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Measurable signal decoupling through self-bounded controlled
invariants: minimal unassignable dynamics of feedforward units for
pre-stabilized systems

Giovanni Marro and Elena Zattoni

Abstract— A dynamic feedforward scheme allows measur-
able signal decoupling to be solved independently of other
problems simultaneously present in the design of an actual
control system, like plant pre-stabilization, robustness with
respect to uncertainties, insensitivity to inaccessible distur-
bances etc. The synthesis procedure, based on the proper-
ties of self-bounded controlled invariant subspaces, ensures
the minimal complexity of the dynamic feedforward unit in
terms of the minimal unassignable dynamics in the case
of left-invertible systems and, on specific conditions, also in
the case of non-left-invertible systems. The output dynamic
feedback loop in charge of pre-stabilization, or, more generally,
ensuring some robustness or insensitivity properties, does not
affect the complexity of the dynamic feedforward unit. In
fact, the particular layout where the feedback unit receives an
input directly from the precompensator preserves the set of the
internal unassignable eigenvalues of the minimal self-bounded
controlled invariant. Hence, it maintains the unassignable
dynamics of the precompensator.

I. INTRODUCTION

Signal decoupling, i.e. the problem of making the output of
a dynamic system totally insensitive to an exogenous input,
has been extensively studied, particularly in the geometric
approach context [1], [2]. As for decoupling of signals
accessible for measurement, the necessary and sufficient
condition for the structural solution was given in [3], while
the necessary and sufficient condition for the solution with
stability can be found in [2], where an algebraic, mixed
feedback-feedforward scheme is proposed. However, the
more and more sophisticated control systems and the ever
increasing variety of issues to be handled (e.g., robustness
with respect to parameter uncertainties, insensitivity to in-
accessible and unpredictable disturbances, fault tolerance,
etc) induce the designer to consider more flexible control
schemes, allowing the different questions to be treated sep-
arately and intricacy of the devices aiming at satisfying
each specific requirement to be minimized whenever possible
[4], [5]. In this work, in particular, the measurable signal
decoupling problem is solved through a dynamic feedfor-
ward scheme, while the problem of pre-stabilizing the plant
(which, more generally, could also be a problem of robust-
ness or insensitivity to disturbances) is devolved to a output
dynamic feedback scheme. The synthesis of the dynamic
feedforward unit is based on the properties of the minimal
controlled invariant self-bounded with respect to the kernel of
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the output matrix satisfying the structural condition. Hence,
the dynamic feedforward unit is found to have the minimal
unassignable dynamics (and also the minimal dynamic order)
if the plant is left-invertible with respect to the control input.
The synthesis procedure is first presented for left-invertible
systems and then extended to non-left-invertible systems
by means of an original squaring-down technique. In the
case of non-left-invertible systems, it is shown that the
minimal unassignable dynamics is still guaranteed if there
is no intersection between the image of the exogenous input
matrix and the intersection between the maximal controlled
invariant contained in the kernel of the output matrix and the
image of the control input matrix. As to the output dynamic
feedback loop designed to guarantee plant stability, it is
shown that the proposed scheme, including a direct input
from the precompensator, does not affect the complexity of
the dynamic feedforward unit, since the set of the internal
unassignable eigenvalues of the minimal self-bounded con-
trolled invariant is preserved in the extended system.
The notation is assumed as in [2].

II. GEOMETRIC APPROACH BACKGROUND

The discrete-time linear system

z(t+1) = Ax(t) + Bu(t) + H h(t), (1)
y(t) = Cx(t), 2)

