N
N

N

HAL

open science

Modelling and structural properties of distributed
parameter wind power systems

Hugues Mounier, Luca Greco

» To cite this version:

Hugues Mounier, Luca Greco. Modelling and structural properties of distributed parameter wind
power systems. 22nd International Symposium on Mathematical Theory of Networks and Systems

(MTNS), Jul 2016, Minneapolis, United States. hal-01322843

HAL Id: hal-01322843
https://centralesupelec.hal.science/hal-01322843
Submitted on 28 Apr 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://centralesupelec.hal.science/hal-01322843
https://hal.archives-ouvertes.fr

Modelling and structural properties of distributed
parameter wind power systems

Hugues Mounier®, Luca Greco*
*Laboratoire des Signaux et Systémes
CentraleSupélec, 3, rue Joliot Curie,
91192 Gif sur Yvette, FRANCE
Email: {hugues.mounier,luca.greco} @12s.centralesupelec.fr

Abstract—We examine two distributed parameter models for
strings of generators connected to a wind farm. We show that
these models boil down to delay systems either with or without
continuous dynamics, depending on the type of the chosen
boundary conditions. We then investigate the differential flatness
of the systems, giving some solution to the actuation placement
problem (i.e. where to place the farms along the generators
string).

Index Terms—Infinite dimensional systems, rings, modules,
controllability, differential flatness, wave equation, wind power
systems.

I. INTRODUCTION

Inter area oscillations is a known and annoying phenomenon
in power systems. A simple yet representative modelisation of
this phenomena can be done through a distributed parameter
system of hyperbolic type (namely a wave equation) by assum-
ing a distributed placement of strings of generators ([3], [22],
[28], [37], [41]). The involved wave equations are amenable to
delay systems, the study of which has a rich literature. Quite a
few authors have used algebraic techniques ([1], [7], [16]). We
here envision the problem using module theoretic techniques,
which have been used for delay systems ([8], [12], [14] as
well as for distributed parameter systems [15], [26], [33],
[40]). The main advantages of this approach are threefold:
notions are intrinsic to the system, many controllability notions
can be recast in this setting using extension of scalars, and
a complete system parametrization is obtained through the
freeness property (the linear analogue to differential flatness
of lumped nonlinear systems).

The module properties of torsion freeness, projectivity and
freeness, as well as the change of base ring through tensor
product (i.e. extension of scalars) give rise to a huge number
of possible controllability notions. One can then combine the
choice of the base ring (the simplest, i.e. the nearest to a
principal ideal domain, the better) and the module property
(the strongest, i.e. the nearest to freeness, the better) to obtain
a basis which can generate all the distributed system (such a
system can be viewed as a collection of input/output systems
parametrized by the spatial variable).

The paper is organized as follows: in a first Section, the
module theoretic setting is recalled, including the module asso-
ciated to a distributed parameter system and its controllability
properties. In a second one, two modelizations are reviewed,

one stemming from the literature, and another new one. The
control appearing at the boundary is supposed to come from a
wind farm. We then show that the first input/output model is a
purely discrete one (i.e. it has no continuous dynamics, from a
control perpective) and that the second is a neutral distributed
delay one. In a third Section, the controllability properties of
the two systems are given, wherefrom a placement of the wind
farm can be deduced.

II. MODULE THEORETIC SETTING
A. R-linear systems

We shall consider in this section quite general definitions
for linear systems viewed as modules over a ring. In the
next section, we shall be more specific in order to describe
boundary value problems as modules over a ring parametrized
by space.

Definition 1: An R-system A, or a system over R, is an
R-module. A presentation matrix of a finitely presented R-
system X is a matrix P such that ¥ & [v]/[Pv] where [v]
is free with basis v. An output y is a subset, which may be
empty, of A. An input-output R-system, or an input-output
system over R, is an R-dynamics equipped with an output.
The next definition allows, by extension of scalars, to obtain
much nicer algebraic properties when needed.

Definition 2: Let A be an R-algebra and A be an R-system.
The A-module A ®p A is an A-system, which extends A.

B. Boundary value problems as systems parametrized by
space

We shall here consider boundary value PDE systems as
modules over rings. A space parametrization is embedded in
the chosen rings.

