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Abstract

For multi-input multi-output (MIMO) linear systems with existing vector relative degree a
normal form is constructed. This normal form is not only structural simple but allows to
characterize the system’s zero dynamics for the design of feedback controllers. A character-
ization of the zero dynamics in terms of the normal form is given.
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Nomenclature

1] = Lerem,

T
()T ()| =L e mXm,

6;(:) i= [01(k—1) 1701><(n—k)]T

el(“m) = [le(k—l)v 17 01X(m—k):|’
Opxm € R,
Xn)(m 6 Rnxm’

I, € Rnxn’
C™([0,00) — R™),

CPW([O’ OO) - Rm)v

)

where lgn) € R™ denotes the i-th column of L and the
superscript (n) remarks the dimension of the vector,
where l{m) € R™™ denotes the j-th row of L and the

subscript (m) remarks the dimension of the row-vector,

the k-th row unit vector in R",
the k-th row unit vector in R*™,
the O-matrix of dimension n x m,

an arbitrarily matrix of dimension n X m; note that the
use of this symbol implicates that the specific entries of
the matrix are not important but only the dimension,

the identity matrix of dimension n x n,

the set of m-times continuously differentiable maps
from [0, c0) to R™,

the set of piecewise continuous maps from [0, c0) to R™.
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1 Introduction

In the present work linear systems with m inputs and m outputs of the form

\

uy
i = Ax+[b§”),...,b,(jj)] :
—_—
1 =B \—v—*um
Y1 C(n) =u (1.1)
] = v
Ym ()
~— N——
=Yy =C J

are considered, where n,m € N with m <n and A € R™", B,CT € R™™,

It is well known that a linear single-input single-output (SISO) system (1.1), i.e. m = 1, has
relative degree r € N if, and only if, r is exactly the number of times one has to differentiate the
output to have the input appear explicitly.

In case of MIMO system (1.1), for every (¢,75) € {1,...,m} x {1,...,m}, one can consider the
SISO-system relating input u; to output y; given by

i o= Az +b"y
yi = cén)x, i,j€{1l,...,m}.

Let r;; € N be the relative degree of (1.2). Then, for i € {1,...,m}, r; := minjegy . ) 7ij 18
exactly the number one has to differentiate the i-th output to have at least one of the m inputs
appear explicitly. The vector (r1,...,7,) € NIX™ is called the vector relative degree of the
MIMO-system (1.1) if, for all j € {1,...,m}, the rows cgn)ATj_lB are linearly independent, see
Definition 2.1(a).

Isidori [9] presents a local definition of the vector relative degree for nonlinear MIMO-systems.

(1.2)

Liberzon et al. [10] give a generalization of the relative degree for time-invariant nonlinear
systems which is extended in [5] for time-varying linear and nonlinear systems. However in these
papers only SISO-systems and MIMO-systems with strict relative degree (see Definition 2.1(c))
are considered.

The relative degree of a system leads to a normal form. For linear SISO-systems one can
construct an invertible matrix U € R™*" such that the coordinate transformation (,57) =Uz
converts a linear system

T=Ax+bu, y=cz, (1.3)
with A € R™" and b, ¢!’ € R", which has relative degree r € N, into
[0 1 0 0] [0 ]
i (n = |0 ... 0 1 0|, + 0 |u
Rl ... R, S cA™1p (1.4)
P 0 ... 0 @ 0

Y o= .00 (757) ,

where Ry,...,R, € R, S e R 7" P e R" " and Q € R®")*("=7) can be presented explicitly
in terms of the system matrices A, b and ¢, see [7]. This result is implicitly contained in [9,
Chapter 4.1].



The Byrnes—Isidori normal form for nonlinear and linear SISO-systems, introduced in [1], is
widely used in control theory for the design of local and global feedback stabilization of nonlinear
systems [2], [3], [4], for the design of adaptive observers [11], for the design of adaptive controllers
for linear systems [8], [6], to name but a few applications. Thus a construction of a normal form
for MIMO-systems will assist the design of controllers and observers for MIMO-systems.

Isidori [9, Chapter 5] presents a local normal form for nonlinear MIMO-systems systems, without
specifying the diffeomorphism in terms of the system data which converts the system into a
normal form. In the present work, for the linear case a transformation in terms of A, B and
C is designed which leads to “many zeros and ones” in the normal form and allows to read
off the zero dynamics very easily. The reader will find that the normal form (2.1) for linear
MIMO-systems is, roughly speaking, structured as a “diagonal form of m copies of SISO normal
forms (1.4)”. Furthermore the matrices of the normal form will be characterised explicitly by
the system matrices.

The present paper is structured as follows. In Section 2 the main results, i.e. the normal form for
linear MIMO-systems is presented and the system’s zero dynamics is characterized. Furthermore
the inverse of the system ([9, Chapter 5.1]) is presented. Section 3 contains all the proofs.