is considered, where x € X =R", u€RP, heR?*, yeRY
respectively denote the state, the control input, the exogenous
input, the controlled output. The set of all admissible control
input sequences and that of all admissible exogenous input
sequences are defined as the sets {/; and H ; of all bounded
sequences with values in RP and R®, respectively. The
matrices B, H, C' are full-rank. The symbols B, H, C
are used for im B, im H, ker C, respectively. The nota-
tion R =minJ (A, B) is used for the minimal A-invariant
containing 3. The notation V* =maxV(A4,B,C) is used
for the maximal (A, B)-controlled invariant contained in
C, S*=minS(A,C, B) for the minimal (A, C)-conditioned
invariant containing B, Ry~ for the reachability sub-
space on V*. Let VCX be an (A,B)-controlled in-
variant, F' any real matrix such that (A+BF)VCYV,
and Ry=VNminS(A4,V,B). The assignable and the
unassignable internal eigenvalues of V are respectively de-
fined as o((A+ BF)|r,) and o((A+ BF)|y/r,, ), where
o(-) denotes the spectrum. The assignable and the
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Fig. 1. Block diagram for measurable signal decoupling.

unassignable external eigenvalues of )V are respectively de-
fined as O’((A + BF)|(V+R)/V) and (T((A + BF)‘X/(V-{-’R))-
Hence, V is an internally stabilizable (A, B)-controlled in-
variant iff there exists at least one real matrix F' such
that (A+BF)V CV and o((A+ BF)|y) C C®, where C®
denotes the set of complex numbers inside the unit circle.
Likewise, V is an externally stabilizable (A, B)-controlled
invariant iff there exists at least one real matrix F' such that
(A+BF)VCV and o((A+ BF)|x,y) CC®. If (A, B)
is stabilizable, any (A, B)-controlled invariant is externally
stabilizable. The unassignable internal eigenvalues of V* are
the invariant zeros of the triple (A, B,C), i.e. Z(A, B,C).
Let VC X be an (A, B)-controlled invariant contained in C,
V is said to be self-bounded with respect to C if V D V* N B.
The set of all (A, B)-controlled invariants self-bounded with
respect to C is a non-distributive lattice with respect to C,
+, N.

Internal  stabilizability and  self-boundedness  of
(A, B)-controlled invariants are notions of primary
importance in the statement of the necessary and sufficient
constructive condition for measurable signal decoupling
with stability [2], [6], [7].

Lemma 1: Let HCV*+B. If the minimal
(A, B+ H)-controlled invariant self-bounded with respect
to C, i.e. V,, =V*NminS(A4,C, B+ H), is not internally
stabilizable, no internally stabilizable (A, B)-controlled
invariant V exists, which satisfies both V CC and HCV + B.

Problem 1: Refer to Fig. 1. Let X be ruled by (1),(2)
with 2(0) =0. Find a linear algebraic state feedback ma-
trix F' and a linear algebraic feedforward matrix S such
that o(A+ BF)C C® and, for all admissible h(t) (t>0),
y(t) =0 for all ¢t > 0.

Theorem 1: Consider the system (1), (2). Let (A, B) be
stabilizable. Problem 1 is solvable iff (i) H CV* + B, (ii) V,,
is internally stabilizable.

In Theorem 1, on the assumption that (i) holds, the stabi-
lizability condition is checked by considering V,,, i.e. the
minimal (A, B)-controlled invariant self-bounded with re-
spect to C such that H C V,,, + B [2]. However, the necessary
and sufficient condition for measurable signal decoupling
with stability is often expressed by the compact condition
HCV; + B, where Vy is the maximal internally stabilizable
(A, B)-controlled invariant contained in C [1]. Since both
Vi and V; are (A, B)-controlled invariants self-bounded
with respect to C, for any F such that (A4 BF)V* CV*,
also (A+ BF)V; CV; and (A+ BF)Vy, CVy, hold. More-
over, if V,, is internally stabilizable, since V,, is the
minimal (A, B)-controlled invariant self-bounded with re-
spect to C such that HCVy, +B, V,, CV,; holds. The
property of (A+ BF)-invariance of both V,, and V; for
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Fig. 2. Block diagram for measurable signal decoupling by dynamic
feedforward.

any F friend of V* and the inclusion V, CV; imply
that, if V), is internally stabilizable, the set of the in-
ternal unassignable eigenvalues of V), is a subset of the
set of the internal unassignable eigenvalues of V;, namely
U((A + BF)le/RV* ) Q U((A + BF)‘V;/RV* ) In the llght
of the inclusion above, the synthesis procedure that will
be presented in Sections III, IV directly yields a dynamic
unit with the minimal internal unassignable dynamics if the
system is left-invertible (and even if it is not on conditions
that will be specified), since this dynamics corresponds to the
set of the internal unassignable eigenvalues of the subspace
which is assumed as the resolvent, V), in the specific case.