1) Model class: Models are here considered as space
dynamics with time differential operator coefficients.

Distributed equations: The envisioned model equations are
based on a Cauchy-Kowalevski form:

dpw; = Ayw; + Biu, w;:Q — (D*)?, wue (D)7,
A; € (R[Gy])P*Pi) B; € (R[9))P*™, i€ {1,...,1} (la)
where wi,...,w; are the distributed variables, the lumped

variables are w = (uy,..., ), and D'* denotes a space of
(ultra -) distributions.



Assumptions: We shall make two assumptions:

o The intervals €q,...,€); are given by an open neighbor-

hood of
Qi = [0, mi1], bi=2i1— 20 =il
[0, @i 1] Ti1 — Ti0 =4 (1)
qi € Qa teR
Without loss of generality, assume x; o = 0.
o The characteristic polynomials of the matrices A1, ..., 4;
can be written
Pi(\) := det(A — A;) Za“,)\” (1c)
Z a/iﬂ/,;,b t (ld)

v+p<p;

with a; ;1 € R, a;,0 = 1. Moreover, their principal
parts A ;0,0\ are hyperbolic w.r.t. the time
t, i.e. the roots of ZMJW:M ai%u/\j are real.

Remark 1: Note that the above assumptions apply to most
spatially one-dimensional boundary controlled evolution equa-
tions including Euler-Bernoulli or Timoshenko beam equa-
tions, more general parabolic diffusion-reaction-convection
equations, damped and undamped wave-equations, etc. The
only notable exception is the case where the maximal order
derivative is a mixed one, such as, e.g. models of structural
damping (ad; + 1)(8% — 07)w =

Boundary conditions: The models are completed by the
following boundary conditions

Zsz

with D € (R[0;])?*™ and L;, R; € (R[0;])?*P:.

2) Solution of the Cauchy Problem: Some properties of the
solution of the Cauchy problem (la) with initial conditions
given by z =&, i.e.

)+ Ryw;(¢;) + Du =0 (le)

O,w = Aw + Bu, w(§) = w; 2)

with A € (R[9,])P*P, B € (R[9;])P*9 as assumed in the
previous section for A;, B;, will be used. The notation of the
previous section is used in what follows, dropping the index
ie{l,...,1}.

Consider the initial value problem

P(0.)v(z) =0, (0v)(0)=v; € E*(R), j=0,...,p—1
3)

associated with the characteristic equation
E G
5,0

Zaﬂ o 4=
J+us<p

According to [18, Thrm. 12.5.6] or [30, Thm 2.5.2, and
Prop. 2.5.6] the initial value problem (3) has a unique solution
which may be written as

P()) := det(M — A)

where the juxtaposition of symbols means convolution and
Co,...,Cp—1 are smooth functions mapping € to the space
of compactly supported Beurling ultradistributions £ *(R) :=
E'®/(=1)(R) of Gevrey order p/(p — 1). The functions

Co,...,Cp_q satisfy (k,j € {0,...,p—1})
1, k=j
arC;(0 ’ 4
0 = {O oy )
and
8$Cj ZCj_l —aij_l, ]Z 1,...,])—1, (5)
8ZC() = —aon,l. (6)

With this preparatory steps, the unique solution x — ®(z, §)
of the initial value problem (2) can be expressed as

yHwe +¥(z,&)u. @)
Therein, ®(x,£) € £*(R)P*P is the fundamental matrix of
the initial value problem

w(z) = (z,§)w(z),

and W(z,&) € E*(R)P*™ corresponds to the particular
solution of (2) with vanishing data w¢ = 0.

