — Agg) = ng for all A € C. Set

[K17X2] = [Ongxn17l’n270n2><n3]T_1 e R’ﬂzx’f‘ X R’VIQX"L’
K1 = [K17On2><(n_r)][T1,T2]71, KQ = IA(Q.

We show that K = [K7, K»] satisfies the requirements.
Step 2a: To show compatibility of K, let

Eyy
Eoy

A
= SETy, 1

] = SAT27
24



and observe that K is compatible for [E, A, B, C] if, and

Only 1f7 f( = [Onz ><n1;In270n2 ><n3a0n2><(n7r)] is compat-
ible for
[E,A,0,C] :=
I,, 0 0 FEu| |Ann Az 0 Ay 0.0
0 0 Ea3 Eoy "o o Agg Aoy o

To show the latter we let z = (21, 22, 23,24) € C*°(R—
R™ x R" x R™ x R™ ") such that E2 = Az, i.e.,

21+ Frazs = Annz1 + Aiaze + Ajaza,
Eoszs + Eoyzy = Agzzz + Aoyzy.

Let Z; € C*°(R—R"™) be the solution of

%21 = A11%21 — Fra2a + A1aze,  21(0) = z1(0).

Then 2z := (2,0, 23, 24) solves % £z = Az under the
constraint Kz = 0, and we have

B2(0) = 21(0) + E1424(0) — E5(0)
E2323(0) + E24Z4(0) .

Step 2b: By Step 1 and Lemma 14 the zero dy-
namics ZDgr gx o are autonomous if, and only if,
1€,A,0,

rkR[s](sE{( — AK) = r + m. To see that this holds, we
observe that
I‘kR[é] (SElK 7A{()
sly, — A1 —Ax 0
= kg 0 0 sE3— Ao
0 I, 0

=r—+m
2

since

I‘kR[S](SE23 - A23) =ns.
Step 2c: We show (12) or, equivalently, that for all w €
C°(R — RY) there exists (21, 22,23) € C°(R — R™ x
R™ x R™#) such that

21 = Apiz1 + Aoz + Qrw,
Eo3i3 = Agzzz + Qow,
0= 292,

Q1

where [Qz} = 5Q. Since (13) holds due to assump-

tion (11), it follows that there exists z3 € C*®°(R—R"#)
such that Fo3Z3 = Aszzz + Qow. With z; being the so-
lution of 2; = Aj121 + Q1w we may conclude the proof
of the theorem. O
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Note that as a consequence of Theorem 15, for any
[E,A,B,C] € %, m, there always exists a control
K € RF*(+m) compatible for [E, A, B,C] such that
ZD(gx Ax o,cK) are autonomous.

5 Lebret’s open problem

Lebret [30] pointed out that solvability of the DDP with
proportional state feedback does not guarantee distur-
bance rejection in general. This is still true when we
consider behavioral feedback. The following example is
taken from [30].

Example 16 Consider the system

[1,0]2(t) = [0, =] 2(t) +u(t) +w(t), y(t) = [1,0]x(?).
It is straightforward to check that the condition in The-
orem 15 is satisfied and hence there exists a compatible
control [K1, Ka]| which achieves disturbance decoupling
and autonomous zero dynamics of the closed-loop sys-
tem. For the present example we may choose, e.g.,

1]

and hence the closed-loop system reads

Kl = [070]7 KZ =

21(t) = —zo(t) +w(t), wu(t) =0, y(t)=uz1(t).

However, y still depends on w as

y(t) = z1(0) +/O (w(s) —x2(s))ds, teR,

but the disturbance is canceled by the free variable xo in
the sense that two different disturbances are not distin-
guishable at the output. The dependence of y on the dis-
turbance is therefore hidden.

To exclude a hidden dependence on the disturbance and
achieve disturbance rejection, an additional assumption
for disturbance decoupling suggested by Lebret [30] is
uniqueness of the output of the closed-loop system. This
justifies the following definition.