2 Normal form and zero dynamics

Consider, for n,m € N with m < n and A € R™" B,CT € R"™ ™ a linear system (1.1), that
is a linear system with m-dimensional input » and output y of form

z = Ax+ Bu
y = Cx.

For linear MIMO-systems the vector relative degree is defined as follows.

Definition 2.1

(a) A linear system (A, B, C) of form (1.1) has (vector) relative degree r = (r1,...,ry) € NIXm
if, and only if,

(i) Vie{l,....m}Vke{0,....,r; =2} : ¢ A*B = O1xm,

c% )A”_IB
c% )A”*lB

(ii) rk ) =m.
c@)Arm_lB

(b) A linear system (A, B, C) of form (1.1) has ordered (vector) relative degree r = (ri,...,Tm)
€ NY™ if and only if, (1.1) has (vector) relative degree r = (r1,...,7y,) with r; > rg >
e 2T

(c) A linear system (A, B, C) of form (1.1) has strict relative degree o € N if, and only if, (1.1)
has (vector) relative degree © = (r1,...,7,) € NYX™ with g =11 =79 = ... = rp,.

Remark 2.2

(i) Note that Definition 2.1(a) coincides with the definition of the vector relative degree for
nonlinear MIMO-systems, see [9, Chapter 5.1].



(ii) The linear independence of the rows c{n)ATJ' —1B, although a quite restrictive requirement,
is significant for the construction of a coordinate transformation and with it the normal
form.

(iii) There exist linear systems (A4, B,C) of form (1.1) which do not satisfy condition (ii) in
Definition 2.1(a). For a system that does not satisfy both conditions in Definition 2.1(a)
the vector relative degree does not exist.

(iv) Note that in literature sometimes the relative degree is called uniform instead of strict.

The following lemma shows that the assumption of ordered vector relative degree is not restric-
tive.

Lemma 2.3 Let (A, B,C) be a linear system of form (1.1) with vector relative degree r =
(r1,...,7m) € N'X™_ Then there exists a permutation matrix P € R™*™ such that the system
(A, B, PC) has ordered vector relative degree rP = (71,...,7Tm).

The following theorem presents a normal form for linear systems (A, B,C) of form (1.1) with
ordered vector relative degree. The normal form has similar structural properties as the normal
form for linear SISO-systems and linear MIMO-systems with strict relative degree, respectively,
see (1.4).

Theorem 2.4 Consider a linear system (A, B,C) of form (1.1) with ordered vector relative
degree r = (r1,...,rym) € NYX™ Set s = > j=i7j. Then there exists an invertible matrix
U € R™ " such that the coordinate transformation

(757) =Ux, &(t)= <y1(t),..,7y§7‘1*1)(t)‘ ...‘ym(t),...,yggm—D(t))T R

converts (A, B, C) into

where
o 1 0o | o .. 0 0 ... 0 |0y ] | [ Otxm ]
0 ...0 1 | 0 .. o | | o .. 0 | Opu(nore O1xm
R%,l' R%,n R%,l R%,rg ern,l R’}n,rm Sl C%n)ATl_lB
0 ... 0 0 1 0 0 ... 0 | Oux(nre O1xm
0 ... 0 0 ...0 1 0 ... 0 | Oux(nre O1xm
Ri, . Ri, | B3, R3,, Ry R | 8 ct, A='B
AlB : :
{FH = 0 0 0 0 0 1 0 01X<,.Hb) ol'xm (2.2)
0 ... 0 0 ... 0 0 .. 0 1 | Oiy(uory O1xm
RTY . Ry, | By Ry, Roq R e s A B
| PA 0 ... 0 | P 0 ... 0 || Py 0 ... 0 Q ||| Omreyxm |
(1 0 0 0 0 0 T
0 1 0... 0
0 0m><(*n,77'5) 0
: 0
0 0 0 0 1 0 0




and R, € R, fori,j € {1,...,m} and k € {1,...,r;}, S',..., 8™ € R™>(7") p .. P, €
R™"" and Q € ROr)x(n=r").
More precisely, set, for i € {1,...,71},
mi = #{r;|r; >, j € {1,...,m}} (2.3)
the number of r;’s, j € {1,...,m}, such that r; > i, and define
-l -1
c(n)AT1 B
F:: : c Rme (24)

m 7:m71
_c(n)A B

c RTSXTZ (25)

m .rm—l
_C(n)A i

B:= [BF*1 [egm), e ,eﬁ,’{ﬂ ,ABT ! [egm), .. e(m)} ..., An~ipr—t egm), e ,eq(n"i)lﬂ (2.6)

» ~mao

c Rnxrs
Ve R - imVY =kerC, and tkVIV=n—r° (2.7)
U:= [f/] e R™™ and NEVTV)"WT[I - B(CB)~'C] (2.8)

I,

n—rs)Xxr;