Explicit expressions for & and ¥ can be given using the
ultradistribution-valued functions Cy, ..., Cp_1

p—1 ,
=Y AC;(z—¢)
j=0

w(z) = d(x

w(§) = we

\I/(a:,g):/£ ®(z, ()d¢B.
(8)

Substituting the general solutions of the initial value prob-
lems into the boundary conditions, one obtains the following
linear system of equations:

w(z) = WE(x)CE’ ché = 0. )
Here, £ = (€1, ,&n)s ¢ = (wi(&) - w (&) u),
Py (x,61) O 0 Uy (x, &)
0 e Oz, ) Wi, &)
P{ = (Pﬁ,l"'PE,lJrl)
with

Pe ;= Li®i(0,&) + Ri®i(£i, &),
!
Perp =D+ ZLi\IJi(O>§i) + RV, (4, &).
i=1

i=1,...,1

A possible choice for the coefficient ring is the ring RE =
C[0:, &x, GL], with X C R and

Gx ={C(z0),S5(z0)|z € X},
={C1(20), 8" (20)|z € X},



{ defined as in (1b), and

) = ’ Ha) = ’ .
s () /OS<<>dc, () /0 C(Q)dc

Inspired by the results given in [23], [1], [16], and in view
of the simplification of the analysis of the module properties,
instead of the ring R%, we shall use a slightly larger ring,
given by Rg = C(8,)[Sr] N E™.

Definition 3: The convolutional system ¥ associated with the
boundary value problem (1) is the Ri-module generated by
the elements of ce with presentation matrix Pe. By Y (resp.
2ig) we denote Yg = Rr ®p1 X (resp. Lg = Rq Qg1 X).

C. System controllabilities

1) General controllabilities: In this section we emphasize
several controllability notions which are defined directly with-
out referring to a solution space. Let us start with some purely
algebraic definitions:

Definition 4 (see, e.g. , [12, Def. 2.4.]): Let A be an R
algebra. An R-system A is said to be A-torsion free control-
lable (resp. A-projective controllable, A-free controllable) if
the A-module A ®p A is torsion free (resp. projective, free).
An R-torsion free (resp. R-projective, R-free) controllable R-
system is simply called torsion free (resp. projective, free)
controllable.

Elementary homological algebra (see, e.g., [31]) yields

Proposition 1: A-free (resp. A-projective) controllability
implies A-projective (resp. A-torsion free) controllability.

Proposition 2: R-free controllability implies A-free control-
lability for any R-algebra A. More generally, given any R-
system X that is a direct sum of a torsion module tX and a
free module A, the extended system A ®pg ¥ is a direct sum
of the torsion module A ® g tX and the free module A @i A.

Definition 5: Take an A-free controllable R-system A with
a finite output y. This output is said to be A-flat, or A-basic,
if y is a basis of A ®gr A. If A = R then y is simply called
flat, or basic.

2) Bézout character of k[Sg| and Ry:

Proposition 3 ([40, Cor. 3.2., 3.7.]): Let k be a field. The
ring k[Sg| is a Bézout domain, ie., any finitely generated
ideal is principal.

Remark 2: Note that k[Sg] is not Noetherian. Indeed, the
following ideal is not finitely generated: ({.S1/2» | n € N}).

Theorem 1 ([40, Thm. 3.9.]): The ring Rqg is a Bézout
domain.

Corollary 1: For any X D Q, a finitely presented Rx-system
Y is free, if and only if, it is torsion free. More generally
Yx = tXx @ Xx/tEx where tXx is torsion and Xx/t3x is
free.

3) Spectral controllability: In finite dimensional linear sys-
tems theory, the so called Hautus criterion is a quite popular
tool for checking controllability. This criterion has been gen-
eralized to delay systems (see, e.g., [23, Def. 5.1]) and to more
general convolutional systems [38, Def. 10] and [40]. All those
rings may be embedded into the ring of entire functions via the

Laplace transform. This motivates the following quite general
definition.

Definition and proposition 1 (see [40]): Let R be any
ring that is isomorphic to a subring of the ring O of entire
functions with pointwise defined multiplication. Denote the
embedding R — O by .Z. A finitely presented R-system with
presentation matrix P is said to be R-spectrally controllable
if one of the following equivalent conditions holds:

(i)) The O-matrix P = Z(P) satisfies

Jk € N,Vo € C,rankg P(0) = k

(i1)) The module X» = O ®p X is torsion free.