Definition 17 Let [E, A,0,C] € ¥;.,.0, and Q € R4,
Then we call [E, A,Q,C|] disturbance decoupled with
output uniqueness (DDOU), if [E, A, Q,C] is distur-
bance decoupled and

V’LU € CW(R_)R(I) V(]"lawvyl)’ (anwayQ)
S %[E,A,Q,C] NC®(R—R" x R? x RP)
VI CR openinterval: yi|;=vy2|; = 11 = Yo



Note that by linearity, [E, A, @, C] is DDOU if, and only
if, [E, A, @, C] is disturbance decoupled and

V(z,y) € %[E,A,leo,()] NC®(R—R" x RP)

VI CRopeninterval: y|, =0 = y=0.
Therefore, compared to disturbance decoupling, the ad-
ditional condition of output uniqueness in the property
DDOU is independent of Q.

In the context of feedback in the behavioral sense, and
using the notation from Theorem 15, we may now seek
a compatible control K such that [EX AKX QF CK]
is DDOU and ZDgx ax o cx) are autonomous. Le-
bret [30] conjectures a characterization of this problem
(without the additional property of the zero dynamics)
where proportional state feedback u = F'x is considered
— a proof or counterexample to this conjecture has not
been found so far. In Subsections 5.1 and 5.2 we derive
two different solutions using the more general behavioral
feedback. For an example where the DDP is not solv-
able by proportional state feedback, but the DDP with
output uniqueness is solvable by behavioral feedback see
Example 4.

First, we show that the problem of achieving a unique
output is the same as the problem of achieving a unique
state. The latter means that the underlying DAE is au-
tonomous. To define this, we consider the set of homo-
geneous DAEs

L Ez(t) = Az(t),

(14)
where E, A € R™", which is denoted by ¥in and we
write [E, A] € ¥;,. The behavior of [E, A] € ¥, is
given by

B(p 4 = {z € L, (R—>R") | Ex € AC(R—R),
x satisfies (14) for almost all t € R },

Similar to autonomous zero dynamics, a DAE [E, A] €
Y is called autonomous, if

Vz € Bp 4 VI C R open interval :

a.e.

), 0 = z*=0.
For characterizations of autonomy see also [14]. Here we
need the following algebraic characterization which is an
immediate consequence of [12, Cor. 5.2].

Lemma 18 A DAE[E, A] € %, is autonomous if, and
only if, tkgps(sE — A) = n.

In the following result we show that a system is DDOU
with autonomous zero dynamics if, and only if, it is dis-

turbance decoupled and autonomous.

Proposition 19 Let [E,A,0,C] € ¥,0,p, and Q €

11

R4, Then [E, A,Q,C) is DDOU and ZDg,a0,c] are
autonomous if, and only if, [E, A, Q,C] is disturbance
decoupled and [E, A] is autonomous.

PROOF. «: First, by autonomy of [E,A] and
Lemma 18 we have
sE— A
rkR[S](SE - A) =n, thus rkR[s] c =n,

which, by Lemma 14 is equivalent to ZD[g 4,0,c] being
autonomous. Choose V' € GI,(R) such that VC = [ (]
where C7; € RP1*™ hag full row rank. Then, invoking
that [E, A, @, C] is disturbance decoupled, [E, A, Q, C|
is DDOU, if

V(a:,y) S %[E,A,0,0l] OCOO(R—HRn X Rpl)

VI CRopeninterval : y|; =0 = y=0.
Clearly, ZD|g 4,0,c,) are autonomous as well, so we may
apply [8, Thm. 4.3] to find S € GL(R), T € Gl,(R)
such that

I,, 0 0 Ay Az 0
SET=|0 Ep N|,SAT=]0 0 I,|,
0 Eup Eus 0 Ap 0
T = [0,1,,,0], (15)

where N € R™*"3 ig nilpotent with NV = 0, NV~ £
0. Seeking a contradiction, assume that there exists an
open interval I = (a,b) C R and (2,y) € Big a,0,c,) N
C*(R —R" x RP) such that y|, = 0 and y # 0. Let
(x{,y",24)" = T~ 'z, then

v—1
T3 = Z EggNiy(iH) and
i=0

t
z1(t) = A= g () —|—/ eA11=9) 40y (s) ds

a

for all t € R, and hence z3|, = 0. Since Z;(t) :=
eA1t=ag (a), t € R, and 7 := T(x{,0,0)" satisfy
(7,0) € B(g,4,0,0,), by linearity of the behavior we find
(r —Z,y) € Big 4,0,c,) and we have (z —Z)|; = 0. Au-
tonomy of [E, A] now implies x — & = 0, thus, in partic-
ular, y = 0.