III. MEASURABLE SIGNAL DECOUPLING BY
DYNAMIC FEEDFORWARD: STABLE SYSTEMS

Throughout this work, the mixed feedback-feedforward
algebraic solution shown in Fig. 1 is replaced by the
dynamic feedforward solution shown in Fig. 2, where
the precompesator . is defined by the quadruple
(Ac, Be, Ce, D.). To this aim, the plant ¥ is assumed to be
stable. As mentioned in the Introduction, the convenience
of choosing the dynamic feedforward option needs to be
discussed in connection with the output dynamic feedback
inner loop that will be presented in detail in Section IV. In
fact, considering a dynamic feedforward unit to guarantee
insensitivity of the output to measurable input signals and
devolving to an output dynamic feedback inner loop the sta-
bilization of the plant (but also the questions of insensitivity
to inaccessible and unpredictable disturbances, of robustness
with respect to model uncertainties and so forth) allows the
designer to carry out separate synthesis procedures, with
different targets, thus achieving a more complicated, but
potentially better performing, overall control system (Fig. 3).
As to the synthesis of the dynamic feedforward unit attaining
decoupling of the measurable input, it is worth noting that
the minimal unassignable dynamics of the precompensator
is preserved also in the presence of the output dynamic
feedback inner loop presented in Section IV, since, as it
will be shown, that configuration maintains the internal
unassignable eigenvalues of the resolvent subspace in the
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Fig. 3.  Block diagram for measurable signal decoupling by dynamic
feedforward with an output dynamic feedback inner loop.
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state space extended to include the state of the feedback
unit.

Problem 2: Refer to Fig. 2. Let X be ruled by (1), (2) with
2(0)=0.Let (A) C C®. Find a linear dynamic feedforward
compensator Y. = (A, Be, Ce, D.), such that o(A.) C C®
and, for all admissible h(t) (¢t >0), y(t) =0 for all ¢ > 0.

On the assumption that the necessary and sufficient con-
dition stated in Theorem 1 holds, the synthesis of the
precompensator will be first considered for systems which
are left-invertible with respect to the control input, i.e.
V* N B ={0}. If the system is left-invertible, the precompen-
sator designed on the basis of V,;, not only has the minimal
internal unassignable dynamics, but it also is the precompen-
sator of minimal dynamic order. In fact, since V* N 8= {0},
Vi is the minimal internally stabilizable (A, B)-controlled
invariant satisfying V,,, CC and HCV,, + B.

Lemma 2: Consider the system (1), (2). Let V* N B ={0}
and HCV*+B. Let F be any real matrix such that
(A+ BF)V,, CV,,. Denote by V,, a basis matrix of V,,
and assume B as basis matrix of B. Perform the similarity
transformation T'= [T} Ty T3], with Ty =V,,, and Ty, = B.
The matrices A%, B’, H', C’, respectively corresponding to
A+ BF, B, H, C in the new basis, partitioned according
to T" have the structures

o[ AL A Ay Jo
AF: O AF22 Aﬁ«“zs , B = B )
o AL, Al O
Hi,
H'=| Hy |, C/:[O Clz Ci3]a
O