In the case of the existence of a presentation matrix of full
generic row-rank equivalence of spectral controllability and
torsion free controllability has been shown for delay systems
in [23, Thrm. 5.1]) and for M-systems in [39, Satz 4.4]. As
[38, Example. 6] shows, such an equivalence does not hold
for more general presentation matrices. However, for Bézout
domains we have following.

Proposition 4 (see [40]): Let R be any Bézout domain that
is isomorphic to a subring of O with the embedding R — O
denoted by .. Then the notions of spectral controllability and
R-torsion free controllability are equivalent if and only if .Z
maps non-units in R to non-units in O.

We are now able to state the main result of this section:

Theorem 2 (see [40]): A finitely presented Rq-system g
is spectrally controllable, if and only if it is torsion free.

ITI. MODELLING
A. Distributed Parameter System models

Consider a transmission line with series of generators. The
generation GG; and power angle change J; are supposed to
be continuously distributed over the spatial dimension z. The
Rotor dynamics of the i generator is taken to be (see, e.g.

)]
2H; . .
( . ) Gib;+ &5 =P,

(10)

with the following
H; The inertia constant
Qs The electrical frequency with 60Hz base
P,  The real power flowing out the i machine

¢ A damping coefficient
Then, the real power flow from node ¢ to node 7 + 1 over a

lossless line is
EiEiJrl sin(éi — 67;+1)

Li

Py =

with E; the voltage magnitude at bus <.
We then make the following two common assumptions: the
change angle §; is small and E; = 1. With these, we get

(0i—1 — 03) (0 — dit1)

P=Py1;— P "
By substitution, one obtains
2 H; 5’_+£5’_:g5i_5i71 AL 6 — 6ixa



Then, taking the limit AL — 0, and setting

Lo B a(D) &)
_f/o dH(z) = =72, 4= ==
yields, with v = \/377/2HrGr~
25(2,t) +10:6(2,t) = V? 025(2,t) (11)

The corresponding power flow is
1
P(z,t) = —— 0,6(z,1)
gl
This type of model has been used to take into account inter

area oscillation phenomena.
Adding power injection to the previous model leads to

020(2,t) +10:0(2,t) — V2 025(2,t) = W (z,t) (12)
wiht boundary conditions
P(0,t) = P(1,t) =0, or 9.6(0,t) =0.6(1,t)=0

A first model, used in [22], is a point source injection
W (u.1) = pPy(1)3(z — a)

where 0 denotes the delta Dirac distribution, and P, the net
power injected. Another possible model, which we introduce
here, is a power flow injection

W(u,t) = —yPy(t)0' (2 — )

with &' is the Dirac’s derivative, in the distributional sense.
The previous model (12) with point source injection
8t2<5p(z, t) + 1n0:op(2,t) — 1/23351)(2, t) = pPg(t)gp(z —a)

is equivalent to the following model

Vz € [0, al,
970, (2,t) + 00,6, (2,1) — V2 026, (2,) =0 (13a)
0.5, (0,1) =0 (13b)
5, (a,t) = pPy(t) (13c)

Vz € [, L],
705 (2,t) + O8] (2,) — 2 0265 (2,8) =0 (13d)
5 (a,t) = pPy(t) (13e)
9.0 (L,t) =0 (13f)

The other model we introduce, corresponding to the model
(12) with power flow injection:

0207 (2,1) + 04y (2,1) — 2020 (2,8) = —Py (1)) (= — )

is equivalent to the following model

Vz € [0 al,
6y (1) + n@t F(z,t) —v? 8?5;(2, t)=0 (14a)
( 1) = (14b)
9:0% (o, 1) = —’YPg(t) (14¢)

Vz € [a, L],
8?5}'(2’, t) + n@té}'(z, t) —v? 836}"(2’, t)=0 (14d)
00 (o, t) = =Py (1) (14e)
9.6F (L, t) =0 (14f)

B. Point source model solution

General solution: Let us consider the first half point source
model for z € [0, a] (equations (13a)—(13c)):

