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ABSTRACT

This paper addresses the problem of transforming a single-input single-output discrete-time system into
the extended observer form which comprises a linear observable component and a nonlinear injection
term depending on the input, output and their forward shifts up to a finite order. The necessary and suffi-
cient conditions for the existence of the extended observer form are provided in terms of vector fields. The
algorithm is presented to find a parametrised state transformation necessary to transform the system into
the extended observer form. The obtained results are applicable also in case of non-reversible systems.

1. Introduction

State feedback is a standard tool in control engineering. To
utilise this tool, one needs to either measure or estimate the
state variables. The state estimation is relatively easy for nonlin-
ear systems if the state equations are in the so-called observer
form, see, for example Krener Respondek (1985). The lat-
ter means that the equations are linear up to the injection
terms, which depend on system measurable variables, i.e. out-
put and input variables. The problem of transforming nonlinear
state equations into the observer form by state transforma-
tion has been extensively studied for continuous-time systems,
see Conte et al. (2007), Krener and Isidori (1983), Krener
and Respondek (1985), Xia and Gao (1989) and discrete-time
systems, see Lee and Hong (2011), Lee and Nam (1991), Mullari
and Kotta (2021b). However, such transformations are often not
feasible, which is why extensions of the observer form have been
addressed.

The concept ‘extended observer form’ stands for the case
when the injection terms depend, besides the input and output
variables, also on their time derivatives (in the continuous-
time case, Conte et al.,, 2007; Glumineau et al., 1996; Plestan
& Glumineau, 1997) or backward shifts (in the discrete-
time case, Huijberts, 1999; Huijberts et al., 1999; Kaparin
& Kotta, 2018, 2019). For systems in the extended observer form
one can, like in case of the classical observer form, construct
an observer with liner error dynamics that converges asymp-
totically to zero. The results of previous papers raise a number
of issues that need to be addressed. First, the results that are
based on the original state equations and are coordinate inde-
pendent assume that the state equations are reversible (Califano
et al., 2003). Second, the linear part of the observer form sug-
gested is allowed to be input independent that complicates the
observer design (Califano et al., 2003). Third, some approaches
require to find an input-output equation (Huijberts, 1999;
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Huijberts et al., 1999; Kaparin & Kotta, 2018, 2019) or the
observable form (Lee & Hong, 2011) of the system equations as
an intermediate step. These issues motivate to study the problem
further.

In this paper, we study the problem of transforming a non-
linear single-input single-output (SISO) discrete-time control
system into the extended observer form, where the nonlinear
injection terms as well as the parametrised state transforma-
tion depend on the system input, its forward shifts up to the
order r, the output and its forward shifts up to the order s.
Since the problem is always solvable (unlike the one in Califano
et al. (2003)) for s = r = n—1, where #n is the dimension of the
state-space, the challenge is to find minimal values of s and r for
which the problem is still solvable. Although the future values of
inputs and outputs are unknown, we will prove that such form
can always be transformed (like in the input-free case, Simha
et al., 2018) into the form with injection terms depending on
the input and output values and a finite number of their past
values (backward shifts). The reason for not addressing directly
the form with injection terms depending on past measurements
is that solvability conditions are easier to obtain for the case
where the injection terms depend on future values of measure-
ments since the state equations are defined in terms of forward
shifts. Mixing backward and forward shifts require to take into
account the functional dependence of variables which adds dif-
ficulties. This situation does not happen when future values of
the input and output are used in the injection terms. Neces-
sary and sufficient conditions are given for the transformability
of the state equations of a given nonlinear discrete-time SISO
system, using the parametrised state transformation, into an
extended observer form. These conditions are stated in terms of
avector field E, defined uniquely (in case of observable system)
from state equations or more precisely, from forward shifts of
the output. Note that checking the conditions does not require
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finding the input-output equation of the system. Moreover, the
proposed conditions are constructive in a sense that one can
easily determine the minimal values of s and r for which the con-
ditions are satisfied and the transformation components can be
found as invariants and canonical parameters of the projections
of the backward shifts of E. This requires solving an underde-
termined set of partial differential equations (the need which
is typical in many nonlinear control problems), the solutions
of which are not unique, because there are less equations than
unknowns. The latter just means that there is a freedom in the
choice of the injection terms in the extended observer form.

In the special case, when r = s = 0, one recovers the exist-
ing solvability conditions of the problem on transformability
the equations into the classical observer form. Compared to the
classical case, the solvability conditions presented in the paper
are weaker in the sense that the commutativity of smaller num-
ber of vector fields is required. Moreover, the computation of the
corresponding transformation becomes easier, since a smaller
set of partial differential equations must be solved.

The algebraic approach based on the vector space of vector
fields is used to derive the results, see Kaldmaie et al. (2022) and
Mullari et al. (2017). An important concept in this approach
is the backward shift of a vector field, which is utilised in the
paper to derive the results. It should be also noted that the alge-
braic approach used in the paper is developed to study generic
properties of a control system. This means that the transfor-
mation is valid on some open subspace of the space, where
the transformation is defined, instead being valid only locally
in a neighbourhood of an equilibrium point. Note that higher
generality of results has a price — we have to require that the
state equations are analytic compared to smoothness require-
ment when one works in a neighbourhood of the equilibrium
point.

In conclusion, a novel approach is proposed in this paper
to transform an SISO discrete-time system into the extended
observer form. The main advantages of the proposed approach
are:

e The necessary and sufficient solvability conditions are given
directly in terms of the original state equations unlike the
earlier results that require to find the i/o equation (Kaparin
& Kotta, 2018) or the observable form (Lee & Hong, 2011) of
the system as an intermediate step. Our results do not require
that the state equations are reversible; the weaker property
of submersivity is assumed instead. The parametrised state
transformation that transforms the extended observer form
where the i/o injection terms depend on future input and
output values to the form where the injection terms depend
on their past values is also given.

e The results hold almost everywhere in an open set and not
around the equilibrium point of the system as in Califano
et al. (2003) and Lee and Hong (2011).

e A geometric interpretation for coordinate transformation as
common invariants and canonical parameters of the set of
vector fields E and its backward shifts is provided. This
makes the results more transparent and allows easier com-
parison with the classical case. Note that the solvability con-
ditions are direct, but not simple extensions of those for the
classical observer form (Mullari & Kotta, 2021b).

This paper is organised as follows. In Section 2, the method-
ology used in the paper is introduced. The problem statement
is given in Section 3 and its solution in Section 4. Section 5 is
devoted to transforming a system in an extended observer form
with injection terms depending on future values of the input and
output to the extended observer form where the injection terms
depend on the past values of the input and output instead. Two
examples are given in Section 6 and conclusions are drawn in
Section 7.