=: We only need to show that [E, A] is autonomous.
Again we assume that (15) holds for some invertible S
and T'. Then, invoking Lemma 18, [E, A] is autonomous



if, and only if,

-SI — A11 —A12 0
rkR[s] 0 sE3o sN—-1I|=n
0 sEy — Agp sEys
[ SE32 sN — 1
< I'kR[S] = p1 + n3.

|sE42 — Asa sEy3
Seeking a contradiction, assume that
rkp[q] [SEszji‘u SS%;I] < p1 + ng and hence the DAE
Hgis E]L] , [ A(A)LQ é]] is not autonomous. Therefore,

there exists (y,z3) € C*°(R—RP1 x R"3) and an open
interval I C R such that (y,z3)|; = 0 and (y,x3) # 0. If
y = 0, then z3 = Zi”:_ol FE3oN'y(+h = 0 which cannot
be, thus y # 0. Chosse 1 € C*®(R — R") such that
i = Apzy + Ajy, then, with o := T(x{ ,y",21) " we
have (z,y) € Bg,a,0,c,) NCP(R — R™ x RP1). Since
y|l; = 0 and y # 0 this contradicts the assumption of
unique output. O

Using state feedback u = F'z, the problem of finding F’
such that the closed-loop system is disturbance decou-
pled and the output is unique has been called DDP in [30]
and the problem of finding F' such that the closed-loop
system is autonomous and disturbance decoupled has
been called DDPU in [2,30]. Proposition 19 shows that
in the case of behavioral feedback the DDP (where we
can always achieve autonomous zero dynamics) is equiv-
alent to the DDPU.

In the remainder of this section we present two differ-
ent solutions to the DDP with unique output. In the
first approach we seek for an additional condition on
[E, A, B,C] and Q compared to that in Theorem 15 that
ensures autonomy of the closed-loop system. In the sec-
ond approach, we keep the condition from Theorem 15
and relax the assumption on the behavioral control K.
Instead of requiring K to be compatible for [E, A, B, C],
we require K to be compatible for the system which con-
sists of those trajectories which produce zero output.

5.1 Solution by additional assumption

We start with a characterization of all compatible con-
trols K which render [EX, AK] autonomous.

Proposition 20 Let [E,A,B,C] € X nmp and let
K € RF*(+m) - Choose, according to [17, Cor. 2.3],
S € GL(R) and T € Gl (R) such that

SInl — All —A12 O

0 0 sEy — Ag

(16)

where All c R"lxnl,Am c Rmxm’EQ%A22 c
RUE=m)xns pith vke(AEos — Asz) = ng for all X €

S[sE—A,—B]T =

)

12

C, and let KT = [Ki1, K2, K3] according to the par-
titioning in (16). Then K is a compatible control for
[E, A, B,C] such that [EX, AK] is autonomous if, and
only if, im K1 C im Ky and Ko has full column rank ns.

PROOF. =:Let z; € C*(R—R") be such that i1 =
Aprzy. Then (x,u) := T(z{,0,0) " satisfies (z,u, Cx) €
B(p,4,B,0]- Since K is compatible for [E, A, B, C] there
exists (Z,%) € Bgx ax 0 NCP(R—=R" x R™) such
that Bz (0) = E#(0). Write (3],2],41)T = T-14 ac-
cording to the decomposition (16). If follows from the
condition tke(AF2s — Agz) = ng for all A € C that
x3 = 0, see e.g. [16, Thm. 3.2]. Then Ex(0) = EZ(0) if,
and only if, 21(0) = #1(0). As furthermore

K131 (0) 4 Kad2(0) =0

and x1(0) is arbitrary it follows that im Ky C im K».
Then, in particular, there exists Z € R™2*"t guch that
K, =KyZ.

