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Structural identifiability of linear Port Hamiltonian systems

Silviu MEDIANU?, Laurent LEFEVRE®

% Univ. Grenoble Alpes, Grenoble INP, LCIS, 26000 Valence, France

Abstract

This paper, puts in discussion the structural identifiability of LTT Port-Controlled Hamiltonian (PCH) systems, in order
to develop a specific identification and control theory. This is due to their remarkable properties of power conservation
and stability under power preserving interconnection. The main part of the paper, presents a power based identifiability
approach, with specific propositions and definitions. It is based on the power knowledge associated with the system
ports, interconnected by a Dirac structure, for selected input signals. In a preliminary section, corresponding transfer
functions, system outputs, Markov parameters, observability conditions, port-observability or infinite Grammians are
defined for each port. Beside this, a port-identifiability concept is introduced for the identifiability analysis of one port.
It is proved that between the input and system ports, a specific model can be determined for identification analysis,
preserving in the same time the PCH structure. As examples to demonstrate the theory, a controlled LC circuit and a

DC motor are selected for the lossless and lossy cases, respectively.

Keywords: Port Hamiltonian systems, LTI systems, structural identifiability, port-observability, admissible input,

global-local identifiability, port-identifiability .

1. Introduction

In the literature, the following related notions have
been developed for identifiability analysis: theoretical or
structural identifiability, practical identifiability (being used
when experimental data is perturbed with noise) or sensi-
tivity analysis, which is used in mathematical modeling, to
evaluate the sensitivity of the output variables to param-
eter values and input variables [1]. This paper deals with
the structural identifiability of LTI PCH systems, which
form a class of models very useful for multi-physics sys-
tems modeling and control (see [2] for an extensive in-
troduction overview). The notion of structural identifi-
ability was initially defined by Bellman and Astrém [3],
where the identifiability is analyzed by exploring the model
structure, so that the unknown system parameters can be
uniquely determined (globally or locally), using the input-
output measurements (see for instance [4], [5] or [6], for
application-oriented papers, or [7], [8], [9], [10] and [11]
for theoretical contributions on structural identifiability).
Some of the main structural identifiability techniques for
linear systems make use of: the Laplace transform [3],
[12],[13],[1], the power series expansion proposed by Po-
hjanpalo [14], [13], [15], [1] or the similarity transforma-
tion, proposed by Walter and Lecourtier [13], [15], [16],[1].
Another approach used for the structural identifiability, is
the direct test. The latter test, makes use directly of the
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global or local identifiability definitions, to analyze the
structural identifiability analytically [17], [18],[1] or nu-
merically [19], [1]. Although PCH systems are basically
knowledge based models which may be described using
only a limited number of physical parameters, quite sur-
prisingly enough, very few studies investigate issues related
with their identifiability, even the structural identifiabil-
ity analysis. We should however mention the noticeable
exceptions of [20], [21], [22]. The first paper [20] is dedi-
cated to the identifiability analysis of a heat exchanger, by
proposing a bond-graph model representing the heat con-
duction and convection, using the Prediction Error (PE)
identification method. The second paper [21], makes an
identifiability analysis for lossless PCH systems, using a
minimal (observable canonical form) representation, that
gives the possibility of an ARMAX description for the
system model. The third paper [22], makes a structural
identifiability analysis of lossy PCH systems, making use
of the observability-controllability concepts, introducing a
general result on observability.

The novelty element of the paper, is represented by the
introduction of a power based framework for the structural
identifiability analysis of LTI PCH systems, which makes
use of the input-power knowledge (corresponding to the
ports), by adopting specific propositions and definitions
for the main necessary concepts: transfer functions, sys-
tem outputs, Markov parameters, observability conditions,
port-observability, infinite Grammians, admissible input,
global-local identifiability, global-local port-identifiability.

Section 2 presents some necessary PCH system no-
tions, for the structural identifiability analysis. As exam-
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ples for the proposed theory, a controlled LC circuit and a
DC motor PCH models, are considered for the lossless or
lossy cases.

Section 3 introduces a power based approach for the
structural identifiability analysis of LTT PCH systems, mak-
ing use of the input-power knowledge corresponding to the
ports. First, specific propositions and definitions are pro-
posed for each port, to describe the identifiability frame-
work. Then, definitions are introduced for an admissi-
ble input, global-local identifiability, together with a port-
identifiability concept (specific to one port).

Section 4 demonstrates the power based identifiability
framework of section 3, using two PCH models (controlled
LC circuit and DC motor) from section 2.

The paper ends with a summary of the main results
and some possible directions of future development, re-
lated with PCH systems identifiability.

2. Definitions

2.1. Port Controlled Hamiltonian systems

This section introduces some basic notions and defini-
tions about PCH systems, together with two models for
the lossless or lossy cases. A PCH system (represented in
Fig. 2.1), has a Dirac interconnection structure (D) as
central element, with the main property of instantaneous
power conservation.