076, (2,t) + 1045, (2,1) — V2 826, (2,t) =0 (15a)
0.6, (0,t) =0 (15b)
o, (o, t) = pPy(t) (15¢)
The temporal Laplace transform of (15) yields
%6 » (2,8) + 77355(275) - 1/2835;(2,3) =0
0. ;( s)=0
5, (ar,5) = pPy(s)
Freezing s leads to an ODE in space:
520, (2) +nsd, (2) — v %( )=0 (16)
Lw=0 G@=ps a7

where we have kept the symbol 6, by abuse of notation.
The general solution of the previous ODE is investigated
through the characteristic equation in &:

S2+’I78—l/2f220
yielding

E=x¢y/s2+ns==x0(s), with ¢=1/v

Thus, the general solution of (16) is

5 (2) = VR R, eV Sy = 9 e

Boundary value problem solution: Following Subsection
II-B2 and equations (7) to (9), the general solution of (15)
is rewritten as

3y (21) = Col8)iia () + Su(ials),  where
éz(S) = COSh(o’z;)’ S’Z(S) _ %

The sole advantage of using these operators is that:

So(s) =



which simplifies the boundary conditions expressions. The
spatial derivatives of C, and S, are:

0.C. =025,  0.8.=C.
And the spatial derivative of 5; is
0.0, (z,5) = 0*S.jiy + Cafiry

Similarily, the general solution of the second half point source
model for z € [a, L] (equations (13d)—(13f)) and its spatial
derivatives are

5;(27 5) = CZﬂz_l + SZ[L;E

0.0, (2,5) = o S. 0ty + Cojify

The boundary conditions of the point source model (13)

.6, (0,t) =0
5, (a,t) = pPy(t
07 (a,t) = pPy(t

9.0 (L,t) =0

flz =0 (18a)

Cafiy + Saltyy = pPy(s) (18b)
Dol 4 Safily = pPy(s) (18¢)
o?Spit + Crih, =0 (18d)

p_(z7 s5) = CZI:LI;
;'(z, 5) = Cz/l;1 + 52/122
0, ;'(z, s) = 0252,&1,1 + Cfigy

we get the following expressions for /i, /i and iy

fipy =0, (0,5) =0, (192)
[y = 07(0,5) =0, (19b)
ity = 0.5 (0,5) = 5y (19¢)
Thus, the preceding equations (18) become
Cably + Sabdly = Cadry (20a)
028180 + CLoly =0 (20b)
which form the relations of the Rg-system Af = [5;0, 5;0,
5;(;}71@. The presentation of Ag) is then
A A A p0
—C, Cy S &
*oe ek =0 21
( 0 O'2SL CL> ApO ( )

To be more specific from a physical viewpoint, the model
can be written as

Cably + 8adly = Cady (22a)
o288k + Crély =0 (22b)
pP, = Cadry (22¢)

. =Clbg (22d)

55, = CLofy + 5.6, (22¢)

with 6, = 6, (2, ), 0., = 0,5 (2, 5).

9 pz
C. Power flow model solution

General and boundary value problem solution: The general
solution of power flow model (14) and its spatial derivatives
are

07 (2,8) = Cufipy + Safigy 0207 (2,5) = 0*Sufigy + Copiy
5?(27 s) = Cz;&}rl + SZFAL}FQ 62(5;{('2’ s) = U2SZFAL}F1 + Cz;&}rz

The boundary conditions of the point source model (14)

0:04 (0,t) =0
9:6; (a,t) = =7 Py(t)
9207 (a,t) = =y Py(t)
9.6F (L, t) =0
are then expressed as
fipe =0 (23a)

o = —7P,(s) (23b)
JQSa/ljfl + C’au}rz = —7]59(3) (23¢)
o?Spiich + Criify, =0 (23d)

The following expressions are obtained for /iy, ﬂ}“l and /2;?2:

fiyy =07(0,8) =05 (24)
iy =07(0,5) =0}, (25)
iy, = 0.65(0,5) = b}, (26)
We then get the following equations
028adsy + Cably = 078487, (27a)
oSty + Crofy =0 (27b)

which form the relations of the Rqg-system Aé = [5;0, 5;{0,
3?(;}73@. The presentation of Aé is then

—02S, o028 O> SO
o el dt =0 28
( 0 0251, CL Aig ( )
f0



To be more specific from a physical viewpoint, the model
can be written as

02S5adsy — Cably = 0*5ad7y (292)
028165, — Crofy =0 (29b)
P, = 025,07, (29¢)

07, = Cabpy (29d)

0f, = C.bfy+ 8.0 (29)

with 0, =0, (z, ), 5}2 = 5}'(2,5).