In order to show that K5 has full column rank, we assume
that rk K5 < ns. Note that we have

S 0 sly, —A11 —A 0
(SEK — AK)T = |: 10 " 012 SE22A22:|
0 I -K2Z —K> —K3

If rk [’2322] < ng, then there exists y € R™ such that
A2y = 0 and Koy = 0. Therefore,

slp, —A11 —Ai2 0 0
0 0 sEap—Agy (y) =0,
—KoZ —Ko — K3 0

which contradicts the fact that rkgs (sEX — AK) = n+
m by autonomy of [EX, AX] and Lemma 18. Therefore,
assume that rk [“}{122] = ng and let S = [g; g;g] €
Gl,, (1(R), where S;; € R™X™ Gy € R(mtk=n2)xk
and Sis, 521 are of appropriate sizes, be such that

— In2

ol
We show that ker So; # {0} by contradiction. So assume
that ker So1 = {0} Then S91A12 + Sos K5 = 0 implies

S11 S12
Sa1 S22

A1z
Ko

Az = —(5;1521)715;1522K2,

and, since ker Ky # {0}, we arrive at

Aro
Ky

ker # {0},

— er —(5;1521)_15;—1522.[{2
Ky



a contradiction. Now let v € ker So1\{0} and set p; (s) :=
(sT — A1y — A12Z)) " 'v € R(s)™ \ {0}. Then

521 (SI — (AH — A12Z))p1(8) =0
= So1(sI — A11)p1(s) + S21A412Zp1(s) =0
Sa1A21
+S22K2 =0
So1(s] — A11)pi(s) — S22K2Zpi(s) =0
s — A
e [521, 522] t pl(s) =0.
K7

= [S11,512) [ng(‘;‘g}pl(s) € R(s)™ and

Set pa(s)
:=0 € R(s)"s. Then

ps(s)

(11 Sia| [sT— Ap I,
pi(s) — p2(s) =0
| S21 S22 —KoZ 0
[sT— A A
— s 1 p1(s) — 12 p2(s) =0
| —KyZ K,
-SI — A11 —A12 0 pl(S)
R 0 0 sEoy — A22 p2(s) = 0,
| —K2Z —-K;  —Kj p3(s)

and hence rkgps(sEX — AK) = rkp(,) (sEX
n + m, a contradiction.

«: Let Z € R™*™ be such that K; = K9Z. First we
show that K is compatible for [E, A, B, C]. Let (z1,x2) €
C>®(R—R™ x R™) be such that 1 = Ajj21 + Ajazs.
Then, for the solution #; of

- AK) <

L5 = (A1 — A1p2)7,

at .’51(0) :1'1(0),

and Ty := —Z%; we find

Ty = Ay + A2y, K2y + Kodp =0,

4
dt

and, furthermore,

L, 0) (5“1(0)) — [L,.0] (”:‘(0)> ,
T2 (0) {Z‘Q (0)

which proves that Kl,KQ,K3}]( is compatlble for

[E, A, B, C]. For autonomy of [E ], by Lemma 18
it remains to show that
sl — A11 —A12 0
kg 0 0 sEjp—Axp| =n+m
—KyZ —K,y —K3
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or, what is the same because of the rank property of
SEQQ — AQQ, that

sl — Ay —Ai
kerg(g] = {0}.
—KyZ —K,
Let p1(s) € R[s]™, pa(s) € R[s]™ be such that

sl — Ay —Aqpn
—KsZ —Ks

(p 1(s) ) - 0.

pa(s)

Since K3 has full column rank it follows pa(s) =
—Zp1(8). Therefore,

0=(sI=A11)p1(s)+A12pa(s) = (s —(A11—A122) ) p1(s)
and hence pi(s) = 0 and pz(s) = 0. This completes the
proof. O

We are now in the position to prove the main result of
this section, which uses the conditions (D1) and (D2)
from Figure 2 applied to the decomposition (16), where
the free variables are revealed as those variables corre-
sponding to the second column. Then a state feedback
with respect to the free variables is used to obtain dis-
turbance decoupling; this feedback can be reformulated
as a behavioral feedback for the original system and ren-
ders the closed-loop system autonomous.