R(resistive)

S(storage) :]/H _Ii /‘

Figure 2.1: Port Hamiltonian system.

C(control)

This means that the Dirac structure can link different
port elements, in such a way that the total power corre-
sponding to the ports, is always zero [2], [23]. The port ele-
ments connected to the Dirac structure are separated into:
energy-storage elements (S), dissipation (or resistive) ele-
ments (R) and control (or controller) port (C) elements.
We assume a power pairing:

P=<el|f >, (2.1)

defined on the bond space F x F* i.e. forall (f,e) € F x F*,
where F represents a linear space of flows (f), and F* a
dual linear space of efforts (e). For the storage port, the
flow variables are given by the rate & of energy variables,
while the effort variables are given by the co-energy vari-
ables, as follows:

OH

fs=—i,e5 = %7 (2-2)

1
where H(z) = §xTQx represents the total energy (Hamil-

tonian) of the PCH system, where @ is symmetric positive
definite (i.e. Q = Q" > 0).

The resistive port, with resistive port variables (fg, er)
corresponds to the internal energy dissipation elements
and (fc,ec) are the flow and effort corresponding to the
control port. The general power-balance equation, of a
PCH system, has the following form:

esfs+epfr+elfc =0. (2.3)

The explicit (input-state-output) representation of PCH
systems is:

y_ pron (2.4)

. {gbz(J—Rd)%;erBu,
ox

where (u,y) is the input-output pair, corresponding to
the control port (C), J is skew-symmetric (i.e. J = —JT ),
Ry is symmetric positive semi-definite (i.e. Ry = R > 0).
Equivalently, we can write the previous state-space form
as:

(2.5)

E:{jrzAx—FBu,
y = Cuz,

for linear PCH systems, where A = (J — Rq)Q € R™™",
B € R and C £ B'Q € R™".

2.2. PCH models

This section presents two PCH models represented by
a controlled LC circuit and a DC motor, for the lossless
and lossy cases.

2.2.1. Lossless PCH model

This example considers a controlled LC circuit with
two inductors (see Fig. 2.2) of magnetic energies Hy(¢1)
and Ha(¢2) (¢1 and ¢ being the magnetic flux linkages)
and a capacitor (C) with electric energy H3(Qc¢) (Qc be-
ing the charge).

L, L,

C

Qc

p
c o
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— QX

Figure 2.2: Controlled LC circuit.

Considering a voltage source (V' = ) and applying the
Kirchoff laws, it results the following input-state-output



PCH form:

Qc 0 1 -1 o 0
61 | = -10 0 ool B I O A
3 OH
bo 1 0 0 o 0
2.6)
OH

The total energy of the system is:
H(Qe.61,62) = 2=Q0” + =% + ==, (2.8)
C, P11, 2_20 C 2L1 1 2L2 2 - .
2.2.2. Lossy PCH model

The DC motor PCH model (see Fig.
following system of equations [2]:

2.3), has the
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(2.10)

where the following interconnected sub-systems may be
distinguished: two energy-storing elements: an ideal in-
ductor L with state energy variable ¢ (flux-linkage) and a
rotational inertia Jg with state energy variable p (angular
momentum); two energy-dissipating elements: the electri-
cal resistor R and viscous mechanical friction b; a gyrator
K and an ideal voltage source V. The total energy of the

system is:
1 1
H =—¢*+—p°.

2.11
57m (2.11)

3. Power based identifiability

This section comes with a new approach for the struc-
tural identifiability of LTT PCH systems, where the input
and powers (corresponding to the ports) are considered
known (measured), while the unknown parameters to be
identified are: the symmetric positive definite Q € R™*"
matrix, the symmetric semi-positive definite Ry € R™*"

matrix and the input B € R™™™ matrix from (2.5). In
the first part, some preliminary notions are defined, use-
ful for the power based identifiability analysis. In a sec-
ond part, a detailed presentation is realized for the power
based approach, by introducing specific definitions for an
admissible input, global-local identifiability. Also, a port-
identifiability concept is proposed for the identifiability
analysis of one port.

3.1. Preliminary notions

For the results that follow, we will consider that the
continuous-time dynamic system (2.5), is initially time-
invariant, causal and smooth [24]. Using (A.1) and (A.2),
(see Appendix A) the Laplace transform of the continuous-
time powers corresponding to the ports is:

Pe(s) = st limp oo [0 YE(T)U (s — 7)d7,

Ps(s) = g limr_o [0 YT (1)U (s — 7)dr,  (3.1)
. i
Pr(s) = % limr_, o0 fgjjjr YE(r)U(s — 7)dr,

where s represents the complex variable.
In (3.1) we have defined the system outputs Yo (s), Ys(s), Yr(s)
corresponding to the ports, as follows:

Yo(s) £ He(s)U(s),
Ys(s) £ Hs(s)U(s), (32)
Yr(s) 2 Hr(s)U(s),

where Ho(s) € R™*™ Hg(s) € R™*™, Hg(s) € R™*™,
are transfer functions from the input to the ports, defined
by (see equation (A.5) in Appendix A):

He(s) £ C(sI — A)~'B,
Hg(s) £ —(QR4QAB)T(sI — A)~'B - C(s] — A)~'B,
Hp(s) £ (QR4QA'B)T(sI — A)~'B.