Ori n—rs
Ti:= [0(ri+nrs)><(22:11rj) 0 0(n+n7rs)><(zgn=z‘+17“j) X ):| (2.9)

e R(n—l—n—rs) Xn

é\z’ = [Iria Orix(n—rs)] e Rrix(ritn=r?) (2.10)
~ s ~ o~ s = ri—1 s
Bi:= [egﬁ”—r‘ ), (TiUAU_lTZ-T) elritn=r) (TiUAU_lTiT) elritn=r )} (2.11)
c R(rﬂrnfrs)xri
-//\71' = [O(n—rs)xria Infrs] [Imﬂlfrs - gz(é\zgz)_lé\l} € RIvrx{rin=r) (2.12)
|- Is ) Orsx(n—rs)]
Uy := - ; e R™", (2.13)
Onroye(ziztryy+ i [Om_ri)m] QxS m) In—re
for i € {1,...,m}, and finally
U:i=Upn Up1-...-U-U. (2.14)



Then, for 4,j € {1,...m}, the entries in (2.1) are given by

0 -1
( ftzl Tup)XTj

(R Ry | = [elyaB(CB)™ I,

Om o r)xr;

g A"V |0y, T | By(CiB)) ™! (2.15)

S' = ¢, A"V (2.16)
(P5,0,...,0] = N; (O AT 1T ) B(C:By) ™ (2.17)
Q =NAY & WY)W [1 — BeB)~ic] AV. (2.18)

Note that the coordinate transformation does not affect the input u and output y of the original
system (A, B,C).

Next the definition of the zero dynamics of a linear system (A, B,C) of form (1.1) is given.
Furthermore, asymptotical stability of linear systems and asymptotical stability of the zero
dynamics of a linear system is defined.

Definition 2.5

(i) The zero dynamics of a linear system (A, B, C) of form (1.1) are defined as the real vector
space of trajectories

ZD(A, B,C) = {(:n,u) € C1([0,00) — R™) x Cp ([0, 00) — R™) ‘
(x,u) solves (1.1) with y =0 on [0,00)} .
(ii) A linear system & = Az, for A € R™*", is called asymptotically stable on [0, c0) if, and

only if,
IMA>O0VE>0 : |lz(t)| < Mez(0)],

for all solutions z of # = Ax.

(iii) The zero dynamics of a linear system (A, B,C) of form (1.1) are called asymptotically
stable if, and only if,

IM N> 0V (z,u) € ZD(A, B,C) ¥t >0 : |[(x(t), u(t))|| < Me|z(0)]|.

For linear systems (A, B,C) of form (1.1) with ordered vector relative degree r € N!*™ the
zero dynamics of (A, B,C) can be read off from normal form (2.1) given by Theorem 2.4.
Proposition 2.6 provides a characterization of the systems zero dynamics in terms of the normal
form. Furthermore asymptotical stability of the zero dynamics of (A, B, C') will be characterized.

Proposition 2.6 For any linear system (A, B,C) of form (1.1) with ordered relative degree
r=(r1,...,mm) € N*™ and normal form (2.1), (2.2) the following holds:



T
(i) For S := [slT, . ,SmT} . with S1,..., 8™ defined in (2.16), V defined by (2.7) and Q
defined in (2.18), the zero dynamics of (A, B, C) are given by

ZD(A, B,C) = {(vn, “TL8y) € CL([0, 00) — R™) x CL([0, 00) — R™) ( i = Qn} ,

(ii) The zero dynamics of (A, B,C) are asymptotically stable if, and only if, 7 = @Qn is an
asymptotically stable linear system.

Given a sufficiently smooth reference signal yr: R>g — R™ one can determine an input u =
ur such that the output y of (1.1) matches this signal straightforward by using the normal
form (2.1), (2.2). A system (A, B,C) is called right-invertible if this tracking problem can be
solved [12]. The following proposition presents the solution to this problem.

Proposition 2.7 Consider a linear system (A, B, C) of form (1.1) with ordered relative degree
r=(r1,...,mm) € N and normal form (2.1), (2.2). Let yr = (Yr1>- - YRm) " : Rso — R™
with yg; € C"9([0,00) — R), j € {1,...,m}. Let y be the output of (1.1). Then the following
are equivalent

(i) ¥y = yr,

(ii) the input u of (1.1) is given by

le(m) R! St
yRm(rm) R™ gm

where, for arbitrary n° € R, n is a solution of the initial value problem

=Qn+[P,...Pulyr,  n(0)=n", (2-20)
- ro— T — T .
g = <yR17"'7yR§r1 1)‘?JR27---7?JR§2 1)‘ ""yRm7"'7yR£n 1)) 5 Q is defined
in (2.18), Pi,..., P, are defined in (2.17), T is defined in (2.4), S',...,S™ are defined
in (2.16), R/ = [R{,l,...,Rgm ...‘Rf;m,...,Rimm} and R is defined in (2.15).

System (2.19), (2.20) is called the inverse system of system (1.1) [9].