2. Preliminaries

In this section, we recall briefly some preliminary results that
originate mostly from Mullari et al. (2017); for more informa-
tion, see also Mullari and Kotta (2021b). Consider the discrete-
time single-input nonlinear control system

Wty = @ (x(t), u(t)), (1)

where xU(t) := x(t + 1), t € Z, the state variable x(t) € X C
R", the control variable u(t) € U C R, and the state transition
map @ : X x U — X is supposed to be analytic. Both X and U
are assumed to be open sets. We assume that the map @ can

be extended to the map ® = [ET, T XxU — X x Rso
t_hat ® has the global analytic inverse AT AT)T . (X x U) —>
X x U.Introduce the additional variable at time instant t, z(t) €
R, by

z(t) = x (x(t), u(1)). ()

The systems (1) and (2) define the inversive difference field
of meromorphic functions in a finite number of Variables from
the set C = {x, uk ), k>0, l> 1} Here u‘%) denotes the
kth-order forward shift of x and z(7? the Ith-order backward
shift of z. The first-order forward shift of variable x is defined
by Equation (1) and the first-order backward shifts of x and u

by
T = A, 2, D= a(x, 27D, (3)

The forward and backward shifts of a function ¢(x, u, u'l), .. .,

uth, z<_1>:..,z(_l>) € K are defined as the compositions
oM = (@ (x, u), u'! u<2>,... D) (g, u), . ., 2D,
and ¢1 = (Ao 2 0), A (x, 2 ),m“q<kw<4n

1)), respectively. The higher order forward and back-
ward shifts of x are defined recursively as

ky — Ek(x, wuD L ulRy,

xR = Ak(x, z<_1>,z<_2>, ... ,z<_k>), (4)

see more in Mullari Kotta (2021b). Due to (2) and (4), the
higher order forward shifts of z can be computed as z* =

X (5k(x, u,. .., uk=1y u<k)> ,and due to (3) and (4), the higher
order backward shifts of u as u{™% =2 (Ak’l(x,z<’1),...,
2k AR,

Consider the infinite set of symbols dC = {dx, du®, dz(~,
k>0,1>1} and let £ :=spani{dC} be the vector space



spanned over K by the elements of dC, called the 1-form

n
o= Aidx+ Y Bdu® + > e,
i=1

k>0 I>1

where only the finite number of coefficients differ from
zero (Aranda-Bricaire et al, 1996). Define the space £* =
spani-{9/dx,  9/0u®, k>0, 8/9z7", 1> 1}, dual to &,
whose elements are the vector fields

n
— Z 0 Z_ a ZN a
i=1 k>0 I>1

By duality between £ and £* the scalar products of 1-form and
vector fields satisfy the relations:

(dx, B) =& (du®,B)=§, (1,8 =5

The backward shift of the vector field E in (5) is the vector field

) D d ?
= = Zala_xi + o bk_8u<k> + IXI:CI_82<7I)) (6)

Note that the forward and backward shift operators commute
with the scalar product, i.e. for an arbitrary 1-formw € £ and a
vector field E € £*

08" =(on2"), (75 =(o"0E"). @

The projection of Ein (5) is the vector field

"9

=/

g = § E—. 9
2 'S’axi ©))

Note that the shift and projection operators do not commute.
From (6), (7) and (9) follows the computation formula of the
projection of the backward shift of a vector field:

n

E TP
Z v 3x,"

i=1

(10)

Lemma 2.1 (Mullari & Kotta, 2021b): If E € spany-{d/adx},

then for k= L...n8 Ye span-{d/dx, 3/3z7Y, ..,
/0270,
Lemma 2.2: If
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then

n
—— 0
E( Dr _ E a,-(x,z<_1),u,...,u<k—1>)—8
i=1 i

for some functions a;.
Proof: Follows directly from (10). |

Lemma 2.3 below, necessary for the proof of the main
theorem, is the extension of Lemma 3 in Mullari and Kotta
(2021a) for the case when the number of independent commut-
ing vector fields is less than the dimension of the space where
they are defined. Note that Lemma 2.3 as well as Lemma 3 from
Mullari and Kotta (2021a) are the analogues of Theorem 2.36
from Nijmeijer and Van Der Schaft (1990), which proves the
local validity of the result around a fixed point on a mani-
fold. The proof, as commented in Mullari and Kotta (2021a),
is not easy to extend for the generic case, since it relies on
shifting the point under the flows of the vector fields. The coor-
dinate transformation can, under commutativity assumption,
be constructed as the composition of these flows. Moreover, the
approach in this paper is algebraic, not differential geometric.
For the above reasons, the alternative proof is given.

Denote # := n + r, where r € {0,...,n — 1}, the meaning
of which will be explained in the next section. In Lemma 2.3,
we assume that in an open set C of an 7-dimensional subspace
R" with coordinates X := {x,,...,u""!} are defined /n vector
fields E; = 2221 Eq(X)0/0%g, | =1,...,/m, m < i. One says
that a coordinate transformation X = W(x), defined in C, is
adapted to vector fields & if in the new coordinates the vector
fields E; are the partial derivative operators with respect to the
corresponding coordinates, i.e. V. B = 0/0X),l=1,...,m.

Lemma 2.3: Assume that the vector fields E; = ZZ:l Equ(x)9/
0xp l=1,...,m,

(a) are linearly independent,

dimy (span,C{El, AU Erh}) =m,

(b) and commute:

[EnE]=0, Lji=1,....,m (11)
Then there exists in C the coordinate transformation X =
W (x), adapted to these vector fields, such that m independent

functions W;(X) (as the canonical parameters of E;) satisfy

(d¥i(x), Ei(x)) =6;5, il=1,...,m, (12)
and n — m independent functions W;(x) (as the common invari-
ants of &}) satisfy

(dWi(x), (%)) =0, I=1,...,m

i=m+1,...,1n, .
(13)

I=1,...,m, are the partial derivative operators with respect to
the corresponding coordinates, i.e.

Proof: See Appendix A. |
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3. Problem statement

In this section, we first define the extended observer form,
into which we want to transform the original state equations.
Second, we introduce the parametrised state transformation,
necessary for this purpose. Third, we introduce a set of vec-
tor fields, defined by the system equations, in terms of which
we formulate in the next section the necessary and sufficient
solvability conditions. Finally, some additional results on these
vector fields will be proven to be applied in the proof of the main
result.
Consider the system (1) together with the output function

M =du), y=h), (14)
where the output y € Y € Rand Y is an open set.
Denote y% = h(x). Compute, using (4),
y<l> = h(@l(x, u... ,u<lil>)), I=1,...,n—1. (15)

Recall from Kotta et al. (2015), the spaces ) := span,c{dym, [ >
0}, U .= span,c{dum,j > 0}, X' := spany-{dx}. The subspace
O =X N (Y +U) is called the observable space of system (14).

Assumption 3.1: The system (14) satisfies the generic observ-
ability condition dimy O = n.

Define the set of 1-form:

n

ayih
w1:=2y—dx,-, I=0,...

16
. 8x,- ( )
i=1

,n—1.

Assumption 3.1 is equivalent to the condition that the 1-form
w;, 1 =0,...,n— 1, are linearly independent:

dimy (span,c {w, 1 =0,...,n— 1}) =n.

The goal is to find the parametrised state transformation X =
W(x, u,...,ul" 1), such that Equation (14) in the new coordi-
nates is in the extended observer form with the degrees (s,7),
where s and r take the minimal possible values' from the set

{0,...,n—1}:
XV =X, i=1,...,s
X = X1+ @iy ut),
i=s+1,...,n—1,
X =0,y u L u), =X, (17)

If s and r are both zero, then (17) coincides with the classical
observer form. In case s = 0, the first set of equations in (17) is
obviously missing.