(3.3)
Remark: Due to (3.3), in the results that follow in section
3, we will consider that the matriz A or (J — Rq)Q is non-
singular (non-degenerate) for the power based approach in
the lossy case, while for the lossless case (Rq = 0) this con-
dition disappears in (3.3), as we have no dissipation ele-
ments.
Using (3.3), we observe that the transfer functions corre-
sponding to the ports, satisfy the balance equation:

Ho(s) = —Hs(s) — Hr(s). (3.4)

Remark: The previous relations prove that between the
input and ports, we can define distinct transfer functions
which satisfy the balance equation (3.4) and thus, gives the
possibility to develop a specific PCH identification frame-
work.

Multiplying (3.4) to the right with the Laplace transform
of the system input (U(s)), we can rewrite:

Yc(S) = —Ys(s) — YR(S> (35)



From further computations (see (A.13), (A.14) in Appendix
A), we can determine the continuous-time impulse responses
corresponding to the ports, as follows:

ho(t) £ hgr (t);t >0,
hs(t) £ hg (t) — hgr (t);t >0 (3.6)
hr(t) £ —hg (t);t >0,
where:
hg 2 C'eMB hgr 2 Ce'B;t > 0, (3.7)
with ¢ 2 —(QR4QA™'B)T. Further (see (A.11),(A.16)

and (A.17) in Appendix A), we propose the definition
of specific Markov parameter series corresponding to the
ports, as follows:

Yo 2 (CB, CAB, ... CAF'B, ..),
Ys2(C'B, C"AB, . C’"A’“lB, 2, (3.8)
Yr2 (-C'B, CAB . —C AR, L),

where C” is defined as C" £ C" — C for simplicity of com-
putations. Equation (3.8) satisfies (as expected), the bal-
ance equation:

Yo+ Xs+XRr= (07 0, ... 0,...). (3.9)

The following specific proposition follows for PCH systems.

Proposition 3.1. Considering a time-invariant, causal
and smooth continuous-time PCH system (2.5), with m
mnputs and outputs, it can be described by an infinite se-
quence of m X m matrices:

Yo £ ( hci, hea, ... hek, )7
Ys £ ( hsi, hsa, ... hsk, ),
ZR £ ( th7 hRQ7 th, ),

corresponding to the control (C), storage (S) and dissipa-
tion (R) ports as in (3.8), which satisfy the balance equa-
tion (3.9). The matrices heg, hsk, hri with k> 1, will
be denoted as the Markov parameters of the PCH system

(2.5).

Further we define the continuous-time system outputs
corresponding to the ports:

yo(t) £ he(t) = u(t) = Cx( )it >0,
ys(t) £ hs(t) xu(t) = C x(t ) t>0, (3.10)
yr(t) = hp(t) xu(t) = —C x(t);t > 0.

Using (3.1), the continuous-time powers corresponding to
the ports, can be defined as:

Pe(t) 2 yo () Tu(t) = (Ca(t)Tu(t);t > 0,
Ps(t) 2 ys()Tu(t) = (C"2(t)Tu(t);t >0, (3.11)
Pr(t) £ yr(t)Tu(t) = (~C'e(t))Tu(t);t > 0.

Using (3.11), we can write the power balance equation:
Pe(t) + Ps(t) + Pr(t) = 0;¢ > 0, (3.12)

for the PCH system (2.5). From (3.10), (3.11) and (3.12),
we propose the following specific proposition for the pow-
ers of a PCH system, defined by means of the input and
outputs (corresponding to the ports).

Proposition 3.2. The powers corresponding to the con-
trol (C), storage (S) or dissipation (R) ports of a lossy
PCH system (2.5), can be defined as in (3.11), by means
of the input u and corresponding system outputs yc,ys,Yr
in (8.10), which satisfy the power balance equation (3.12).

The proof of previous proposition can be found in Ap-
pendix A. In the following proposition, we present an ex-
tension of the observability concept [22] for the power
based identifiability approach.

Proposition 3.3. Consider the linear lossy PCH system
(2.5), defining A" 2 (J + Rg)Q.B £ (RiQA™'B):

a) If (2.5) is observable for the control (C), storage (S)
and dissipation (R) ports, then det@Q # 0 and the pairs
(A”,B), (A“,B + B”), (A”,BN) are controllable;

b) Assume det@Q # 0, then (2.5) is observable for the con-
trol (C), storage (S) and dissipation (R) ports, if (AH, B),
(A", B+ B"), (A", B") are controllable.