D. Associated I/O systems
Point source 1/0 system: To obtain the input/output system,
we should extract from (22) the relation between dp_z and P,

on the one hand and between 51‘)'; and Pg on the other hand.
From (22c) and (22c), we get

Cad,, = pC.P, (30)
Then, from (22a) and (22b):
5 8 ()
025, Cp 5;'0 0
Hence, we get
o () G 5 (Cabo
ok 028, C, 0
wherefrom the expression involving 5;2:
CA'L_QS;)FZ = CA'ZCA'L_asg—O + SZCA'L_QSS_O/
— (6.0 - 08.8,)Cubiyg
—pC_.P, (31)

And, gathering (30) and (31), we get the point source injection
input/output model:

Oag;z = péng
éLf(xS;_z = PCL—ng

(32)
(33)

on which we can see that this model is a purely discrete one,
i.e. from a system dynamics viewpoint, it has no dynamics.

Power flow I/0 system: Similarily to obtain the input/output
system, we should extract from (29) the relation between 5]7Z
and ]59 on the one hand and between (5?2 and Pg on the other
hand.

From (29¢) and (29¢), we get
028,05, = =y C.F, (34)

Then, from (29a) and (29b):

025?(! —C:'a 5}'0 _ 025”&5]70
oS, —C1) \& 0

Hence, we get

o, . e
S [re) = ( ¢ G ) 0*Sadjo
5t —028, 028, 0

wherefrom the expression involving 5};:
S'L_QS}_Z = C'ZSL_QS}_O + SzSL—aS;_O/
= (C’ZC’L - UQSZ§L)UQSQS;O
== CszPg (35)

And, gathering (34) and (35), we get the power flow injection
input/output model:

28067, = — C.P,
S0 bt = —Cy P,

(36)
(37

on which we can see that this model is a second order neutral
distributed delay system.

IV. STRUCTURAL PROPERTIES
A. Point source system

The presentation matrix associated to A% is

Pe=(T0" o8 6)
and the associated minors are:
mq(s) = —02C, 5L (39a)
ma(s) = —CoCL (39b)
ms(s) = CoaCL — 02518 = Cr_q (39¢)

We then have the following proposition

Theorem 3: The Rq-system Ay is Ro-free controllable if,
and only if, C L—o and C‘a have no common zeros in C.

Proof: Common zeros between the minors m; and me

can only be the ones of their common factor C’a. Thus, if
CL_o and C,, have no common zeros, applying Proposition
1 and Theorem 2, Aa is Ro-spectrally controllable. [ ]
When A% is free, a basis may be obtained as follows. Consider
(p1,p2,p3) a solution to the Bézout equation in Rg:

pmi+qgme+rmsz=1
Then, a basis is given by (see, e.g., [24, Rmk IL5, p. 30])
w=p1d, — p25;,B + p35;o
B. Power flow system

The presentation matrix associated to A% is

24 24 A
Py = ( UOS‘“ ;gz gz) (40)

and the associated minors are:
my(s) = —018,51 (41a)
ma(s) = —025,Cr, (41b)
ms(s) = 025,Cp — 028,00 = 0251, (41c)



We

then have the following proposition

Proposition 5: The Rg-system Aé is not Rg-free control-
lable.

Proof: The minors m; to m3 have o = 0 (corresponding

to s = 0) as a common zero. Hence, Aé is not Rq-spectrally

controllable, and hence not Rq-torsion free. [ |
Eet R be the ring RY = C(d;)[0~", Sg] N £'* Then we
ave:

Theorem 4: The system R ®@r, A{é is Rg-free controllable
if, and only if, Sa and SL_a have no common zeros in C.