Theorem 21 Let[E, A, B,C] € % .m.p and Q € R4,
Choose S € GL(R), T € Gl,1n(R) such that (16)

holds and let, accordingly, SQ = [8;} and [C,0]T =
[Cy,C4, C3]. Define
[E,A,B,Q] =

T, 0 A O Aro 1

0 Ex|:| 0 Axaf,| 0 |,]|Q2

0 0 C1 Cs Co 0
and

_VEA[BQ]O]DWEA[BQ] 0]’

Then there exists a control K € RF*(+m) compatible for
[E, A, B,C) such that [EX, AK Q¥ CX] is disturbance
decoupled and [EX | AR] is autonomous if, and only if,
+ im B,

(i) imQ C EV* + AW,

[E,A,B,0] (E,A,B,0]
(ii) dim (ER* +im Q) < dimR*.

PROOF. =: Let KT = [K1, K», K3] according to the
decomposition (16). From Proposition 7 we may deduce



that

Yw € C®(R—RY)
3(371,.’[72,.%‘3) S COO(R%RT“ x R™2 x Rn3> :
1 = A1y + Arpzs + Qrw
Eopig = Agoxs + Qow
0= Ciz1 + Cozs 4+ Csz3
0= Kiz1 + Koxo + K3xs.

(17)

Proposition 20 gives that im K; C im K5 and K> has
full column rank ng. Therefore, there exists V' € Gl (R)
such that

I,

VK, K, K3] =
0 0 Fj3

with Fy € R™*m [, € R™*" F, ¢ Rk—n2)xns
Hence,

9 = —Fixy — Fyxz, Fiwz =0,

and in particular

Vw e C®(R—RY) I (z1,23) € CP°(R—-R™ x R™) :
i1 = (A — AiF1)zy — ApFhas + Quw
Eooiy = Aoz + Qaw
0= (Cl - CQF1>$1 + (03 - CQFQ)Q?;),.
(18)

This means that for F := [Fy, Fy] the system [E, A —
BF,Q,0] is disturbance decoupled. Then [2, Thm. 5.2]
implies (i) and (ii), cf. also Figure 2.
<: By [2, Thm. 5.2], conditions (i) and (ii) imply that
there exists F' = [Fy, Fp] € R™*™ x R™*™ guch
that (18) holds. Define

K1 = Fl, K2 = InQ, K3 = FQ,

then (17) holds and hence Proposition 7 yields that,
for K = [Ky, Ko, K3]T 71, [EX, AK Q% CK] is distur-
bance decoupled. Compatibility of K and autonomy of
[EX, AK]is an immediate consequence of the choice of K
and Proposition 20. O

Remark 22

a) The conditions (i) and (ii) in Theorem 21 in particu-
lar imply condition (11).
b) The proof of Theorem 21 is constructive and the be-
havioral feedback K can be computed as follows: To
obtain the transformation to the form (16) the (nu-
merically stable) staircase algorithm, see [4, 36], can
be used. This algorithm in particular ensures that S
and T are orthogonal. The state feedback matriz I
for the replacement system [E, A, B,0] with distur-
bance matriz Q can then be computed as described
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in [2, Rem. 5.1].
5.2 Solution by relaxing compatibility

In this subsection we present a different solution for
DDOU which only needs the condition (11). However,
the drawback is that the control is not compatible in
general. This is a trade-off between requirements on the
data and properties of the control. For a motivation we
revisit Example 16.

Example 23 Use the notation from Example 16. By im-
plementing the condition y = 0 as an additional con-
straint in the system itself, i.e., extending [K1, K] to

wefi) )

we achieve the closed-loop system

0=umo(t) +w(t), x(t)=
where now the output is independent of the disturbance.
Furthermore, we still have existence of a solution for
every w € C*(R—R). However, the control [K1, Ks] is
not compatible anymore for the system [E, A, B, C], but
it is compatible for the system [[E],[A].[5],0].