Under Assumption 3.1, define the vector field E € spanj
{0/0x} such that

(w, B) =81p—1,1=0,...,n—1, (18)

and compute the projections &7 of its backward shifts up to
the order n—1.

Remark 3.1: Observe that, due to (15), the Ith-order forward
shift of y depends, in general, on u and its forward shifts up
to the order I—1, as do, by (16), the coeflicients of wj,l=
1,...,n — 1. That is, the system of Equations (18) depends, in
general, on u and its forward shifts up to the order n—2. The lat-
ter means that the coefficients of E are, in general, the functions

ofx,u,...,u"=2,

Lemma 3.2 (Mullari & Kotta, 2021b): The vector field & and

the projections of its backward shift up to the order n—1 are

linearly independent:
dim;c(span,C{E(_D”, I=0,....,n—1}) =n.

All new state coordinates in the classical observer form case
can be defined as the canonical parameters of commutable
vector fields 207 [ =0,...,n — 1, see Lemma 5 in Mullari
and Kotta (2021b). If (14) is transformable into the extended
observer form, then only a set of n—s vector fields are com-
mutable (see Theorem 4.1) and thus only n—s new state coor-
dinates can be defined as canonical parameters of the vector
fields. The rest of the new coordinates can be defined as com-
mon invariants of the corresponding vector fields given in
Lemma 3.3.

Lemma 3.3: The output y and its forward shifts up to the order
s—1 are the common invariants of the vector fields 217 1 =
0,....,n—s—1,ie

<dy<i>,E<_l)”>EO, i=0,... (19)

and the sth-order forward shift is the canonical parameter of
gi-ntsthin ;o

(ay, 807} = 81, 1. (20)
Proof: Note that according to (16)
() A
dy =wo, dy —w1+28u(k> ou'™, i=1,...,n—1
k=0
(21)

Using (18) and (21), one may verify that (dy<i+l), 8) = bitin—1
i=0,...,5 1=0,...,n—s—1, whose Ilth-order backward
shift reads (dy<i>, -y = 8it1n—1. Using Lemmas 2.1 and (9)
is easy to conclude (dy(i>, gi-hmy = 8it1n—1. Next, subtracting [
from the both indices of Kronecker delta yields (dy?, 2(—97) =
Sipn—j—1fori=0,...,51=0,...,n— s — 1. From this formula
follow directly (19) and (20). |

4. The main result

Theorem 4.1 gives the main result of this paper, that is the
necessary and sufficient solvability conditions for possibility
to transform the state equations into the extended observer
form with the degrees (s,r). Moreover, the algorithm will be
given for finding the parametrised state transformation. Finally
we will demonstrate that in the case s = r = 0 the conditions



of Theorem 4.1 recover the existing conditions related to the
classical observer form.

Theorem 4.1 (Main result): Under Assumption 3.1, Equa-
tion (14) can be transformed, via a parametrised state transfor-
mation X = W(x, u, ...,u"1), into the extended observer form
(17) with the degrees (s,r) if and only if the following conditions
are satisfied, where E below is defined by (18):

(1)
[ 0 o l>n}50 Gl=1,..,n—s—1, (22)
8z<_‘1>, ’ ’ ’ ’ )
(ii)
[E(—l)ﬂ)g(ﬂ')”]—() Li=0,...,n—s—1, (23)
(iii)
ay(5>
3u(k) :0, er,‘- »S 1)
(iv)

ad
[W,c}=0, k=r,...,n—2.

Proof: Sufficiency. The proof relies on Lemmas 2.2, 2.3, 3.2
and 3.3 and consists of three steps. In the first step, the
parametrised state transformation is defined. In the second step,
we will show that the forward shifts of these coordinates cannot
depend on forward shifts of u higher than the order r. In the
third step, we will prove that in the new coordinates the state
equations take the extended observer form (17).

The parametrised state transformation can be interpreted as
a coordinate transformation in the (n + r)-dimensional sub-
space C of C with coordinates X = (x, 4, ..., u"")T such that
the coordinates u, . .., u!"~! remain unchanged. Before giving
a formal proof, we will briefly sketch its idea. Note that one has
to define the coordinate transformation in the space C, since the
vector field E and the projections of its backward shifts depend,
in general, also on variables u,..., 4"~ From Lemma 2.3,
one may conclude that if in the (n 4 r)-dimensional space with
coordinates X exist #—s independent commuting vector fields
whose coordinates depend only on variables x (this aspect is
important), then one can define in this space the following
coordinate transformation, where X = W (x, 4, ..., u<’_1>), but
the input and its forward shifts up to the order r—1 remain
unchanged. The new coordinates include r+s independent
invariants of these vector fields and n—s canonical param-
eters of the vector fields. These invariants are the output y
and its forward shifts up to the order s—1 (see Lemma 3.3),
and also u,...,ul""1, because these vector fields belong to
spang-{0/dx}. Lemma 2.3 (takingn =n+r,m=n—s, B; =
glontsthn  8so1 = 87U7, B4 = B) points how to find
the other set of new coordinates as canonical parameters of the
vector fields.

If (iv) holds, then by Remark 3.1, the coefficients of E do not
depend on higher order forward shifts of u than r—1. Then, by
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Lemma 2.2, also the coefficients of 2(-07, 1 =1,...,n —s— 1,
do not depend on uk k>r—1.1If additionally (i) is satisfied,
then the coefficients of E(~07, 1=0,...,n —s— 1, depend
only on x. If also (ii) is valid, then by Lemma 2.3 there exists an
adapted coordinate transformation which will be defined below
at the first step of the proof.

Step 1. Due to Lemma 3.2 and (ii), in C there exist n—s inde-
pendent commuting vector fields 897, 1=0,...,n —s— 1.
Because dimy- C = n + r, and because the coefficients of 2¢~/7
depend only on x, then, by Lemma 2.3, there exist r + s indepen-
dent functions as the invariants of these vector fields, and as well
n—sindependent functions as the canonical parameters of these
vector fields. These functions depend on x,u, u'l), ..., ul"=1
and they can be taken as the components of the parametrised
state transformation.

If s> 0, then find the first set of new state coordinates
as the independent invariants of 207, 1 =0,...,n—s— 1.
According to Lemma 2.3, in (n + r)-dimensional C exist r+s
common independent invariants of these vector fields. As men-
tioned above, the variables u, . . ., u{™™1 belong to the set of the
invariants of 2¢07 [ =0,...,n—s— 1, but obviously, they
do not count as the new state coordinates. The remaining s
independent (by Assumption 3.1) invariants can be found from
Lemma 3.3 as

(dy(i),E<_l>”> =0, i=0,...,s—1, [=0,...,n—s—1,
(24)

and so one can define the first s new state coordinates as
Xi=y D, =1 (25)

The new coordinates X1, ..
equations

., Xy are defined by system of

<d\11i, E(_l>”> =8ipp i=s+1,...,n

[=0,...,n—s—1, (26)
as the canonical parameters of E and the projections of its back-
ward shifts up to the order n—s—1. When s > 0, then the number
of these vector fields is less than n and therefore, X1 1,..., X,
are, in principle, defined from (26) uniquely up to some
additive functions f of system invariants y i, j=0,...,5s—
1 (see Lemma 3.3) and u'%), k=0,...,r — 1. The reason is
that if the function W;(x, u,.. ., u<'_1)), i=s+1,...,n, satis-
fies Equation (26), then also a function W;(x, 4,..., ulr=1y 4
fOs. .y Vu, ., ul=D) does where f(0) = 0. The excep-
tion is Xsy1, that, by the form of the extended observer
form (17), has to be defined uniquely by
Xop1 = W1 (1, .., ul™™)y =09, (27)

since otherwise the sth equation in (17) is not satisfied.