Proof: Common zeros between the minors m; and mo

can only bg the ones of their common factor S’a. Thus, if
Sr—« and S, have no common zeros, applying Proposition 1
and Theorem 2, A% is Rg-spectrally controllable. [ |

[1]

[2]

[3]

[4]

[5]
[6]
[7]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

REFERENCES

D. BRETHE and J.J. LOISEAU, A result that could bear fruit for the
control of delay-differential systems. Proc. 4th IEEE Mediterranean
Symp. Control Automation, Chania, Greece, 1996, pp. 168—172.

D. BUCHSBAUM and D. EISENBUD, What makes a complex exact?, J.
Algebra, 25, 1973, pp. 259-268.

S. CHANDRA, D.F. GAYME and A. CHAKRABORTTY, Coordinating
Wind Farms and Battery Management Systems for Inter-Area Oscillation
Damping: A Frequency-Domain Approach, IEEE Transactions on Power
Systems, pp. 1-9, 2014.

S.Y. CHUNG and J. CHUNG, There exist no gaps between Gevrey
differentiable and nowhere Gevrey differentiable. Proceedings of the
American Mathematical Society, 133, 2005, pp. 859-863.

V. DITKINE and A. PROUDNIKOV, Transformations intégrales et calcul
opérationnel (translated from russian), Mir, Moscow, 1978.

D. EISENBUD, Commutative Algebra with a View Toward Algebraic
Geometry, Springer, New York, 1995.

A. FABIASKA and A. QUADRAT, Applications of the Quillen-Suslin
theorem to multidimensional systems theory, in Grbner Bases in Control
Theory and Signal Processing, H. Park, G. Regensburger (Eds.), Radon
Series on Computation and Applied Mathematics, de Gruyter publisher,
2007, pp. 23-106.

M. FLIESS, Some basic structural properties of generalized linear
systems, Systems Control. Lett., 15, 1990, pp. 391-396.

M. FLIESS, J. LEVINE, P. MARTIN and P. ROUCHON, Flatness and
defect of non-linear systems: introductory theory and applications,
Internat. J. Control, 61, 1995, pp. 1327-1361.

M. FLIESS and H. MOUNIER, Quelques propriétés structurelles des
systemes linéaires a retards constants, C.R. Acad. Sci. Paris, 1-319, 1994,
pp. 289-294.

M. FLIESS and H. MOUNIER, Interpretation and comparison of various
types of delay system controllabilities, Proc. IFAC Conf. System Struct.
Control, Nantes, 1995, pp. 330-335.

M. FLIESS and H. MOUNIER, Controllability and observability of linear
delay systems : an algebraic approach, ESAIM Control Optim. Calc. Var.,
3, 1998, pp. 301314.

M. FLIESS and H. MOUNIER, Tracking control and m-freeness of
infinite dimensional linear systems. In G. Picci and D. S. Gilliam,
editors, Dynamical Systems, Control, Coding, Computer Vision, pp. 45-
68. Birkhiuser, Basel, 1999.

M. FLIESS and H. MOUNIER, An algebraic framework for infi-
nite dimensional linear systems. e-STA (Sciences et Technologies de
I’Automatique), 1, 2004.

M. FLIESS, H. MOUNIER, P. ROUCHON and J. RUDOLPH, Controllabil-
ity and motion planning for linear delay systems with an application to
a flexible rod, Proc. 34th Conf. Decision Control, New Orleans, 1995,
pp. 2046-2051.

H. GLUSING-LUERSSEN, A behavioral approach to delay-differential
systems. SIAM J. Control Optim. 35, 1997, pp. 480-499.

I.M. GUELFAND AND G.E. CHILOV, Generalized functions; vol. 2:
fundamental spaces (translated from russian), Academic Press, New
York, 1968.

[18]

[19]

[20]

[21]
[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]
(30]
[31]
[32]
(33]

(34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

L. HORMANDER, The Analysis of Linear Partial Differential Operators
1I: Differential Operators with Constant Coefficients , Springer-Verlag,
Berlin, Heidelberg, New York, 1990.

H. KOMATSU, Ultradistributions. I. Structure theorems and a character-
ization, J. Fac. Sci. Univ. Tokyo Sect. IA Math., 20, pp. 25-105, 1973.
H. KOMATSU, Ultradistributions. II. The kernel theorem and ultradis-
tributions with support in a manifold, J. Fac. Sci. Univ. Tokyo Sect. IA
Math., 24, pp. 607-628, 1977.