The proof of this proposition can be found in Ap-
pendix A. From the previous proposition we adopt a port-
observability definition, for the observability analysis of
one port (P,) where a € {C,S,R}.

Definition 3.4. Port-observability

The port P, of a lossy PCH system (2.5), is called ob-
servable on [to,t1] if for all inputs u(t) and outputs y.(t),
t € [to,t1], the state x(to) = xo can be uniquely determined.
Otherwise the port P, is called unobservable.

Further we define infinite Grammians corresponding to
the PCH system ports:

P (t éfooo eA"BBTeA T dr,

P(t) = Ps(t) = - Py(t),
Oc(t) £ [T et 7CTCeMdr, (3.13)
Os(t) 2 [ A 70T " eATdr,

A

Next we propose the following proposition, for the Lya-
punov equations of PCH systems.

Proposition 3.5. Considering the stable, continuous-time
PCH system (2.5), the corresponding infinite reachability
Grammians associated with the control (C), storage (S)
and dissipation (R) ports, satisfy the continuous-time Lya-
punov equations:

AP_ + PoAT + BBT =0,
APy + PyAT + BBT =0,
APy, + PR AT + BBT =0,



while the infinite observability Grammians O¢c, Og, Og sat-
isfy:

ATOC + OcA + CTC = 0,

ATOs +0sA+CT"'C" =0,

ATOR +OrA+CT'C" =0

The proof corresponding to the previous proposition,
can be found in appendix A.

3.2. Definitions

This section investigates the global and local structural
identifiability of LTI PCH systems using the results of
section 3.1, considering known (measured) input-powers
through the ports. Beside this, a new port-identifiability
concept is proposed, for the identifiability analysis of one
port. The power based identifiability analysis, is realized
starting from the observation that the powers correspond-
ing to the ports, are related with the unknown parameters
of the dynamic system.

Remark: The main idea of known (measured) input-powers,
proposed for the power based approach, can be analyzed also
in the nonlinear case, where the model structure is more
complex but the interconnection structure is still a Dirac
one.

First we assume the observability and controllability
as necessary conditions for identifiability, before perform-
ing this approach [25],[1]. These conditions can be checked
for (2.5), using for instance: Proposition 3.3 for observabil-
ity and the rank condition rank[B, AB, ..., A" ' B] = n for
controllability. Using the usual input-output pairs of con-
jugate variables (efforts and flows), the powers associated
with each port of a PCH system, may be explicitly deter-
mined. These powers, are the variables which can effec-
tively result from measurements and this justifies specific
definitions for PCH systems.

The semi-positive definite dissipation matrix Ry in-

cludes (at most) unknown real parameters, the

2
positive definite @ matrix includes (at most) un-

known real parameters and the input matrix B (at most)
n x m unknown real parameters. The skew-symmetric in-
terconnection matrix J is generally known in the linear
case and built only with elements in {—1,0, 1} or any other
non parametric finite set of numbers.

Remark: The powers corresponding to the storage,
control and dissipation ports, can be effectively determined
in practice from the measurement of the flows and efforts
components (fs,es, fc,ec, fr,er), which represent phys-
ical measurable values. In case of practical difficulties,
the input-power measurements may be omitted for one of
the PCH system ports by using the power balance equation
(2.3), if the rest of powers are already known (measured).

Now we will perform the direct test identifiability anal-
ysis from [17] and consider two independent sets of param-
eters (fs1 and fg2) for the storage port () of the PCH

system (2.5).
powers are:

Using (3.1) and (3.2), the corresponding

1 B+4T
Psi(s) = — lim (Hs1(7,05)U () TU(s — 7)dr,
2mj T—oo Jg_jr

(3.14)
1 B+jT

Pss(s) = — lim (Hsa(7,052)U(T)TU(s — 7)dr.
2mj T—oo Jg_jr

(3.15)

Since the powers Ps; and Pgy are considered known (mea-
sured) variables, using the direct test identifiability anal-
ysis from [17], we assume that Pgi(s,0s1) = Psa2(s,0s2),
which is equivalent with:

Hg1(7,051) = Hsa(7,052), (3.16)

where 7 is the complex variable. Further we can write:

l1,m k—n
,
k2o Osicy i

SrZg 0514, TP 1

l1,1 k—n
,
ko Os1cy 1 47

— -
2o Os1a, TP

lm,m k—n
Do 9S1cn kT

SnZo 0514, TP +1

lm,1 k—mn
, s
>l 051, 1 57T

= —
oo Os1d, TP +1

(3.17)
TG 052y ™"

n—1 D—1
p—n
>op=0 0524, TPT+1

l11 k—mn
>klo Os2¢y 1 47

T — ...
p—n
p—o Os2a, TPT+1

lm,m k—n
20 952 maT

EZ;UI 0524, TP~ +1

Im,1 k—n
2 kmo OpP2c,, 1 4T

SnZg Os2a, TP T

using model representations of the form

ZZI:JO osci,j,ka_n
Zz;é agdep_n +1
tor are coprime polynomials, with ¢ € [1,m],j € [1,m],
l;; €[0,n],k €[0,; ;], p € [0,n — 1]. From straight calcu-
lus, it results that (3.17) holds for:

, where the numerator and denomina-

GSICi,j,k = 95207;’]’71&») GSIdp = 952(11)7 (318)
which is equivalent to fg; = 0g2. Applying the direct test
identifiability analysis from [17], for two independent sets
of parameters (6¢c1 and ¢2) on the control port (C') using
(3.1) and (3.2), the corresponding powers are:

1 B+ijT

Poi(s) = =— lim (Hor(1,000)U (1) U (s — 7)dr,
2mj T—oo Jg_jr

(3.19)
B+4T

Poo(s) = — lim (Hea(T, 902)U(T))TU(S — T)dT.
27j T—o0 B—jT

(3.20)

As Po1 and Pgy are considered known(measured) vari-
ables, we assume that Pc1(s,0c1) = Poa(s,0c2), which is
equivalent to:

Hei(1,0c1) = Hea(T,002), (3.21)



where 7 is the complex variable. Also we can write (3.21)
as:

l1,m k—n
ko bcicy i

n;1 Oc1a, TP +1

l11 k—n
>klo ‘90161,1,k7

;:—01 9Clde”"’L+1

Im,1 k—n Ilm, m k—n
2hep 001e,, 1T Z Ocic T

mm,k
SrZo 0cta, TP AL E,, 0 0cia, TP +1

(3.22)
! _ ! i
Zklé%) 00261‘1,1«7—k " ZkI:ﬂ(;L 002‘31‘777,‘ka "

SnZy Ocza, TP+ Z;’;ol 0c2a, TP 41

kf'n kfn

Im,1 lm,m
PO o 902C7n 1,67 Py o bc2ep mi™

Snzg 0c2a, TP+ T Y0 0o, TP

using transfer functions representations of the form
lij _
Zkio ecci,j,ka "
ZZ;S Oca, TP +1
tor are coprime polynomials, with i € [1,m],j € [1,m],
lij €0,n],k€0,l;;], pe[0,n—1]. From direct calcu-
lus, it results that (3.22) holds for:

, where the numerator and denomina-

eclciyjyk = 002(:@-,]',;97601(11, = 602(11,7 (323)

or more general 0c1 = 0co. Considering also the direct
test identifiability analysis from [17], for two independent
sets of parameters (g; and o) on the dissipation port
(R) using (3.1) and (3.2), the corresponding powers are:

1 B+4T -
PRI( ) %Fh—{rolo sr (HRl(T,eRl)U(T)) U'(S—T)dT7
(3.24)
1 B+iT
Pgra(s) = — lim (Hpa (7, 0r2)U () TU (s — 7)dr.
27j T—oo Jg_jp
(3.25)

As Pg; and Pgo are assumed known(measured) variables,
using the direct test identifiability analysis
Pgr1(s,0r1) = Pra2(s,0r2), which is equivalent to:

Hpi1(1,0Rr1) = Hpo(T, 0R2),

where 7 is the complex variable. Further we can develop
(3.26) as

(3.26)

le m g k,fn
k o Rley m k7

> rso 9R1d TP 4]

le 1 9 k—n
k=0YRlcy g T

> 09R1d TP=n41 "

Zlm m 7] kfn
k=0 YRlcy wm kT
n—1
p—n
> op=0 Or1d, TP +1

Elm 1y Fh—n
k=0 YRlep, 1 T

n—1 n
> op=0 OR1d, TP +1

(3.27)
221:,? OR2e) 1 e

ZZ:_OI ORr2d, TP +1

le 1y Fh—n
k=0 YR2cy 1 T

P 09R2d TPon41

k—mn k—n

ngbl OR2c,, 1,57 Ziczom OR2cp, T
Z;:ol ORr2a, TP~ 41 T Z;:ol OR2a, TP "+1
using model representations of the form
le‘,j 0 k—n
k=0 YRec; ;T
Ym0 O, T + 1
tor are coprime polynomials, with ¢ € [1,m],j € [1,m],
li’j S [O,Tl],k‘ S [O,Zi’j], pe [O,Tl — 1].

, where the numerator and denomina-

From direct relations, it results that (3.27) holds for:

Oric; ;. = Or2e; ;1) OR14, = OR24,,, (3.28)

or equivalently 6py = Ops.

Remark: The unknown parameters of the PCH system
(2.5) from the dissipation matriz Ry, the positive definite
Q@ matrixz and the input matriz B, can be determined from
the unknown sets of parameters 0g,0c,0r, corresponding
to the storage (S), control (C) and dissipation (R) ports,
as the transfer functions Hs(s), Ho(s), Hr(s) in (3.3), are
directly related with Rg,Q, B.