To define the coordinates Xy, ..., X}, construct an [(n —
s) X n]-matrix © = [95_1 ... HnT]T, whose rows can be inter-
preted as the 1-forms, and an [n x (1 — s)]-matrix?

& (28)

M= [glmmstin | giir g
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whose columns are, according to Lemma 3.2, linearly inde-
pendent. Therefore, rankix: M = n — s and there exists the left
inverse of M as the [(n — s) X n]-matrix

Ml=M"M)"'MT=0: OM=I,_, (29)
whereby rankyi ©® = n — s. The rows 6; of ® are linearly inde-
pendent as the rows of a matrix of full rank and, due to (28),
satisty the condition

<9i, s<—l>’f> =it i=S+2....m,

[=0,...,n—s—1. (30)
The 1-form 6;, defined by (29), is not necessarily the total dif-
ferentials. However, we will show that there exist coefficients B,

and Bjx such that

s r—1
AW =0+ Y fig@dV, + Y fi(@du®,

q=1 k=0

i=s+2,...,n. (31)
Really, from (26), (30), and Lemma 2.3 follows that the 1-form
dX; = dVitx,u, ..., u™ M i=1,...,56,i=s+1,...,n,
and dut® k=0,...,r—1,is linearly independent and there-
fore they span the entire space spanj-{dx,du,...,dul""V}.
Consequently, the vector space spani-{dW¥y,...,dW¥,,0c1,.. .,
6, dus, . .., du™ D} is integrable and it has exact bases, i.e. there
exist linear combinations as in (31), being the total differentials.

Step 2. Will show now that in the new coordinates X,
defined at the previous step, under conditions (iii) and (iv),
the forward shifts X! do not depend on uk k> r. If (iii)
holds, then X, ..., X+1 do not depend on uR k> r, mean-
ing that their forward shifts do not depend on u®),k > r.
If (iv) holds, then the coefficients of E do not depend on
u'h Kk > r, and by Lemma 2.2 this is also true for the coefhi-
cients of 217 B{=mtstDT From (26) follows then that
Xst+25...,Xy can be defined so that they do not depend on
uR k> rand so X5<_1i_>2,. - X,(q1> do not depend on u® k> 7.

Step 3. We will prove now that in coordinates X Equation
(14) takes the form (17). Obviously, from (25) and (27) one gets,
asin (17),

x

i =X,'+1, i:l,...,S.
Since dW; € spanj-{dx,du,... ,dul™DYyi=1,...,n, then
spany-{dx, du,. .., duty = spani-{d¥,du, ..., dufy, and

because d\Ilim, i=1,...,n belongtospang{dx,du,...,dul"},
then one may write dW (! as the linear combination

n
d\lli(1> = Zaiq(x, u..., u<’>)d\l-’q
q=1

.
+ Z&ik(X, .. u™hdu'®),
k=0

i=s+1,...,n (32)

Because the left-hand side of (32) is a total diffeiential, then
there exist the functions ¢;(X, u, ..., u!") = Wjo @ o W~ 1,i =

s+ 1,...,n, such that
(X, u, ..., u')
%ia = oX ’
q X=W(x,u,...,ulr=1))
q=1,...,n,
i X,u,. .., ul"
ik = ol 7 ) , k=0,...,r.
du X=W(x,u,...,ulr1)

On the other hand, computing the total differentials from both
sides of the second and third formulae of (17) and taking into
account (25) and (27), we obtain

s+1
30i(X1s s Xep 1, thy .., ul™)
1 (p 1> > +1> Uy 5
AV = dXip + ) e X+
j=1 !
r
00i(X1s - n Xerto . ul™) g
3 au®,
)
s ou
i=s+1,....,n—1,
s+1
00, (X1, ..., X, 1,u,...,u<’>)
(1) _ n s+ .
dX” _Z X dXJ
j=1 J
r
00,(X1, .. s Xertsthy ..., ull
+> #n(X1 35&: bau.  (33)
k=0 u

From (32) and (33) follows that to show the validity of the
second and third formulae of (17), we need to prove that

Qig =019 i=s+1L...,n, g=s+2,...,n. (34
From (24), (25) and (26) follows (d\lli, E(_l)”> =08ip_1i=
L,...,n,I=0,...,n—s—1. Denoting gq: = n—I, the last
equality takes the form

(dw; gmram) =5

ip i=L...,n, g=s+1...,n

(35)

Using (35), we can prove (34), taking the scalar prod-
uct of both sides of (32) with E<‘”+q>”,q =s+1,...,n
This gives, due to (35) and the definition of the Kro-
necker delta, ajq = (d\IJi(l), gl=nta)m) i g=s+1,...,n The
last equality is identical to Qg = (d\Ifim, E<‘"+q>), accord-
ing to E(~"+4) € spany-{d/0x,3/9z1,...,08/0z{~""4)} and
dw® e {dx,du,...,du"}. Due to (8), the last equality can
be rewritten in the form aj; = (d¥;, E<‘”+q_1))(1) = (dv;,
g(-ntg-1)my (1), Taking into account (35) and the fact that the
value of a constant is invariant with respect to the forward shift,
we get from the last equality ajy = 8; 41, which is equivalent to
®ig = it1,4 1-€. (34) holds.

Necessity. To prove (i), (i) and (iv), we will show by induction
that in the new coordinates

gl _ 0
Xy

, j=0,...,n—s—1 (36)



Prove first that (36) is true for j = 0, i.e.

d
E = . (37)
0X,
Note that, according to (17),
P =X+
0, 1=0,...,s,
o (Xl,...,Xl,u,...,u“”*s’l)), I=s+1,...,n—1,
(38)

where p; are certain sums of @st1,...,¢,—1 and their forward
shifts. Using (16) and (38), one obtains

0, [=0,...,s,

—dX;,

I=s+1,...
0X; +

1
w; =dXp ] + 0
1 I+1 Z Pl -1,

i=1

which, according to (18), yields (37).
Next, we prove that if

a

Xy

(39)

holds for some j = 0,...,n — s — 2 then it holds for j+ 1 too.
Taking into account (6), (7) and (39), one gets

o D 9 \“" 9

g(=i-1) _ (E< ])) =Y {ax", —. (40)
- X, i 9K
Since (17) yields

ax/! =

dXiy1, i=1,...,s,

i
dXir + Y5 % dX

Qi .
+Z;:0%dup, i=s+1,...,n—1,

s+1 ¢, r d .
2k e X+ 2 po Jup dpr 1= 105

one may conclude that (Xm-“), 0/0Xy—j) = Siy1,n—j» which
implies that (40) can be rewritten as 21 = 0/0Xp—j-1.
Now the validity of (36) follows directly from the definition of
the projection (9). [ |

Remark 4.1: Under Assumption 3.1, one can always transform
the state Equation (14) into the extended observer form (17)
with the degree s = n—1, because for this degree the condi-
tions (i) and (ii) of Theorem 4.1 are satisfied automatically. The
coordinate transformation X; = y%~1,i = 1,..., n,leads to the
extended observer form

1)

X =Xy,

l-< i=1,...,n—1,
Xﬁll) =@n(y,...