where A%y, = A5, + By Fy;, j=2,3, and Ay = Ay
+ B}, F}, has been set to 0 with F}; =— (B};) 1 A},.
Proof: The structure of B’ is implied by V,, N B={0},
which follows from V*NB={0} and V,, C V*. The struc-
ture of H' depends on H CV,, + B, which is implied by
H CV* + B. The structure of C’ depends on V,, CC. The
zero submatrices in the first column of A’ are due to
(A+ BF)-invariance of V,,. [ |
Theorem 2: Consider the system (1), (2). Let o(A) C C®,
V*NB={0}, HCV*+B. Then, X.=(A. B, C¢, D.)
solves Problem 2 if A.=A},, B.=Hj,, C.=F{,
D.=—H},, where A},, H{;, F{;, Hj are defined
as in Lemma 2, with F any real matrix such that
(A+ BF)V;, C V,, and o(A+ BF) C C®.
Proof: Let AY,, Hi,, F{;, Hj be defined as
in Lemma 2, with F any real matrix such that
(A+ BF)V,, CV,, and 0(A+ BF) CC®. Let X, be

2(t+1) = Al 2(t) + Hyy (1),
u(t) = Fiy 2(t) = Hay h(?),

with z(0)=0. First, it is shown that, for any admissible
h(t) (t>0), the corresponding z(t) (¢t>0), starting from
2(0)=0, lies on V,,, since z(t)=V,, z(t) for all t>0.
In fact, z(0)=V,, 2(0), due to the assumptions on the
initial conditions. Moreover, for any ¢ >0, the assumption

x(t) = Vi, 2(¢) implies

z(t+1) = Az(t) + BF{; 2(t) + Vi Hyq h(t)
= (A+ BF)Vy, 2(t) + Vi Hip h(t)
= Vi Al 2(t) + Vi Hi h(t)
= Vi z(t+1),

where H=V,H{, +BH), F|,=FV,,
(A+ BF) V,,, =V, A}, have been considered. Then, stabil-
ity of .. is implied by o(A.) =0 (A};) Co(A+ BF) C C®,
due to the block-diagonal structure of A’. u

If the plant is non-left-invertible with respect to the
control input, the synthesis of the dynamic feedforward unit
is more intricate, since it requires that a squaring-down
technique is applied to the original system and that the
synthesis procedure previously described is performed on
the new, left-invertible, system. As for the evaluation of the
complexity of the dynamic feedforward compensator thus
obtained with respect to the original problem, the minimal
internal unassignable dynamics is guaranteed if the original
system satisfies the condition H N (V*NB)={0}. In fact,
as it will be shown in the following, the squaring-down
technique herein proposed preserves V* as the maximal
controlled invariant contained in the null space of the output
and suppresses those column vectors of B whose image
belongs to V*. The following Lemma 3 and Theorem 3
introduce the squaring-down technique. Corollary 1 relates
the invariant zeros of the new, left-invertible, triple to the
invariant zeros of the original triple and the eigenvalues
of the controllability subspace Ry« of the original triple.
Finally, Theorems 4 and 5 enable the dynamic feedforward
compensator for the original system to be retrieved from that
designed for the new system.

Lemma 3: Consider the system (1), (2). Let HCV* + B.
Let F' be any real matrix such that (A+ BF)V* CV*.
Perform the similarity transformations T'= [T} To T3 Ty ],
with im T} =Ry, im [Tl Tg] =V*, im [Tl Tg] =S8%*, and
U= (U Uy, with imUy = B-2V*, imU, = (B~1V*)".
The matrices A’, B/, H’', C’, respectively corresponding to
A, B, H, C in the new bases, partitioned according to T’
and U have the structures

(A A A A
0O A
A — 22 23 24 | 3
Ay Ay Ay A, ®
e O A Ay
Bl B, i},
; (0] @) ;| Hy
Pelo om0 om0 @
o0 0 0
c'=[0 0 ¢ C]. (5)

The matrix A%, corresponding to A+ BF, partitioned ac-
cording to 7" has structure