3 Proofs

This section contains all proofs for the results given in Section 2. It is structured as follows:
First it is shown that for every system with vector relative degree r € N™™ one can find an
permutation of the output such that the system with permuted output has an ordered vector
relative degree. Next linearly independence of the matrices C and B, defined by (2.5) and (2.6),
respectively, is shown. Then the proof for the normal form including the construction of the
coordinate transformation is given. A proof for characterization and stability of the system’s
zero dynamics is presented and finally right-invertibility of (A4, B, C') is shown.



3.1 Ordered vector relative degree
Proof of Lemma 2.3. Let o: {1,...,m} — {1,...,m} be a permutation such that r,) >
To(2) = "+ 2 To(m)- Furthermore set

0(1)
€(m)

P .= :
(o(m)
€(m)
Then O O
g 1 g
€m) | |Cm) €(m)
PC = = )
o(m m o(l
ety ] Lty ¢

and by the assumption on the relative degree it follows that

Vie{l . m}VEe{0,.. . rpp — 2+ (PO) A*B = AR B = 01,
and
(PC)} A" 1B
rk =m,
(PCy )Am—lB

whence the linear system (A, B, PC) has relative degree Pr = (r4(1),.--,7o(m)) With ryq) >
.. 2 Tcr(m)‘ O
3.2 Linearly independence of C and B

Recall the matrices C € R %", defined by (2.5), and B € R™*"" defined by (2.6). Note that, for
mg, © € {1,...,71}, defined by (2.3), it holds true that m =m; > mg > --- > m,, > 1 and

m . m . r1
s max{r; —i+ 1,0} max{r; —i+ 1,0} A
" _;rj szax{rj—i-i-l,l} szax{r —i+1,1} ;m,.

7j=11i=1

#{r; |r;>i, je{l,..m}}

The following lemma shows that C and B have full rank.

Lemma 3.1 If a linear system (A, B,C) of form (1.1) has ordered vector relative degree r =
(r1,...,7m) € NIX™ then C and B, defined by (2.5) and (2.6), respectively, have full rank.

Proof. Note that Z;nzl r; < n. It suffices to show that CB € R™ ™" is invertible.

First consider the first m; = m rows of CB. Since (A, B, C) has relative degree r = (r1,...,7y,) €
Nm it follows that

r 1 T T 1 A0pR T
Cln) C(n)A B ] )
: 0(7"1 1)><m1
1 ri—1 ri—1 1
wA™ <n>A1 B L)
) (n)AOB Otr—1)
: : 7(le) J
cm Arm—l Arm—lB




where Ffml), i€{l,...,m}, is the i-th row of I". Thus

O(Tl—l)Xml 0(r1—1)><m1
1 1
Clm) €(my)
CBr [egmx...,e;:q)} - 2 1, = E :
O(Tmfl)xml O(’I‘m—l)Xml
P?:nl) i L 6?721) J

which shows that CBI' ! [egm), e ,e%)} has rank mq = m.

Next consider CA*'BI'~! [e&m), . .,e,(ﬁf)], for i € {2,...,r1}. Since (A, B,C) has relative de-

gree r = (r1,...,mm) € NP7 it follows with the conventions
(1) O¢r;—i)xm, is of dimension zero, if i > r;, j € {1,...,m}, and
(ii) F{m) and e{m_) do not exist in the following matrices if j > m;, 7 € {1,...,m}, and

(ili) X,ux, € R¥*¥ is an arbitrarily matrix of dimension p x v,

that
CA'Br—1 egm), e e%)}
- 1 Agi-lp 7
C(n)A B
1 T -1 - -
C(”)A + B 0(7“17i)><m
: Lo
1 r1+i—2 mn
C(”)A ' B X(min{n,i—l})xm
= : r! e(lm),...,e,(g_‘)} = : Pt [egm),...,e%”_)
c@)Ai_lB O(rmfi)xm
- L)
C’EZ)ATT”_ B _X(min{rm,i—l})xm_
m rw.LJrifZ
_c(n)A B

[ 0(7“17i)><mi 1
1
€(m)
X(min{rl,i—l})xmi
= s i€{2,...,T1},

O(Tm—i) X

6?71"1')

_X(min{rm,i—l})xmi_

Thus, for all i € {1,...,7r1}, the m; rows of CA*"1 B! e&m), ey e%)] are linearly independent,



and since

_ 011X e e%mn ) ]
6(mr171) ‘)C'(rlfl)me1
0(7"1—2)><m2 o X(T‘l—Q)Xm,q,l (&)
0(7'171)><m1 6%m2) ’
e%ml) XleQ
0(72_Tl+1)><m7‘171 e%mrl)
e(mnﬂ) X(min{rlfl,rg})xmrl
CB = O(m;?)xmz - X(min{rl—Q,rQ})erl,l T2
0(r2—1)><m1 e(mQ) .
€%ml) Xle2 J
(v —r141) xmpy -1 e?:nrl)
6?7?”7"171) X(min{rl_larm})xmrl
O(rm72)><m2 - X(rnin{rlflrm})xmrl,l m
O(rmfl)xm1 6%2)
er Xixm
- ’ 7 (32)
mi m2 My —1 My
it follows that CB is invertible. O

As an immediate consequence of Lemma 3.1 it follows that for linear systems (A, B,C) of
form (1.1) with vector relative degree r = (r1,...,7,) € N*™ the matrices C € R™*" and
B € R™ "™ have full rank m.