S. LANG, Algebra, 3rd ed., Addison-Wesley, Reading, MA, 1993.
K.S.T. MAGAR, M.J. BALAS and D.F. GAYME, Adaptive Suppression
of Inter-Area Oscillation using Multiple Wind Power Systems in a
Distributed Parameter Control Methodology, proc. of /9th IFAC World
Congress, Cape Town, South Africa, 2014.

H. MOUNIER, An algebraic interpretation of the spectral controllability
of a linear delay system, Proc. 3rd Europ. Control Conf., Rome, 1995,
pp. 3325-3329.

H. MOUNIER, Propriétés structurelles des systemes linéaires a retards :
aspects théoriques et pratiques. Thése de doctorat, Université Paris Sud,
Orsay, 1995.

H. MOUNIER, J. RUDOLPH, M. PETITOT and M. FLIESS, A flexible
rod as a linear delay system, Proc. 3"¢ Europ. Control Conf., Rome,
1995, pp. 3676-3681.

H. MOUNIER, J. RUDOLPH and F. WOITTENNEK, Boundary value
problems and convolutional systems over rings of ultradistributions.,
Advances in the Th. of Contr, Sig. and Sys. with Physical Modeling,
vol. 407 of Lect. Notes in Control and Information Sciences, Springer-
Verlag, Berlin, 2010, pp. 179-188.

J. OLDENBURG and W. MARQUARDT, Flatness and higher order differ-
ential model representations in dynamic optimization, Comp. & Chem.
Eng., 26, 2002, pp. 385-400.

, M. PARASHAR and J. S. THORP Continuum Modeling of Electrome-
chanical Dynamics in Large-Scale Power Systems, IEEE Trans. Circuits
Systs., 51, 2004, pp. 1848-1858.

D. QUILLEN, Projective modules over polynomial rings, Inventiones
Math., 36, 1976, pp. 167-171.

L. RODINO, Linear Partial Differential Operators in Gevrey Spaces,
Singapore: World Scientific, 1993.

J. ROTMAN, An Introduction to Homological Algebra, Springer-Verlag,
New York, 2009.

L.H. ROWEN, Ring Theory, Academic Press, Boston, 1991.

J. RUDOLPH and F. WOITTENNEK, Motion planning and open loop
control design for linear distributed parameter systems with lumped
controls, Internat. J. Control, 81, 2008, pp. 457-474.

P. SCHAPIRA, Microdifferential Systems in the Complex Domain,
Springer, Berlin, 1985.

H. SIRA-RAMIREZ, and S. AGRAWAL, Differentially flat systems, Con-
trol Engineering Series, Marcel Dekker, New York, 2004.

A.A. SUSLIN, Projectives modules over a polynomial ring are free (in
russian), Dokl. Akad. Nauk. SSSR, 229, 1976, pp. 1063-1066 (english
translation: Soviet. Math. Dokl. 17, 1976, pp. 1160-1164).

J.S. THORP, C.E. SEYLER and A.G. PHADKE, Electromechanical Wave
Propagation in Large Electric Power Systems, /IEEE Trans. Circuit Systs.
1, 45, 1998.

P. VETTORI and S. ZAMPIERI, Module theoretic approach to control-
lability of convolutional systems, Linear Algebra Appl., vol. 351/352,
2002, pp. 739-759.

F. WOITTENNEK, Beitrige zum Steuerungsentwurf fiir lineare, ortlich
verteilte Systeme mit konzentrierten Stelleingriffen, Berichte aus der
Steuerungs- und Regelungstechnik, Shaker Verlag, Aachen, 2007.

F. WOITTENNEK and H. MOUNIER, Controllability of networks of
spatially one-dimensional second order PDE — an algebraic approach.,
Siam J. Contr., 48, 2010, pp. 3882-3902.

Y. Xu, F. WEN, G. LEDWICH and Y. XUE, Electromechanical wave
in power systems: theory and applications, J. Mod. Power Syst. Clean
Energy, 2, pp. 163-172, 2014.