Using Proposition 3.2, we can write more generally the
powers as a function of the input (u) and unknown system
parameters (6):

Ps = Ps(u,es),PC = Pc(u,ec),PR = PR(U,GR), (329)

where f0g,0c,0r € © represent the unknown parameters
corresponding to the storage (S), control (C) or dissipation
(R) port transfer functions (Hg(s), Ho(s), Hr(s)) models,
defined in (3.3). For an admissible input w [25],[17], [1]
necessary for system identification of PCH systems, we
introduce the following definition.

Definition 3.6. Admissible input

The input u applied for system identification to a lossy
PCH system represented in state-space form in (2.5), is
said to be admissible, if the data sets:

¢Y 2 {u(1), Ps(1), ..., u(N), Ps(N)},
2 {u(1), Po(1), ... u(N), Po(N)},
£ {u(1), Pr(1),...,u(N), Pr(N)},

of input-power measurements corresponding to the storage
(S), control (C) and dissipation (R) ports, are informative
in order to distinguish between different PCH models.

Remark: The parameter N in Definition 3.6, repre-
sents the length of the data sets cg\’,cé\’,gg, which result
from input-power measurements on the storage (S), con-
trol (C) and dissipation (R) ports. The data sets in the
previous definition are called informative, if the estimated
models from system identification: accurately approzimate
the real (analytical) PCH models and we can differentiate
between them.

Using the previous results, we will now formulate spe-
cific definitions for the global-local identifiability of PCH
systems.

Definition 3.7. Global identifiability

A lossy PCH system represented in state-space form in
(2.5), is said to be globally identifiable, if for any admissi-
ble input u and two sets of parameters 0g1,0s52, 0c1, 002,
Or1,0R2 in the parameter space ©, corresponding to the
storage (S), control (C) and dissipation (R) ports, the fol-
lowing relations:

PS(uv 931) - PS(U7952)3
Pc(u,0c1) = Po(u,0c2),
Pr(u,0r1) = Pr(u,8r2),



hold between the powers, if and only if
O0s1 = Os2, 0c1 = Oca, Or1 = ORa.

Definition 3.8. Local identifiability

A lossy PCH system represented in state-space form in
(2.5), is said to be locally identifiable, if for any admissible
mput u and any Os,0c,0r within an open neighborhood of
some points 05,07,0% in the parameter space ©, corre-
sponding to the storage (S), control (C) and
dissipation (R) ports, the following relations:

Ps(u,0s1) = Ps(u,0s2),
Pc(u,0c1) = Po(u,0c2),
Pr(u,0r1) = Pr(u,0r2),

hold between the powers, if and only if
0s1 = 0s2, 0c1 = 0c2, Op1 = ORo.

Remark: 60g1,059,001,0c2 and Ogr1,0ps represent
two unknown sets of parameters from the parameter space
©, corresponding to the storage (Ps), control (Pc) or dis-
sipation (Pr) powers, determined from input-power mea-
surements.

More appropriate definitions can be formulated further
only for a particular port of a PCH system, introducing a
new concept of port-identifiability.

Definition 3.9. Global port-identifiability

The port P, of a lossy PCH system represented in
state-space form in (2.5), is said to be globally identifiable,
if for any admissible input u and two sets of parameters
0a1,002 in the parameter space ©, corresponding to the
port P,, the following relation: P, (u,041) = Po(u,042)
holds between the powers, if and only if 6,1 = 642

Definition 3.10. Local port-identifiability

The port P, of a lossy PCH system represented in
state-space form in (2.5), is said to be locally identifiable,
if for any admissible input u and any 0, within an open
neighborhood of some point 0}, in the parameter space ©,
corresponding to the port P,, the following relation:
P, (u,041) = Po(u,042) holds between the powers, if and
only if 6,1 = Oa0.

0a1, O42 represent two unknown sets of parameters from
the parameter space ©, corresponding to one of the PCH
system (2.5) ports with power P,, which result from input-
power measurements.

Remark: As compared to the classical identifica-
tion approach which describes a dynamic system using only
input-output measurements (which are in correspondence
to the control port of PCH systems), the power based ap-
proach has the following advantages: the analysis can be
realized using input-power measurements from the control
(C), storage (S) or dissipation (R) ports;due to the Dirac
interconnection structure (D), the identifiability analysis
can be splitted in sub-parts corresponding to the system
ports; the parameters corresponding to one port can be
identified without performing the analysis on all ports; the

power based identifiability can be an improved solution (see
the DC motor example) as compared to the classical one
[17] (which is in correspondence to the control port of PCH
systems), as it offers identifiability results of the unknown
parameters also on the storage and dissipation ports (for
instance: when some of the system parameters are not
properly identifiable for the control port, but identifiable
for the storage or dissipation ports; in case of autonomous
systems). A disadvantage of the proposed power based ap-
proach, is that it requires advanced mathematical skills for
PCH systems with a higher complexity and computer alge-
bra tools may be necessary.