A/F‘ll A/F12 A/Fl3 A/F‘14

/F — 0o A/22 14//23 Il24 , (6)
o
43 44
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where A% =AY, + By Fi; + Biy Iy, with j=1,2,3,4,
A}:ﬁ = Agj + B§2F2’j, with j=3,4, and  where

Alpg; = A+ By Fyy, with j=1,2, have been set to

zero by imposing Fy;=—(Bjy)T Ay, with j=1,2,
respectively.
Proof:  The structure of B’ is due to BCS*

and V*NBCRy-. The structure of H' is implied by
H CV* + B. The structure of C’ is implied by V* CC. The
zero submatrices in the fourth row of A’ are due to the
structure of B’ and to (A, B)-controlled invariance of V*.
The zero submatrix in the second row of A’ is due to the
structure of B’ and to (A, B)-controlled invariance of Ry-.
The zero submatrices in the third row of A%, are due to
(A+ BF)-invariance of V*. [ |
Theorem 3: Consider the system (1),(2). Let (A, B,C)
be non-left-invertible. Let F' be any real matrix such that
(A+BF)V* CV*. Let (B~'V*)" #{0} and Uy be a basis
matrix of (B~'V*)". Set A= A+BF, B=BU,. Then,
max V(A, B,C)=V* and (A4, B, C) is left-invertible.
Proof: Consider the triple (A + BF, B, C) and perform
the similarity tranformations 7', U defined in Lemma 3. First,
note that the matrix B’ = B'U}, corresponding to B = BU,
in the new bases, matches the second column of B’, since

U,=U"'Uy= [0 I]". Also note that, in the new ba-
sis, V¥ =im [T] T3], with T{ =T~'T1 = [I 0 0 O]"
T,=T-'Ty=[O I O O]". Then, V*NB={0} is derived

from the comparison of the basis matrices of V* and B in
the new coordinates, since Bj, is full-rank. On the other
hand, V*, which is the maximal (A, B)-controlled invariant
contained in C, is also the maximal (A+ BF)-invariant
contained in C. Hence, due to the particular structure of
B, V* is also the maximal (A+ BF, B)—controlled invariant
contained in C, i.e. V* =maxV(4, B,C). [ |
Corollary 1: Consider the system (1), (2). Let (A4, B,C)
be non-left-invertible. Let F' be any real matrix such that
(A+ BF)V* CV*. Let SB 1V* #1{0} and let Us be a
basis matrix of (B~'V*)". Set A= A+BF and B=BU>.
Then, Z(A,B,C) = (A B,C)wo((A+ BF)|r,,.) holds.
Proof: By virtue of Theorem 3 max V(A, B,C) =V*

and all the internal eigenvalues of maxV(A,B,C) are
unassignable, since the triple (A, B, C) is left-invertible. M
Theorem 4: Consider the system (1),(2). Let (A, B,C)
be non-left-invertible. Let F' be any real matrix such
that (A+BF)V*CV*. Let Uy be a basis matrix of

(B_lv*)L +{0}. Let the system ¥ be ruled by
F(t+1) = Az(t) + Ba(t) + Hh(t), (7)
gt) = Ca(t), (8)

where A=A+BF and B=BU,. If Problem 1 stated
for system (1),(2) is solvable, then Problem 1 stated for
system (7), (8) is solvable.

Proof: Since V* =maxV(A, B,C) by virtue of Theo-
rem 3 and V* + B=V* + B by definition of B,