0w ul™,

where r is determined by the conditions (iii) and (iv).
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Algorithm for finding the minimal (s, r) and the respective
parametrised state transformation.

Step 1. Compute the 1-form wj, [ =0,...,n— 1, as in (16).
Check if they are linearly independent. If not, then stop.

Step 2. Find the vector field E as a solution of Equation (18).
Find the projections of its backward shifts up to the order
n—1.

Step 3. Compute the Lie brackets (22) and (23) for j =
0,...,n — 1. If all these Lie brackets satisfy the conditions
(i) and (ii), take s = 0. If not, then find the greatest inte-
ger 1 € [0,...,n— 1] such that (i) and (ii) hold for all
gi=hr, E(_j>”,l,j =0,...,l Takes=n—1—1.

Step 4. Define the first set of new coordinates X; = yi~1, i =
1,...,s+ 1.

Step 5. Compute the Lie derivatives of y'* and & with respect to
3/0u'®, k = 0,...,n — 1.1fall Lie derivatives with respect
to d/ 9u'® in (iii) and (iv) identically equal to zero, take
r = 0.Ifnot, taker € {1,...,n — 1} as the smallest integer
such that (iii) and (iv) are satisfied.

Step 6. Construct the matrix M as in (28) and compute its left
inverse (29). Its rows are the 1-form 6 1,...,0;.

Step 7. Find the remaining state coordinates X; = W;(x, u,

.,u<r—1>), i=s+2,...,n as in (31). Below we will
demonstrate how to find the coefficients g;; and Bik. Take
the exterior derivative from both sides of (31) to get

$ r—1
do; + ) dBiy(®) A d¥g + ) dBr(®) A du =0,
=1 k=0

i=s+2,...,n

This results in a system of partial differential equations for
finding Bi; and Bir as the functions of x, u, . . ., u" 1. This
system is, in general, underdetermined, so that one has cer-
tain freedom in the choice of 8;; and Bir. The goalis to keep
the 1-form (31) as simple as possible. The new coordinates

Xi=Vi(xu,..., u(H‘l)) will, in general, also depend on
arbitrary additive functions of variables X; = y,..., X, =
YOy, ull,

In the limiting case s = r = 0, one recovers from Theorem
4.1 the result for the classical observer form when the injection
terms do not depend on the shifts of input and output, as in
Mullari and Kotta (2023).

Corollary 4.2: Under Assumption 3.1, the system (14) can be
transformed via a state transformation X = W (x) into the clas-
sical observer form

1 .
X§>=Xi+1+(ﬂi()’;u)» 1:1,,..,1’1_1)
X;{LD - (pn(y$ u)) Xl :y’

if and only if the following conditions are satisfied:

[ 0
82;(_9) ’

(a)

[1]

(l)”i|50, q,l:l,...,n_l;
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(b)

(©

ad
[m,a}=0, k:0,,1’l—2

Moreover, the new coordinates X = W (x) can be computed from
the system of differential equations:

@Xha“”m”>zsu, il=1,...,n.

Proof: The conditions (a), (b), (c) follow directly from condi-
tions (i) —(iv) of Theorem 4.1 in case s = O and r = 0. |

5. Extended observer form with past values of inputs
and outputs

Note that the future values of input and output may not be avail-
able. Therefore in this section we show that the form (17) can
always be transformed into the alternative extended observer
form where the injection terms do not depend on the future val-
ues of input and output, but instead on their past values. We will
show how to define the new state coordinates necessary for such
transformation.

Consider a more specific representation of the form (17),
defined as

xV =Xy,  i=1,...,s
Xi<1> = Xit1 + 0i(y, - . . ,y(5>, u,. . ulh,
i=s+1,...,n—1, (41)
XV =@,y u, Ul
y=X1.

If one takes r = max;{rj, i = s+ 1,...,n}, then Equation (41)
is in the form (17). The form (41) allows us to specify the max-
imum values of ;. Since the i/o equation of (14), and therefore
also of (41), is in the form

n
y(n) _ Z §01~<n71>,

i=s+1

and the i/o equation may depend on the forward shifts of u up
to the order n—1, then one musthaver; +n — i < n — 1, which
leadstor; <i— 1,i = s+ 1,...,n. Inthis section, we show that
Equation (41) can always be transformed into the form

1 - _ _
Z,-( ) =Zi+1+¢i()”~-~))/< N uy . uTN,
i=1,....,.n—N—1,

Z = Znnt + Gun Gy TN Ul
-0, u)(—N>’ (42)

ZMN =Zi, i=n—N4+1,..,n—1,

zV =y, u),

y =121

where N = max{s,r}, ¥ (y,u) =y if z=wu and ¢y (y,u) = u if
z = y, by a parametrised state transformation of the form Z =
U0, 2N s ut ),

The latter form is obviously preferable from the practical
point of view since the future values of inputs and outputs
are not, in general, available. The reason why in this paper we
have transformed the state equation (14) into the form (17),
is twofold. First, this route is, in general, more simple to use
and is directly suggested by observability assumption (Assump-
tion 3.1). Second, the results of this paper generalise those
from Mullari and Kotta (2021b) on possible transformation of
Equation (14) into the classical observer form where in (17)
s = r = 0. Note that the approach in this paper follows the one
of Mullari and Kotta (2021b). Transformation of the state equa-
tions into the form (42) would require to use the analogues
of the 1-form (16) that rely on backward shifts of the output
and construct the parametrised state transformations using the
analogue of E and its forward shifts.

The idea of transforming Equation (41) into the form (42)
is based on the fact that one can move the injection terms ¢;,
i=s+1,...,n,to different locations in the state equations. By
this we mean that there exists a parametrised state transforma-
tion such that when ¢; affects the forward shift of ith original
state variable, then (pi(ﬂ) affects the forward shift of the (i — 1)th
new state variable. For example, consider a parametrised state
transformation

XiIX,', i:l,...,S,

- 1 .
}(]2)(]_¢]( )’ ]:s+1,...,ﬂ_1>

Xn =X, — (P;_l) + I/I()’) U)<_1)~

Straightforward computations show that the transformed equa-
tions are in the form

XV =%, i=1,...,5—1,

X = Xir1 + o Y,y b,
i=s,...,n—2,

~ 1 ~ S p— —

O I e I e )
— Y,

XV =y uw,

y=X,. (43)

Note that in (43) all the injection terms are shifted back once.
Thus Equation (43) depends on y, u, their one step backward
shifts and forward shifts up to the order N—1. One can repeat
similar transformation until there are no more forward shifts
of u and y affecting the state equations. Note that the latter
can always be done since r; < i — 1. Finally, one ends up with
equations of the form (42). Note also that the term ¥ (y, u) is
added to the transformations and Equation (42) just to make
the parametrised state transformation invertible. Otherwise the
variable X, = X,, — (p,g_l) = 0 in the above transformation.
Altogether we get the following result.