4. Structural identifiability examples

This section presents some structural identifiability ex-
amples for the theoretical results of sections 3, using the
power based approach. As PCH models, the controlled
LC circuit and DC motor from section 2, are used for the
lossless and lossy cases.

4.1. Lossless PCH example

For the controlled LC circuit PCH model, the necessary
conditions of controllability and observability are satisfied
for the power based structural identifiability analysis.

Remark: The lossless form represents a particular
case of lossy PCH systems with Rg = 0. From a practi-
cal point of view, the powers of the ports can be deter-
mined from the measurement of the flows and efforts com-
ponents: the voltage source (fo =V), the current on the

first inductor (ec = %) for the control port; the current
1

on the capacitor Q¢ the voltages on the inductors q’).l, (;52
(fs = —(Qc, b1, 02)T), the voltage on the capacitor Qo

C
and the currents on the inductor. @7 @
Ly’ Ly
(es = (%7 %, %)T), for the storage port.

Computing the transfer functions He(s), Hg(s) corre-
sponding to the control and storage ports, we obtain:

11 1 -3

_ I togs )
HC(S) - 1+%(ﬁ+i)572’
%1(5_14’0}‘25_3)

H S) = ———FF—FF=—5
S( ) 1+é(ﬁ+ilz)8727

(4.1)

where the conditions Ly # 0,C # 0, Lo # 0 need to be sat-
isfied before the identifiability analysis. Using the global
identifiability Definition 3.7 with (3.22), (3.23) and (3.17),
(3.18) for the control and storage ports, it results:

1 1 1 _ 1
{Llu _1 L2’ 11111C1L211 _1L1202L122’ (42)
a(L11 + L21) = sz(le + L22)’
11 11
{Llu _1 L1z’ 1LuClL211 1L1202L122’ (4.3)
a(L11 + L21) - 072(142 + Lzz)'



Using the first two relations from (4.2) or (4.3), it results

1
that L, = Lig, ——— =
. H 2 ClLQI CZLZZ

relation of (4.2) or (4.3), we get:

and replacing in the third

11
ClLll CZL12.

(4.4)

Then the unknown parameters L, C, Lo, result as global
identifiable for the proposed definition. Applying Defini-
tion 3.9 for the port-identifiability analysis, it results also
from similar relations with the previous results, that the
unknown parameters L, C, Ly are global identifiable for
the control or storage ports, taken separately. The ex-
ponential value of matrix A (e?), can be determined as
follows:

eAt = fg(t)A2 + fo(®) A+ f1(t)1s, (4.5)
with:
fi(t) = e)‘l.t + %ﬂff; erst,
halt) = =4/ THpe — s, (4.6)

o0 = 4/ o - o
. [Ly+ Lo
where A1, A2, A3 (A1 =0, A2 3 = +j4/————) represent
( ) CL1L2 )

the eigenvalues of matrix A, I3 is the identity matrix and
j is the imaginary unit of a complex number. From (4.5)
and (4.6), we observe that ! — 0 for t — oo, as the LC
circuit is marginally stable (the real part of Aj 23 is zero)
in this case and thus, the Lyapunov equations defined in
Proposition 3.5 for the infinite Grammians are not satis-
fied.

Remark: For the computation of the matrixz expo-
nential e, we have used the following formula [24]:
eAt = fn(t)An_l + fnfl(t)An_Q"' + f2(t)A + fl(t)I’IU
with [f1(t).e. fu(D)] = [11(t), -0 (O]V A1y ooy An) ™1 where:
n is the dimension of the PCH system (2.5), \i(i = 1,...,n)
represent the eigenvalues of matriz A, n;(t) = eM?,
(t=1,..,n), V(A,..., \n) is a Vandermonde matriz and
I, the identity matriz.

4.2. Lossy PCH example

For the DC motor model, the PCH system satisfies the
necessary conditions of observability and controlability, for
the identifiability analysis in the case with K =1, while
in the case with K = 0, the system is not observable or
controllable. The analysis will be thus considered for the
case with K = 1.

Remark: In practice the powers of the ports, can be
determined from the measurement of the flows and efforts
components: the voltage source (fo = V) and the current

on the inductor (ec = Z) for the control port; the voltage
on the inductor ¢, the rotational torque p (fs = —(é,p)T),

the current on the inductor I the rotational speed Ji

E

¢ p

(es = (f’ J—)T), for the storage port; the current on the
B
inductor %, the rotational speed JL; (er = (%, JL;)T), the

voltage on the resistor R% and the mechanical friction

force bJﬁ (fr = —RaeRr), for the dissipation port.
E
Computing the transfer functions He(s),Hg(s),Hr(s)

corresponding to the system ports using (3.3), we obtain:

%(s_lers_Q)