3.3 Coordinate transformation and normal form

Lemma 3.1 shows that the rows of C qualify as basis, which, if »* = > 7", r; < n, has to be

7=1
completed, for a coordinate transformation in R". Consider a matrix V € R™ (=) " given
by (2.7). For U and N, given by (2.8), it follows from

Lff] (B(cB) V] =1,

that U has the inverse R
U-t=[BcB)Y]. (3.3)

Although U already qualifies as coordinate transformation in R we do not obtain a normal form
which has the same structure properties as the normal form (1.4) for linear SISO systems (1.3),
i.e. the transformation matrix U will not lead in general to a matrix A asin (2.2). Therefore it
is necessary to consider the transformation matrix U, given by (2.14) and TZ},C,, BZ,/\/“ U,, for
i€ {l,...,m}, defined in (2.9)—(2.13), respectively.

Proof of Theorem 2.4. Step 1: First it is shown that the coordinate transformation
~ 1 _ T s S
(zf) =Uz, ()= <y1(t>,...,y§“ )(t)‘ ...]ym(t),...,ygm 1)(t)> eR™, ((t) eR™,

10



given by (2.7) and (2.8), converts (1.1) into

d (X T X S
y (3.4)
v=c(})
where
_gm A:1,2 A;I,m Sl_
A271 A272 e Agjm SQ
A= o : S, (3.5)
A\m,l A\m,Q ;{m,m §m
P b P, Q|
and, for i,j € {1,...,m},
0 | 0 0o ... 0
A\ii = - € RMx"i , A\Z = € R"*"i , ] , (3.6
: 0 ... 0 1 o 0 ... 0 i 70 (36)
v R;l .. R;.’rj

R, ... .
where }?Egk ER, for ke {l,...,r;} and i,5 € {1,...,m}, and, for i € {1,...,m},
S .= [O(Ti_lgxi(n—Ts)] e RX(=1) P e RO (5 g RInT)X (=) (3.7)

Step 1a): First the structure of Ais proven. By definition of U , see (2.8), it follows that

[cAB(CB)™! | cAV]

o Te i
A=UAUT = M ALBCB V=13 apen)y T | xav]

Thus
[ﬁl, o ,ﬁm] — NAB(CB)fl c R(nfrs)er) (38
(3.9)

5 = NAV € RO-r)x(n—r)

11



and the definition of C and B, see (2.5) and (2.6), respectively, yields

- 2 — - 2 -
] ] Cin) (CB)iys)
C%H)A : :
: Ciny (CB)(re)
r 1 r 1 r
e A™ A" ‘wA"B
CAB(CB)™! = : BB = : BB = : (cB)~!
m—1 re ”‘774*1 r
CZZ)A C(Zn:)jzl i+2 (CB)%};}):l 512
[ A ] Cloy (CB)iys)
i Cz’z) Ar"L ] i C’E;LL)ATWLB ]
2 -—
e
€re)
cl AMB(CB)~!
= : . (3.10)
e ;n:—ll T +2
(r®)
<)
_c?}Z)A’"mB(CB)‘l_
Furthermore, invoking im V = ker C, it follows that
— 1 - r C2 b — -
C(n)A (n) le(n—rs)
1 pri—1 C’;1 - -
Cimy A" L 01 (n—rs) O(ry—1)x (n—r*)
et VAT & )A cf VAT St
(n) n) (n) (2.16)
CAY = : V= : V= : = : , (3.11)
m mol 42
ClmyA @ 015 (n—rs) O(rim—1)x (n—r?)
: . . L S J
C@)Ar'"_l (C),E;) O;XEZ;TS)
| A" LA™ AV ]
Hence, setting
[ﬁzg,l, LR ‘ R, .,ﬁa;”m} = G ATB(CB)T,  ie{l...m},  (3.12)

(3.10) and (3.11) yield the structure of A as given in (3.5)—(3.7).
Step 1b): Next the structure of B is proven. By the definition of U , see (2.8), it follows that

CB

B=UB~ [(VTV)WT [B-B(CB)~'CB]|

12



Recall (3.1), i.e.

[0 —1)xm | [ 0 —1)xm |
e A" B
CB = : = :
O(rp—1)xm O(rp—1)xm
| T | LA™ B

Furthermore

VIV)"WT [B - B(CB)"'CB] = (VI'V) W {BF*IF _B(cB)"l¢Brt [eg’”), o egjp] r}

=[B"....B%]

= (V)7 [Br—lr _B(CcB)"! [(CB)YS), o (CB)%S)} p]

= O(nfrs)xm )

which shows the structure of B as in (2.2).