HCV +B < HCmaxV(A,BC)+B (9

holds. Let the inclusions in (9) hold. The subspace V,,,, which
is the minimal (A, B)-controlled invariant self-bounded with
respect to C such that HCV,,+ B, is also the min-
imal (A4 BF)-invariant contained in C and containing
V*NB such that ‘HCV,, +B. Hence, V,, is the mini-
mal (A + BF,B)-controlled invariant contained in C and
containing V* N B such that H C V), + B. By definition of
B and by virtue of the inclusions V*NBC Ry« CV,y,, it
follows that V,,, + B=V,, + B, which, in turn, implies that
V,, is the minimal (A, B)-controlled invariant contained in
C and containing V*NB such that HCV,, +B. On the
other hand, V,, =maxV(4,B,C) NminS(4,C, B+H) is
the minimal (A B) controlled invariant contained in C such
that H C V,, + B. Hence, V,,, C V,,, holds. Due to this latter
inclusion, internal stabilizability of V), implies that of Vin.
Finally, the inclusion on the right-hand side of (9) and the
internal stabilizability of Vi imply solvability of Problem 1
stated for system (7), (8), by virtue of Theorem 1. |
_ Theorem 5: On the assumptions of Theorem 4, let
Y= (AC, B.,C.,D ) solve Problem 2 stated for sys-
tem (7),(8). Then, X, solving Problem 2 stated for sys-
tem (1),(2) is defined by (A., B., C,, D,), where A, = A.,
B.=B., C.=FV,,+UC., D.=U, D,, with V,, denot-
ing a basis matrix of V,,, F' any real matrix such that
(A+ BF)V*CV* and o((A+ BF)l|y,,)CC®, and U a
basis matrix of (B_lv*)L # {0}.
Proof: The state equations of the feedforward connec-
tion of 3. and ¥ shown in Fig. 2 are

z(t+1) = (t) + BC.z(t) + (BD. + H) h(t),
2(t+1) = Agz(t) + B: h(t),
with 2(0) =0, 2(0) =0. The state equations of the corre-

sponding feedforward connection of 3. and X are

#(t+1) = (A+ BF)&(t) + BUC. 5(1)
+ (BU2D. + H) h(t),
Z(t+1) = A 2(t) + B h(t),

with the initial conditions Z(0)=0, Z(0)=0. The thesis
follows by imposing z(t) =Z(t), z(t) =Z2(¢) forall ¢ >0. ®

IV. MEASURABLE SIGNAL DECOUPLING BY
DYNAMIC FEEDFORWARD: PRE-STABILIZED
SYSTEMS

The assumption of stability of the system, introduced in
order to replace the mixed feedback-feedforward algebraic
solution with the dynamic feedforward solution, is not re-
strictive with respect to those of stabilizability of (A, B)
and detectability of (A, C') which are usually considered. On
these assumptions, the given system can be pre-stabilized by
output dynamic feedback. In this section it is shown that the
scheme introduced in Fig. 3 does not affect the complexity
of the dynamic feedforward unit achieving measurable signal
decoupling, since the set of the invariant zeros of the original
system coincides with that of the invariant zeros of the
system extended to include the output dynamic feedback unit.
On the assumptions of stabilizability and detectability of the
original system, stability of the overall system is guaranteed
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[ Ay A Alpi Apy | O o o o
O Ay Ay Ay | O 0 0 0
0 O  Apsy Ay | O O 0 0

A @) 0 hs A O O 0 O (18)
r o 4/1752 {1/1?55 {13&“54 4/1755 {1/1?56 {13&“57 4IF58 ’

o f}/Fﬁz 4IF63 4/1764 f}/Fﬁs 4IFG6 4/1767 {1/F68
o {1'F72 {1%73 4IF74 {1/F75 {1%76 {VFW {1/F78

L O Apsy Apss Apsa | Arss Arse Arsr Alpss |

by virtue of the well-known separation property, recalled

without proof in Theorem 6. Instead, the result concerning

the invariant zeros is proved through Theorems 7 and 8.
Refer to Fig. 3. Consider the system iy, ruled by

w(it+1) = (A+GC)w(t) + Bu(t)
7Gy(t) +’02(t)5
up(t) = Fw(t),

(10)
(1)

where w e R"”, vy €R”, up € RP respectively denote the
state, the control input, the measurable output. Also consider
the overall system 3. obtained by connecting X to X, ruled
by (1),(2) with the additional control input v; € R", so
that u(t) =up(t) +v1(t). Let the state, the control input,
the measurable output of ¥ be #(t)= [z(t)T w(t)"] i
()= [v1()T va(t)T] ", §(t) = y(t), respectively. Then, 3
is ruled by

&(t) + Bo(t) + H h(t), (12)

13)

4 BF . [B O
A:[—GC A+BF+GC]’B:[B 1]’(14)

N H R
H:{O},C:[C o]. (15)
Theorem 6 (Separation Property): Consider X  ruled

by (1),(2), X by (10),(11), N by (12),(13) with (14),(15).
Then, 0(A)=0(A+ BF)Wo(A+GC).