Lemma 5.1: The system in the form (41) is always trans-
formable into the form (42) by means of the parametrised state



transformation
ZiZXi—Fj+Ti) i=1)---)n$ (44)
where
0, fori=1,
min(i+N—1,n)
Fl = Z ((pk (y, e ,y<s>, (45)
k=max(i,s+1) ]
u,...,u“k)))(l_k_l), fori=2,...,n,
and
0, ori=1,...,n— N,
T = one) % _ (46)
vy, u) , fori=n—N+1,...,n

Proof: Note that the output equations of (42) and (41) are
identical according to (44) for i = 1. Next, shift forward (44),

substitute the right-hand side of (41) for Xim, and then replace
Xi+1 in accordance with (44). This results in
Z,m =Zit1+ Qi+ Ty — F,-m + T,-m = Yit1,

i=1,...,n—1, (47)

A
where

9 0, fori=1,...,s,
T (p,-( ,...,y<s>,u,...,u(”)>, fori=s+1,...,n.

Taking into account that

r, -

min(N+1,n)

_ Z O <y<7k+1), o ’y(skarl)’
k=max(2,s+1)

uokn u(rk—k-‘rl)) ’
1
Ty — 1Y
PitN (y<_N>, Ly,
u(_N>,...,u<”+N_N>), ifi<s,i<n-—N,
0 ifi<s,i>n—N,
= 19N (y<_N>,...,y<S‘N>,
uN), L ytrien )
—<pi( ,...,y<5>,u,...,u(’f)), ifi>s, i<n—N,
—; (y,...,y“),u,...,u(r")), ifi>s, i>n—N,

fori=2,...,n—1,

(@, WM ifi=n—N,

0, otherwise,

1
Ti(>—Ti+1={
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TS =@,y u,. . u™)), and TS = (y,u), one
may verify that (47) leads to (42), where

min(N+1,n)
§1 = Z ok <y<—k+1>’ LR
k=max(2,s+1)
ukn u<rk—k+1>> i
Gi = QirN (y<—N>, SN N u(r,-+N—N>)
fori=2,...,n—N. |
6. Example
Example 6.1: Consider the reversible system:
x§1) = X3, xé” = xu + X3 + X4, xgl) = X3 — X1,
AV =x =
4 = X1X3, Y = X3.
Taking z = u, one obtains
— b — X4+ X1X —
x§ n_ X xé”: kL R
X1 X1

LD x1( — x1) — (4 + x1x3)2 7Y
= )

X1
To check the validity of Assumption 3.1, compute

y=x3 yW=x-x, Y =xu+x,

3 = (opu 4 x4 + x3)u'V + x1x3,

x(
and
w1 = —dx; + dxy,

w3 = x3dx; + uutVdx, + @V + x)dxs + utV dxy.

wy = dxs, Wy = udxy + dxy,

The obtained 1-forms wy are linearly independent. Then (18)
takes the form

(dx3, B) =0, (—dx;+dxz, E)=0, (udx;+dxg, E)=0,

(x3dx1 + uuMdx, + (u“> + x1)dxs + u'Vdxy, E)=1,

- 1 0 n 0 0
E=—(—+——-u—).
X3 8x1 8x2 8x4
Since now n—1 = 3, to check the conditions of Theorem 4.1, we

have to compute the projections of the backward shift of E up
to the order 3. Compute first

yielding

(48)

dx§1> = dx;, dxél) = udxy + dxz + dxg + x2du,
dxé1> = —dx; + dx;,,
dxz(ll> = x3dx; + x1dx3,

to get
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0 0
BT = — p — 49
8x2 + 3X3 ( )

One can easily see from (48) and (49) that the vector fields
g, 217 and 227 commute and their coefficients do not
depend on the backward shifts of z, i.e. the conditions (i) and
(ii) of Theorem 4.1 are satisfied for /,j = 0,...,2, suggesting
s = 1. Then, according to (25) and (27), one can take X; = y =
x3,X2 =y<l> = X2 — X1.

Next determine the value of r from (iii) and (iv). Checking
(iii) shows that y and y<1> do not depend on u and its forward
shifts, but since the coeflicients of & depend on u, the condi-
tion (iv) points to r = 1. Consequently, the remaining new state
coordinates X3 and X4 must be the functions of x and u. Find
them from (26), which now takes the form

<d\yi, a<*l>"> =i i=34 1=0,1,2

For this purpose construct, according to (28), the matrix

1
0 0 %
M= g7 gibr g = L0
0 0 O
01 —%
and compute its left inverse
-1 1 0 0
=l u 0 0 1
x3 0 0 0
From above we get
03 = udx; + dxs, 64 = x3dx;.

Next find the total differentials d¥; and dW, as the linear
combinations of 63, 04, d¥; and du as in (31):

dWs = 05 + B31dW; + Bsodu
= udx; + dxg + ,331dx3 + B3odu,

AWy = 04 + Ba1dW + Baodu = x3dx; + Bardxs + Paodu.
(50)

Computing the exterior derivatives of the 1-form (50) yields

B) 2B
—’331 dx; A dxs + —'330 —1)dx; Adu
ax1 9x1

a
+ ﬁde N dx3
aJC2

0B31

Ny
+ﬁdx2/\du+—dx3/\dx4
8x2 8x4
3B B)
+< Bz '331>dx3/\du
0x3 u
Y
+ 2P0 Gy ndu=o,
8x4

d d
ﬂ—l dxl/\dx3+ﬂdx1/\du
9x1 0x1

9 a8
+ ﬂdxz A dis + ﬂdxz A du
8XZ 8x2
9 a8 9
_ 9Ba dis A dos 1+ B Pa ds A du
0x4 0x3 ou
.
+ ﬁdxwduzo. (51)
8X4

The exterior derivatives (51) can identically equal to zero only
if all their coefficients vanish. This results in a system of par-
tial differential equations to solve for f; 4 and 5?0' Since the goal
is to get the simplest 1-form (50), we require that majority of
the coefficients are equal to zero, so that system of equations is
still satisfied. The simplest non-zero choice is 530 = B4 = x1,
resulting in

d¥; =03 + x;du, dW¥, = 04 + x1dxs.

That is, the parametrised coordinate transformation is

X1=x3 Xp=x—x1, X3=xju+x4 X4=x1%3,
with the inverse
‘xl = _’ 'x2 == —, x3 :X17
X3 X3
X1X3 - X4u
Xg= —————.
X1

The state equations in the new coordinates are

Xil) =X, Xé” =X3 ~|—y(1>u, Xél) =Xy + yu,

xM =0, y=x. (52)
Below we will show how to go from the extended observer
form (17) to the alternative form (42) where the input-output
injection terms do not depend on future values of inputs
and outputs. Using the parametrised state transformation (44),
transform Equations (52) into the form (42), taking N = 1.
From (52) we have

02y uuy =y, o3,y uu) = yu,

<p4(y,y<1>, u, u(l)) — yy(l)'

Compute now the coordinates Z;,i = 1,...,4 with the help
of (44).

Fori = 1, from (45) and (46) follows respectively that '} = 0
and Y, = 0; therefore Z; = X;.