Step 1c): Now the structure of C is shown. Since the rows of C are also rows of C, i.e.

1 1
€(n) Clmy
2 CT1+1
m rs f.rm+1
] [Cw

and since im )V = kerC it follows that CV = 0,,,x (n—rs). Furthermore

(CB) () 1 Oix(ri—1) 0 Oix(rpm) 0 oo 0 Oy
(CB)"("ljSl 0 01><(7~1—1) 1 01><(7'2—1) o ... 0 le(tm_l)
CB(CB)_l = . (CB)_I =10 01><(r171) 0 le(rrl) : :
: A 0 0
CB)| :rerl 1x(rm—1)
Bl 10 Oix(ri-1) 0 Orxrp-1y O 1 01y (ry—1)]

Hence

C=cU™' = [CcB(CB)™,CV)

yields the structure of C as in (2.2).

Step 2: We show that the coordinate transformation
L - T rs n—rs
(5) =ta, €0 = (el O] [l 0) R ) R

given by (2.7)—(2.14) converts the linear system (A, B, C) of form (1.1) into (2.1) with A,B,C
as in (2.2) with matrix components of A as in (2.15)—(2.18).

13



Recall the structure of A given by (3.5)—(3.7). For i € {1,...,m}, consider the matrices

[0 1 ... 0 ]

Ae=]o0..0 1|7|= ‘L;”' % = TAT! = TUAU T € RUitn—r)x(ritn=r®)
Ri,... R '
i b Q

Ei = — 67(nri+n—r5) _ Tiér_legm) c Rritn—r’
Then
A 1
i ©(ritn—r)
A ez ~ S
iAq _ (m-&-.n ) _ [Iri707'i><(nfr3):| (Qéﬂ) C e RriX (ritn—r*)
S o
CiA;] ezrﬁ-n—rS)

More precisely Z/S\l is structured as follows:

0 0 ... 0 1
: : - 1 *

B; = 0 L. L | e REren=rixre, (3.13)
1 * .. *
Otn—rs)x1 | Xn—rs)x(ri—1) ]

Since @Xflz =0, for all j € {0,...,7; — 2}, and @ZA\?AEI = 1, it follows that the linear
SISO-system

z = A}Z—I—Eﬂ)
w = Ciz

has relative degree r;. Furthermore, it follows that

0 0 1 * x 1

N oo N1 oo

Ci P = ' ¥ and (Csz> = 0 (3.14)
0o 1 . « 1 0
1 = * 1 0 0

14



and thus

1 0 0 0
* .
o —1 T 0
. . - (ri+n—r®)xr;
Bi(CB) =1|, ., 1| o |c®
* ... * 1
| Xn—rs)x(ri=1) | On—rs)x1]

~ ~~\ —1
[01—r#)xrys In—rs] B (Cz'Bz') = [Xn—rs)x(ri=1)> On=r)x1] -

n—rs

Set V; := [O”IX (”_TS)} . Then kerC; = im V; and thus

| (15 0y () (2.10), 212) | C;
(921/}1T) 91T [Im—i-n—ré‘ - gz(é\zgz)ilé\l} B A’i
N————

:[O(n—rs) X1y ’In—rs]

is invertible with inverse

Furthermore

-~ Ori n—rs ] 07"1' n—r?
C; x( )| = [IermX(nfrs)] |: X ):| = Orix(nfrs)

Infrs Infrs
~ 1 I ] L.
Ci " = L, Oryxc(n—rs " = Im‘
_O(nfrs)xri_ [ ’ ix( )] |:0(nrs)><ri:|
N7 _Ori n—rs ] Ori n—rs R (AR N—17 Ori n—rs
7P = Oy doere] | |00 | =BG 16 O] =
and thus
et deizimn | ACid xS | OCidinxo-r
, AL . 5. | Orix(n—re)
01”7,)((2;;11 rj) CZ |:0(n_7.5)><7.i:| Orlx(zz;ll rj) Cl |: I?'L—T‘S :|
—_—— —_——
:Iri :Orix(nf'r‘s)
O xSzt ) | Oy i) s Iy i Oy i) x (n=r)
. N Iy, | Orix(n—rs)
On—reyx(Siziry) N’[Oms)m] Unr X T N’[ Ly }
| S —
i =1, _,s
and, since R

[IT‘i70TiX(n—T5)] B\Z(é’\lgl)_l — ngz(é\zgz)_l - 17'7; bl

15

(3.15)

(3.16)

(3.17)

(3.18)

n—rs -



it follows from (3.17) and (3.18) that

. (3.19)

71 —
iy, Ot 0SS | Az xr)
[I'I‘m Orix(n—rs)] a3
U | RGB! Oixigiir | o O]V
:OTiX(nf'rS)
=1,