Example 23 motivates to relax the assumption of com-
patibility of the control K. This may be justified by the
fact that for disturbance decoupling only solutions (x, u)
of the disturbed system with Cx = 0 are considered,
cf. Proposition 7. Therefore, it is sometimes sufficient
to restrict the compatibility of K to those solution
trajectories, i.e., only require K to be compatible for
[[E],[A],[5].0]. In other words, this means that K is
a compatible control for the zero dynamics ZD|g 4 B c-
The above motivation justifies the following ansatz
for K,

c 0
Zy Zs

for Z; € R¥*" Z, € R¥*™. The idea is that putting
C into the control K does not change solvability of the
DDP since the constraint Cz = 0 is present anyway. Fur-
thermore, this “superfluous” constraint makes it easier
rather than harder to find Z; and Z, such that [E¥ | AX]
is autonomous. This structure of K allows to derive some
crucial connections.

K =

7

Proposition 24 Let [E, A, B,C| € Zimp and Q €
RIX4. There exists a control K € R¥*("+m) compatible
for([E1,141,1%].0] such that [EX | AK QK CK] is dis-
turbance decoupled and [EX | AX] is autonomous if, and
only if, there exists a control [Zy, Zs) € REX™ x Rkxm
compatible for [[E],[A],[B],0] such that, with K =



[ch ZOQL [ER,AR,QR,O] is disturbance decoupled and

[EX ., AK] is autonomous.

PROOF. For = set [Z1,Z2] = K and for < set
K= [ ch ZOQ].The remaining calculations are simple and
straightforward. O

Under this relaxed compatibility assumption on K the
DDP with output uniqueness is solvable if, and only
if, the DDP is solvable. That is, using this larger class
of controls, the output uniqueness (in fact, the state
uniqueness by Proposition 19) can always be satisfied
when disturbance decoupling can be achieved. In this
sense, the disturbance decoupling problem (called IDDP
in [30]), the disturbance decoupling problem with state
uniqueness (called DDPU in [30]) and the disturbance
decoupling problem with output uniqueness (called DDP
in [30]) are all equally hard problems.

Theorem 25 Let[E, A, B,C| € ¥ m,p andQ € R4,
Then there exists a control K € R¥*(+m) compatible
for([E1,141,18].0] such that [EX, AK QK CK] is dis-
turbance decoupled and [EX | AX] is autonomous if, and
only if,

imQ € EVi 4 p.c)+ AWip a5y +imB.

PROOF. By Proposition 24 the problem of finding
K is equivalent to finding a control Z = [Z1,Z5] €
RF*1 x RFX™ compatible for [[£],[A],[5],0] such

that, with K = [ch 202 ], [Ef(, AR, Qf(, 0] is disturbance

decoupled and [EX, AK] is autonomous. Observe that
[BEAK QK 0] is disturbance decoupled if, and only
if, [EZ, A~Z , Q~Z ,C?] is disturbance decoupled. Further-
more, [EX AK] is autonomous if, and only if,

sE—A —B
k() —-C 0 | =n+m
—7Z1 —2Z

and this is equivalent to ZD|pz gz ¢z being au-
tonomous. Therefore, the problem of finding K
is equivalent to finding a compatible Z such
that [E4, A% Q%,C?] is disturbance decoupled and
ZD\|gz a7 o,c7) are autonomous. The assertion now fol-
lows from Theorem 15. O

6 Conclusions

In the present paper we have shown that the use of pro-
portional state feedback is limited for DAE systems, as
actually a feedback in terms of the free variables of the
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system is needed. This is possible when a behavioral feed-
back is used. We have derived a geometric characteriza-
tion for solvability of the DDP by behavioral feedback.
Exploiting the freedom in the choice of the behavioral
feedback we have shown that whenever disturbance de-
coupling can be achieved we may additionally achieve
autonomous zero dynamics. Furthermore, the behavioral
feedback approach allowed us to solve Lebret’s twenty
year old open problem [30] of disturbance decoupling
with output uniqueness.

The behavioral feedback approach to disturbance de-
coupling presented in this paper opens the door for the
study of various related problems and extensions, among
them disturbance decoupled state estimation and distur-
bance decoupling by dynamic feedback controllers us-
ing behavioral feedback as well as almost disturbance
decoupling by behavioral feedback. One may consider
cases where the disturbances influence the measurement
and controlled output, resp., and study the additional
stabilization of the closed-loop system. In the absence
of disturbances, some of these problems have already
been treated using the framework of behavioral feed-
back, see [7,12,13]. In the present paper we took the first
step at incorporating disturbance decoupling.
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