Corollary 2: Consider ¥ ruled by (1),(2), Xy by
(10),(11), & by (12),(13) with (14),(15). Let (A, B) be
stabilizable and (A, C) detectable. Then, there exist real
matrices F', G such that o(A) c C®.

Theorem 7: Consider X ruled by (1),(2), X by (10) ,(11),
by by (12),(13) with (14),(15). Let V*, Ry« be basis ma-
trices of V*=max V(A,B,C), Ry =V*NminS(4A,C, B),
respectively. Then, basis matrices of V* =maxV(A, 5,C)
and Ry,. = V*NminS(A, C, B) respectively are

e | VE O | Ry» O
V*= o 1| Ry, = 0 I] (16)
Proof: Let K be a basis matrix of C. Due to the struc-
ture of C’ a basis matrix of C is K = [O( ? } . Then, the

thesis follows from R =minJ (A, B) Dim [O I]", implied
by the structure of B. [ ]

Theorem 8: Consider X ruled by (1),2), Xy by
(10),(11), £ by (12),(13) with (14),(15). Then,
Z(A,B,0)=Z(A,B,0).

Proof: Consider 3, ruled by (1),(2). Let
F  be any real matrix st (A4 BF)V*CV*
Perform the similarity transformations 7, U as in
Lemma 3. In the new coordinates, A’, B/, (',
A% have the structures in (3),(4),(5),(6). Moreover,
Vi =imV"*=im [T} T}], T|=T'Ty=[10 0 0]",
Ty=T'T,=[0100]" and (A +BF)V*=V*X
/

!
holds with X = Arn F12 | which  implies
0] Al
Z(A,B,C)=0((A+ BF)|y+r,,.) =0(A5). Then,

consider X, defined according to (12) ,A(13), with (14),(15)
in the new bases. The matrices A’, B’, C’ have the structures

B Al / / / A/ A7 A7 Al
11 12 13 14 15 16 17 18
O Ay Ay Ay O O O O
o Al L. ! ! ! ! !
31 32 33 34 35 36 37 38
i - O O A, Ayl O 0] O O
O O Ay A, |AL, Ab, AL ALy |
O 0 Ay Ay | 0 Ay Ay Ay
O 0 Aty A | A, A A, At
| O O Ay Ay | O O Ay A |
[ BY, B\,|O O O O]
0] O |0 O O O
O BiL|O O O O
B 0] O |0 O O O
| By Bi,|I O O O]
0] O |0 I O O
O BiL|O O I O
| O O |0 O O I |
¢'=[0 0 ¢y ¢, |O O O O],
where the relations
,{1’1j = B}, F{; + By Fy; if j =5,6,7,8,
Agj = —GiﬂC{j if 1 =5,6,7,8,
and j = 3,4,
A’5j = Allj + B{1F1’47 + BQQFQ’E if j =5,6,
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Ay = Als + B s + B, Fy

+a Nes ifj =18,
Ay = Ay if j =6,
,%j = A’23 + G505 if j =7,8,
Ay = Ay + B, Fj; if j = 5,6,
/}’7]» = Ag; + BgQng + GglC{E if j =17,8,
Ay = Aﬁg + GﬁuC{; if j =17,8,
hold, with i=i—4 (i=56,7,8) and j=j—4
(j=5,6,7,8). Let F be any real matrix such that