O o (iziep| O iy ryxrs Iygm o, O,y ) x(nr)
[O(n—rs)xr,7 Infrs} —~
[O(nfrs)xr“ In—rs] Vi

0

(n=r*)x (S r)

O(N—TS)X(Z?;'H 7;)

=In_ys

Recall A = UAU! given by (3.5)—(3.7). First apply the transformation Uy. Then, omitting
the dimensions of the zeros and identity matrices in Uy, it follows that

~

- o R ) L
0 Ay Av | 8] T1,0181(GB) ] 0] 0
0 0 . .
0. A0 =l 1= o1l | S =
N [0] 0| M [I] Ama Amm | Sm 0 0
\j,l_/ I ﬁl ﬁm Q\_ _[0,]]81(6181)_1 0 I_
[ Ay, Al A Si ]
Asq As Ay S
= A\m,l Xm,? A\m,m S'\m
7~ N
~ [I ~ ~ 0] ~ 1[] Ao, .., Al | ~ [IT ~  ~ .
Sl e [ 1 ol oo AL g
L I, [P2,. .,Pm}
[[1,0] BL(C1By) "] 0] 0]
=1
0 110
_[071]31(5131)_1 0] 1]
A\Lll—f— §1 [O,I] 8\1(518\1)71 A\LQ A\l,m §1 1
[ Ag, S As As S
ol 0D Bi(CiBy) ! : : :
= _A\m71 §m A\m72 A\m,m §m
~ [[I] ~ 0| » ~ 1] -~ - ~
M [O] AI’H_L'] 1] L0 Bu (B | Ay ! [Alzy -,Al,m] ~ [ 45 =
Lt i - R 0 - R M 0 S1+Q
o] 3+ ] QonB@y | r [P P
) (3.20

16
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Furthermore, for j € {2,...,m},

Al + 5 [UT——— Bi(CiBy)7!

A~~~

1 O¢ry— n—rs -
= A+ [ SR >] [00—rsysry s Iry ] B1(C1B1) ™

~ o~

O — L1 ] ‘
(3.11) /(\T‘l 1)><17A7’1 1 O(rlfl)x(nfré) ~ _1
~ R R +[ b Ay | Py In] BuCBY)

n)

0(r1—1)><17 Irlfl

(3.12) S
T |dnAnBEB)t| ]

0 11— n—rs PN NN
+ [ (é%nl))j1£1v ):| [O(n—rs)xm,[rl] B1(C1B1) 1 (3.21)

_O(Ts —r1)X7T1

A\j,l + §j [O(n—rs)xrlvlrl] B\l (é\ll%’\l)_1

O¢pr. 0 PPN
(3.11) . (r) 1)><:1‘ (rj—=1)x(n—r*) 1
- -{R{,lﬂ e 7R1,T1:|_ ! CZH)ATjV ] [O(THTS)XTU[H] Biab)
(3.12) - O(Tjil)%rl O(r;=1)x (n—r*) RA -1
= |dyasep | (1T any | Pamre RGBT (22
L " _0(7‘577‘1)><T1 "

~ I, —~
A [0< 1 ]Al’j

n—rs)Xry

(3.17) R (A P17 I, O(rl—l)xr]
— s In—rs IT n—rs = R
[O(n—r YX71 5 ] [ 1+ 81(6181) Cl:| [O(n—rs)xrl] [R]{l,.. ,R]{TJ
(2.10) I, Um0
== [O(nfrs)X'fl’In_Ts] |:0(n—7“s)><7"1:| R},17 : ’ R}v’r‘]‘
o ~ I, O(mfl)xr'
- [O(nfrs)Xm?In—Ts] Bi(C1B1) 1 [[rl’ohx(nirs)] [O(n—r:)xrl] [Ejl'l’ ’Eil }
’ 7Tj
O¢
(3.16) (ri=)xr
i 07’1><7"j — [X(nfrs)x(hfl)a O(nfrs)xﬂ [Ejl'lv ,Ril.
El ,T'j
= O, (3.23)
~ I -~
Nl 1 :|S
O(n—rs)><1”1 !
(3.11) B1(C1B1)~'C I Y
= [O(n—rs)xrlaIn—rs] {Lﬂﬁ-n—rs — Bi(C1B1) 161} [O(n—r:)xrl] [ (1511)X J:|
3.23
(3.23) Orssc, (3.24)
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and
[~ 0] 5 B s [P ) A S
M 0 A+ 7 Py |[1,0] Bi(C1B1) " + M, 0 S1+ 7 Q10,11 B1(C1By)
_ /\E(
= /(\/1213\1(@\18\1)_1
=1 SN
- (V1V1T> VT Ir1+n_T5—Bl(clzsl)—1cl} A,B(CBy)

~

1

~

Q

A

~

95)

' [1,0] +

[o,n> BUC.E)

~ o~ -1 [~ ~ ~ o~ o~ ~ o~ o~ ~ ~

<V1V1T) V1T A1B1—B1(C1B1)71C1A131} (C1By)~!

sar\Yar (1,4 (ri4+n—rs S\ (1 1S
o) S

~Bi(GB) @GBSV, (GBS ]| (@B

S aor\ s 5\ (r14+n—rs 5\ (r14+n—rs 5 0 25\ —
= <V1V1T> % [(Bl)é i ),-~a(31)§«11+ )7*} - B [ *” (C1B1)7!