For i =2, in (45) min(i+ N — 1,n) = 2, max(i,s + 1) =
2, resulting in Ty = (@2(y, yV, u, uf)) 71 = (M) (1) =
yu'=V. Form (46), one additionally gets Y, = 0. Therefore Z, =
Xy — yu(_”.

Fori = 3,in (45) min(i+ N — 1,n) = 3, max(i,s + 1) = 3
and 50 T3 = (020, yV, 1, ulD)) (1) = (gag) (1) = (=1 (=),
Form (46), one additionally gets Y3 = 0. Therefore Z3 = X3 —
YDyl

For i = 4, in (45) min(i+ N — 1,n) = 4, max(i,s + 1) =
4,and so [y = (<p4(y,y<1>,u,u(1)))(*1> = (yy(1>)(*1) =},<*1)y.



Form (46), one additionally gets Yy = y‘~1, and s0 Zy = X, —

Yy -.
The inverse of the parametrised state transformation

Zi=X1, Zy=Xo—uVy, Zy=X3—ul"Vy=,
Zi=Xs =y -1
is
Xi1=2Z1, Xo=2Z+u"Vy, X3=2z34+uTVy0,
Xo=Zs+yVy—0.
The state equations in the transformed coordinates are
20 = 7z, 4 ul Yy, Z =z 4y,
2V =z 4y Ny -1,z =y

Example 6.2: Examine a hydraulic press with the vertical cylin-
der, lifting the load upwards via pumping oil into the chamber
under the piston. The state equations of this system can be
described by

(1)

X =x1 +xT,

S(xz3 —x4) —mg — uxy | T
x§1)=x2+[ S Mg 2] 5

(53)

) Bu—x)T
X3 =Xx3+ >

(Io + x1)
xfll) :C_X3, Yy = X1

see Equation (14), adapted to upward movement, in Mullari
and Schlacher (2014). In (53), x; and x; are the position of the
piston and its velocity, respectively, x3 and x4 are the pressures
under and above the piston, respectively, and T is the sampling
time. The constants have the following meaning: m is the mass
loaded on the piston, S - the effective piston area, y — the damp-
ing coeflicient, Iy — the height of the chamber under the piston,
and B - the isothermal bulk modulus of the oil and C - the sum
of the pressures under and above the piston. We consider here
the so-called saving circuit, where C is kept constant. The input
u in (53) is the volume of oil, pumped into the chamber under
the piston during time T, divided by S. It can be computed by
formula u = US/S, where S is the effective area of the piston of
the pump between the supply tank and the chamber under the
piston of the hydraulic press. U is the distance, by which the pis-
ton of the pump moves downward during time T, i.e. U is the
variable by which the required value of u is achieved.

Taking z = u, compute

_ (@ —x)B+ (C—xa—x3)ho

M B+C—x4—x3
A uTUB (C— x5 —x4)(lo +x1)
2 B+C—x3—x4 TB+C—x3 —x4) ’
xé_l) = C — x4,
L0 Cox—x)lo+x)m | mxy
4 T2S(B + C — x3 — x4) ST

INTERNATIONAL JOURNAL OF CONTROL 1

u=Vmp — (€ — x3 — x4) (o + x1)
ST(B+ C—x3 — x4)
(mg +S(xa — O)(B+C—x3 —x3) + pu VB
B SB+C—x3—x4) ’

=+

Compute, using the symbolic software, the forward shifts of y
up to the order 3, to get

)’<1> =x1 +xT,

S(x3 — x4) — Mg — x| T?
y(2>:x1+x2T—i—[(3 4) Mg ,LLZ] ’

whereas the expression of ) is too lengthy to present here.
Note that Assumption 3.1 is satisfied. Next we find the 1-form
w,l=0,...,3,of (16), getting

wo =dxy;, w; =dx; + Tdx,,

(uT —2m)T  ST?

wy =dx; — i + 7((1363 — dxy),

and omitting again ws. Using symbolic software, compute from
Equations (18) the vector field

o m a n 0
ST s \oxs | axa /)
Since n—1 = 3, to check the conditions of Theorem 4.1, we have

to compute the projections of the backward shifts of E up to the
order 3. Find first

(54)

Al = dx; + Tdx,,

(uT —2m)T ST?

dxy + —(dxs — dxy),
m

(0 _ (x2 —u)ﬂde BT
o+x)2 ' l+x

Al = dx, —

dx; +dx3, dxg = —dx;

to get

gl-pw __m (0 0
ZSTZ 3X3 8X4 ’

gow L9 o om (0 9
T 8XZ ZSTZ 8x3 3X4 ’
gm0 2m—pT 9
axl mT 8xZ

B+C—x3—x4 m d
(Tu<_1> —Iy—x1 ZSTZ) 9x3
m 0
2ST? Oxy

(55)

From (54) and (55), it is obvious that the vector fields 2, (17
and 227 commute and their coefficients do not depend on
the backward shifts of z, which is not the case for £¢=37 . That
is, the conditions (i) and (ii) of Theorem 4.1 are satisfied for I,
j=0,1,2, suggesting s = 1. Then, according to (25) and (27),
onecantake X} =y = x1, X = y(1> =x1+xT.

Checking conditions (iii) and (iv) shows that since neither y,
y1 nor the coefficients of E do not depend on u and its forward
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shifts, we get r = 0. Consequently, the coordinates X3 and X4
must be the functions of x only. Equation (26) to find them takes
now the form

<d\IJi, E<—l>”> =i i=3,4 1=0,1,2

To solve the above equations, construct as in (28), the matrix

0 0 0
1
= 0 0
M=[g27 g g] = A m o om
28T? 28T 2S8T?
m m m
28T? 28T?  2S8T?
and compute its left inverse
0 T 0 0
0 T ST? ST?
®= m m
ST>  ST?
o 0o — —
m m

The rows of the matrix ML_1 are the total differentials and so

ST?
dW¥; = —Tdx; + — (dx3 — dxy),
m

ST?
d\I’4 = —(dX3 + dx4).
m

To conclude, the parametrised coordinate transformation is

Xo =x1 +xT,

ST? ST?
Xs=—xT+ (3 —x4)—, Xy=—(x3+x4)
m m

X1 = x1,

with the inverse

x X, — X
X=Xy X = ——,
1 2 2 T
X+ X3+ Xo —X1)m
'x3 = bl
28T?
Xy —X3 —X +X)m
X4 = .
28T?

The state equations in the new coordinates are, taking into
account that X; = yand X, = }’<1>,

— "IN uT
X0 = x,, x = x4y — 2y g2 4 Y ym)u ’
ST3up — T?
—(y+lo)(gm — CS) + (V) — y)S
X§1>=X4+[y 0)(g » sl
m(lp + y)
_ —uT
+(y Y (m—p ),
m
X CST?  ST3uB + (y — y"HST?B
Y om o+ lo)m ’

7. Conclusion

The problem of transforming the discrete-time state equations
into the extended observer form has been studied. The nec-
essary and sufficient conditions for the existence of the state
transformation have been formulated in terms of the backward
shifts of the vector fields, defined by the system dynamics, for the
case when the state equations are not necessarily reversible (with
respect to the state variable). The method to find the required
state transformation has been given. The earlier results on the
classical observer form follow directly from the main theorem.
Finally, a method has been suggested to transform the obtained
extended observer form into an alternative form, where the
injection terms do not depend on the (non-available) future
values of inputs and outputs but instead on their past values.