(A+ BEF)V* CV*. The matrix A, =A’+ B'EF’ has the

structure shown in (18), where the relations

Alpy; = Al + B Fi;

+ B, Fy; if j=1,2,3,4,
AIF?’j = A3 + BS2F2'] R if j = 3,4,
{1%5] B;lzﬁj + BiaFy; +F3J if j =2,

Alps; = B + Bl Fy; + Fj
1C1;j if j = 3,4,
Ay = B ifi=6,8
and j = 2,5,
A’Fij:F - G50y ifi=6,8
and j = 3,4,
Ay = B Iy + I if j =2,
{1/F7j = Bé2F2/jA+ Fy, — G50, if j = 3,4,
Ay = A5 + F, ifi=5,7
and j = 5,6,
Ay = A +F’+G’ C’ if1=>5,7
and j = 7,8,
Ay = A + F, ifi=6
and j =6,
Ay = F if i =8
and j = 6,
Apyy = A% + FZJ + G§1C{3 ifi=26,8
and j = 7,8,
hold with i=i—2 (i=6,8), i=i—4 (i=5,6,7,8),
j=j—4 (j=5,6,7,8) and where the entries
A/FSJ = A3J + B32F23 if j =1,2,
A'FSJ—B F’ +Ble2’j+Fé if j =1,
Ay = F, if i = 6,8
and j =1,
A/Fm = B32F2/3 +F5/ it j =1,
AFlj = Bn(F/ +F1])

+ B! (F’j+F2]) if j =5,6,7,8,

A/F:Sj :Béz(FQ/;+F2/j) if j =5,6,7,8,

have been set to zero by respectively imposing

F2I] (‘832)+Ag] lf] = 172a

Fj; = —Bj, F|, — Bl,F}, ifj=1,

ngzo if i =6,8 and j = 1,
Fy; = =B, Iy, if j =1,

FY; = F{; if j =5,6,7,8,

By, =Fj; if j=5,,78.
According to Theorem 7, f/:“:imV’*:Aim[’f’l’ T} 1%
aAnd Ryp- :imRQ/ 7im[T1/ T4, where 7] =[T]" | O],
Ty=[Ts" | O]", and T§= [O| I]7. Simple algebraic
computations show that (A’ + B'F')V'* = V'*X holds with

[ Ay App| O % 0 0
O A, | O 0 0 o0
X = 0 {1:}«152 {1;?55 42?56 f}:Fs? {1;?58
O Aper | Ares Ares  Arer  Alros
O Apry | Aprs Aprs Abrr Alprs
!/ / !/ !
| O Abgo | Apgs Arss Arsr Alss |
Hence, Z(A,B,C)=0((A+BF)|p. ). ) =0(A)y). =

Corollary 3: Consider the system E descrlbed by (1) ,(2),
the dynamic feedback unit X ¢, described by (10),(11), and
the overall system f], described by (12),(13) with (14),(15).
Then, ¥ is minimum-phase iff > is minimum-phase.

Proof: By virtue of Theorem 8, Z(A, B, () c C® iff
Z(A,B,C)CCO. ]

In the light of the previous results, the dynamic feedfor-
ward unit 2. must be designed on the basis of the original
system Y according to the procedure detailed in Section III,
despite of possible instability of X. Then, the stability of
the overall system is guaranteed by connecting X. to the
stabilized system 3 with vy(t) = — By (t) — GOV 2(1),
where v1(t) and z(t) respectively denote the output and the
state of .. This connection ensures that the state w(t) of X,
starting from w(0) =0, is identically zero in ideal conditions,
while any possible perturbation is managed by feedback.

V. CONCLUSIONS

A dynamic feedforward scheme based on the properties
of the minimal self-bounded controlled invariant guarantees
measurable signal decoupling with the minimal complexity
of the dynamic unit for left-invertible systems (and also for
non-left-invertible systems on some specified conditions).
An output dynamic feedback with a direct input from the
precompensator stabilizes the plant without affecting the
complexity of the feedforward unit.
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