L Ir1,1 *

* ... * 1

3.14 aam\ Tl a 0

(314 (vlvlT) VI 0,...,0,4] 1
% . .
1 0 ... 0

~ o~ -1
= <V1V1T) VT [%,0,...,0] . (3.25)

Hence the equations (3.21)-(3.25) show that only the first 71 columns of A change when applying
the transformation U;. Furthermore the first r; columns of Ui AU, L are equal to the first rq

columns of A and by (3.21)-(3.25) equations (2.15) and (2.17) hold for i = 1.

Moreover an application of the transformation ﬁi, i € {2,...m}, has the similar effect as

in (3.20)—(3.25) on the r; columns from column number 23;11 r; +1 to column number Z;Zl T

~

of matrix (ﬁi_l - ﬁlgﬁf Lo (7[_11), which, when finally all transformation matrices U; are
applied, yields (2.2) and (2.15)—(2.18). This completes the proof. 0

3.4 Proof of the zero dynamics

Now a proof for the characterization and stability of the zero dynamics of linear MIMO-systems
with ordered vector relative degree is given.

Proof of Proposition 2.6
(i) Set

2 = {(vi,—T"5n) € C1([0,00) — R") x C([0, 0) — R™) |1} = Qn} .
“C”: If (x,u) € ZD(A, B,C) then y =0 on [0, 00) and so

T
1 -1 -1 _
é.:(ylvyg )’”.’yY‘l ) y27"'7y§T2 )“ym77y%m 1)) EO,
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which yields, in view of (2.1)—(2.2),

[0 —1)x (n—r) | [ 00, 1)xm
1 r1—1
St c(n)A =B
Opsx1 = n+ u
O(Tm—l)x(n—'rs) O('rm—l)xm
i sm | cmA™ 1B
n=Qn,
and
Sl c%n)A”_lB
Omx1 = Sl nt : u
S™m cz’}l)A”ﬂ_lB
S

thus (2.4) yields u = —T~1Sn. Since z = U~ (¢7,77)" it follows from (3.3) and (3.19) that
(x,u) = (Vn, —I'~18n) for i being a solution of 17 = Qn and therefore (z,u) € Z.

“O7: If (2,1) = (Vn, —I'~18n) € Z, then, by (2.7), we have

j:=Ci=CVy

0,
and so

T
_ (ri=1)| ~ (ro—1 - o
:(yl,...,ygrl )‘yg,...,yém )’...‘ym,...,ygm 1)> =0,

3
and therefore <(2> ,&) solves the first equation in (2.1) with y = 0 on [0, 00). Thus it follows
that

(#,0) = (Ul <2> u) = (Vn,u) € ZD(A, B, 0).
(ii) From (i) it follows that
x=Vn and n= W)Wz,
where 7 is a solution of 77 = Qn. Thus
IM N> 0V (z,u) € ZD(A,B,C) Yt >0 : |(x(t),u®))]| < Me |z(0)] .

if, and only if, n = @n is an asymptotically stable system. O

3.5 Proof of the right-invertibility

Proof of Proposition 2.7

T
“=7: If y = yg then by (2.1) £ = (le, ce yRle)‘ . ‘yRm, e yR%mfl)) . Thus, by (2.1)
it follows that

T ri—1 : j j j ri— :
yR§]):ij :fzleri:R]§+S]77+CZm)AJ 1Bu7 jE{l,...,m},
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hence

ngrl) Rl Sl C%m)Arl—lB
: =&+ n+t : U
yrirm) R™ sm g A1 B
=I

and so

ngm) Rl sl

u=T"" A N R

I R

Furthermore it follows that 1 has to be a solution of
= [P,0,...,0|P,0,...,0| ... | Py,0,...,0] £+ Qn=Qn+ [P1,..., Pulyr
for any initial value n(0) € R,
“<": Assume the (ii) holds. By (2.1) it follows that
ngﬁ) Rl gl
S A vl § A Sl I el IR K T
%/_/ m
o T B L s

(m)

where, for any n° € R"™"", 5 is a solution of the initial value problem
fl:[Plv---va]yR‘FQ?% 77(0):770
o o (ri—1) (rm—1)\©

This yields, in view of (2.1), & = (le, YR ’ ...)yRm, e YRm ) and thus y =

T
<§1,§r1+1, . ,52?1;11”“) = yr. Hence that last row of the normal form (2.1) reads

n=1[P1,....,Pn]yr + Qn=[P1,0,...,0| P,0,...,0| ... | Pp,0,...,0] £+ Qn

which completes the proof. O
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