Although all the necessary computations to find the required
transformation are given in the paper, for some systems these
computations may become difficult to do. In particular, the
computation of backward shifts of system variables or partial
differential equations may not have an analytic (or even closed
form) solution. However, similar problem occurs in previous
solutions relying on the i/o equation, too.

Notes

1. Note that under Assumption 3.1 the problem is always solvable for
s=r=n—1.

2. Though X, is already given by (27), we have to include 651 = dW,;
into the matrix © to satisfy the conditions (§;, &(~"++17y = 0, i =
s+2,...,n.
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Appendix 1. Proof of Lemma 2.3

Note that if (a) and (b) hold, then by Lemma 9 in Mullari et al. (2017), (13)
holds. Next we will show that from (a) and (b) follows also the existence of
m additional independent functions W;(x), i = 1,.. ., m, satisfying (12).

If (a) holds, i.e. the vector fields E;,/ =1,...,m, are linearly inde-
pendent, then we can define m linearly independent I-forms w; =
Z;’:I Ajq(%)d%x, such that

(0n B) =8 il=1,....im. (A1)

This is possible, since (Al) gives m? constraints on m - 1 coefficients Aig.
So, there is /(i — ) degrees of freedom to define the 1-form w;.

Show next that the 1-form satisfying the conditions (13) and (A1) are
also jointly linearly independent, i.e.

dimjx (spam,C {wi, i=1,...,m, d\llj,j:ﬁq—l-l,...,?t}) =n (A2)

INTERNATIONAL JOURNAL OF CONTROL

Suppose by contradiction that this is not the case, i.e. there exists a 1-form
dvy; = Z:’;l Vji(X)w;, where at least one coefficient yj; is non-zero. Then,
by (A1), {(d¥;, E/) = y;;, which contradicts (13). Consequently, (A2) holds.

It remains to be proven that the 1-form w; can be chosen to be the total
differentials. That is, their exterior derivatives

n q—1 )
do =33 (3312; _

q=2 k=1

dAiq
9%y

) dxg A dxg

identically equal to zero. This is possible, if dA;/dx; — dAjq/dxx = O for
allg=2,...,1,k=1,...,q — 1.Because this expression is obviously anti-
symmetric with respect to changing indices g and k, then also dA;;/9x —

0Ai/0x; =0 forallk =2,...,n,q=1,...,k — 1. The last two formulae
result in
0A; 0A;
ik S04 g, =1, kq=1,....7 (A3)
0xy 0Xk

Consequently, the fact that the 1-form w; are the total differentials, is
equivalent to (A3). To prove (A3), write (A1) componentwise,

(wis ) (A4)

ZA,q(x)sqz<x> =8 bl=1,...
q=1
and compute their partial derivatives with respect to x. Taking into account

the product derivative formula and the fact that the partial derivative of
Kronecker delta identically equals to zero, we obtain 7 - ” equalities

n n
BAZq &g _
Y Gttr= - LAl k=t

9=1
Apply the Lie derivative to both sides of (A4), taking into account that the
Lie derivative of §;; as a constant identically equals to zero, to get, after
adding two last terms whose sum equals to zero,

(A5)

n

~ 0Ajq &g 08,
Lg; (wi, 81) = Z (Tﬁ_cksqlékj +Aiqﬁ‘§kj +Aiq373_6k%'kl

k,q=1
&
1q a—q] Ekl) (A6)
Condition (b), i.e. the equality (11), written componentwise, is
" [ [0y €, 3
> (- )| 2= w
g=1 Lk=1 k k 4

The left-hand side of (A7) is the zero vector field, if all its coefficients
identically equal to zero, i.e.

d 0
Z ( Sql&' K~ Eq] Skl)

k=1

k=1,...,7. (A8)

Rewrite (A6) as
7

04, a9 il
> ( qquEk] + Aig ; Skl) + ZAtq Z ( “ul & — éw é‘kz)

kgq=1 q=1 k=1

Due to (A8), the second sum on the left-hand side identically equals to zero
and we obtain

0A;
Z < qéqlsk] zq ag_ %-kl)

kg=1
which, by (A5) results in

04;
Z < : é‘qlg‘-k]

kgq=1

dAig

- i =0

P Sq,/fkl)
After changing the summation indices k and g in the second term, we obtain

n

0A; 0A ..
E ( 8; — BECZ )gq,gkj =0, iLjl=1,...,m
kq=1 k 4

(A9)
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To complete the proof, it remains to be shown that if (A9) is valid, then one
can choose the 1-form w; to be the total differentials of certain functions
W;(%):

i=1,...,m,

Ny = i L....7
'q_aicq’ q=1,...,1n,
or equivalently, that (A3) is valid.

Define the (7 x m)-matrix M = [E] ... Ej] with columns being the
vector fields E;. By assumption (a) of the lemma, rankxc M = m. Obvi-
ously, one can reorder the coordinates x so that the upper (rn x #1)-block P
of matrix M, whose elements are Py =&y, g1 =1,...,m, has the generic
rank m.

Recall that A;; must be chosen so that (A4) holds. Because the num-
ber of 1-form w; is m, one has to determine m - i1 coefficients, whereas the
system of equations (A4) contains only 77> independent equations. There-
fore, m - (n — m) coeflicients Aj; can be chosen freely as follows. Define
,Xn),i=1,...,m, and, for each
, 71, as the partial derivatives

i independent functions W; (X1, . ..
w;j, choose its coefficients Ajg,q =m+1,...

below
IV, . _
Aiq:%, i=1,....,m, g=m+1,...,n (A10)
0xy
The remaining Ajq,q = 1,...,7, as m> unknown functions, can be

uniquely found from (A4).
Since the partial derivative operators commute, then due to (A10)

dAig dAw _ o o

kq=m+1,...,a  (All)

X 0%

By (A10) and the choice of the functions W; (X1, - - ., Xi),i = L,...,m,
0Ajq _ _ _
— =0, g=m+1,...,h, k=1,...,m. (A12)
0Xk

Then, due to (A11) and (A12), all expressions in the parentheses of (A9),
where at least one index k or q is greater than m, identically equal to zero
and (A9) reduces to

M C9Al AR _
Z( 4 _ 1>§qlfkj50» Ljpl=1,...,m.

X dX,
k,q=1 k 9

(A13)

For each fixed i, (A13) can be interpreted as the product of three matrices:

PTQiP = O (A14)

where 077, is the (m x ) zero matrix, and the elements of the (m x m)-
matrix Q; are

iy Ay
0w 0%

Qikg = , hgk=1,...,m
We need to show that Q; is the zero matrix. Recall that the generic
rank of P (and also of PT) is 7 and, because PTQ;P is, due to (Al4),
the zero matrix, then rankc PTQ;P = 0. According to the Sylvester for-
mula, rankg (PTQ;P) = min(ranky P, ranki Q;), therefore rankx Q; =
0, which is possible if Q; is the zero matrix and (A13) holds.

So, by (A2) one can define 7 independent functions W;(x),i = 1,..., 1,
as the new coordinates X = W (x) such that (12) and (13) hold. O
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