He(s) = T+ (B+b)s T+ (Rb+1)s-2°
T (B — Bl )4 (B 4 b — (BUEL b2
Hs(s) = T (RF5)s T F (RbF1)s 2 )
oy (BT (B 5572
Hp(s) = TH(R+0)s TF(RbF1)s 2

(4.7)
An initial condition before applying the identifiability anal-
ysis of this section, is that Rb # —1,L # 0, Jg # 0.
Applying the global identifiability Definition 3.7 using
(3.22), (3.23), (3.17), (3.18), (3.27) and (3.28) for the con-
trol, storage and dissipation ports, we can write:

1 1 b _ b —
=10 = Bi+bi =Ry + o, (4.8)
Riby + 1= Roby + 1,
1 (Rlbl _ R1b1+1) — 1 (R2b2 _ R2b2+1)
Rib1+1 L%z L Robo+1 L% Lo ’
1 R1b b (R1b1+1) _
mor( A - ) =
1 Rob2 b (Raba+1)
mri( Y7 — o b,
Ri4+b; =Ra+ by, Riby +1 = Roby + 1,
(4.9)
R1b1 — R2b2
(Rllerl)L% - (R2b2+1)L§’ )
1 R1b b o 1 R2b b
R1b1+1( lefl + J%ll) - szz-‘rl( L2%2 + Jiz)’ (410)
Ri 4+ by = Ry + by, Riby +1 = Roby + 1.

Using (4.8) it results Ly = Lo, by = by, Ry = Ry and re-
placing in the second relation of (4.9), we obtain:

by by

= . 4.11
(Riby +1)J%,  (Riby +1)J2, ( )

Thus the unknown parameters (R, b, L, Jg) result as global
identifiable for Definition 3.7. Further we perform the
global port-identifiability analysis of the DC motor accord-
ing to Definition 3.9, for each port separately. Using (3.23)
and (4.8) for the control port, it results from calculus that
Ly = Lo, by = by, R = Ry, which proves that the parame-
ters R,b, L are global identifiable.

Remark: The parameter Jg cannot be analyzed for iden-
tifiability using the control port, for the DC motor. Only
the storage or dissipation ports, can determine if Jg is
identifiable.

For the storage port, using the last two relations of (4.9),
we can write equivalently:

Ro(by — by) = by (by — by), (4.12)



which holds for b; = bs. Further using Ry + by = Ry + b1,
it results that Ry = Ry. From the first relation of (4.9), it
results:

1 1 1 1 1 1
Ribi(— — —)(—+—) = (Rb N(— — —
1 1( )(Ll +L2) ( 1 1+ )(Ll LQ),
(4.13)
which is satisfied for Ly = Ly. Using the second relation

of (4.9), it results that Jg1 = Jgo from:

b1 b1

= . 4.14
(Rlbl + 1)J]251 (Rlbl + 1)J%2 ( )

Thus the parameters R, b, L, Jg are global identifiable for
the storage port according to definition Definition 3.9. In
the case of the dissipation port, using the last two relations
of (4.10), similarly to the storage port we can determine
that the parameters R, b are global identifiable. Using the
first relation of (4.10):

R1b1
(Riby +1)L3

R1b1
p— 4.1
(Ryby + 1)L3’ (4.15)

from which L; = Ly. Replacing in the second relation of
(4.10), we can write:

by by

_ , 4.16
R+ D2~ (b + D7, (4.16)

from which Jg is global identifiable. Thus the parameters
R,b, L, Jg are global identifiable for the dissipation port.
Computing the exponential of A (e??), we can write:

eAt = fg(t)A + f1 (t)]g, (417)
for:
1) = Lot R+b 1) + er2t 7
MO =2 (S Y T (4.18)
falt) = 3N (iR 4 1) - e
(R—b)2—4 (R—b)2—4

where A\, A2 (A2 = 7? + %\/(R —b)2 —4) are the
eigenvalues of matrix A, R # b+ 2 and Iy is the identity
matrix. As R > 0,b > 0 for the DC motor, the stability
condition (A; 2 have negative real part) is always satis-
fied. Using (4.17) and (4.18), we observe that for ¢ — oo,
e — 0 and the Lyapunov equations from Proposition 3.5
are satisfied for the infinite Grammians, on each port. In
the same manner with the global identifiability, the iden-
tifiability analysis can be realized also for the local identi-
fiability given by Definition 3.8 and Definition 3.10.

5. Conclusions

The aim of the current paper, was the structural iden-
tifiability analysis of LTI PCH systems, in view of their
utility for the development of necessary theoretical no-
tions. A power based identifiability approach was pro-
posed, which makes use of the powers knowledge corre-
sponding to the system ports, by defining a specific iden-
tification framework. It was proved that for the system

ports, specific transfer functions, system outputs, Markov
parameters, observability conditions, port-observability or
infinite Grammians can be defined. Beside this, a port-
identifiability concept was introduced, corresponding to
one port of the PCH system. The last part of the pa-
per, came to present a set of examples to prove the pro-
posed theory of section 3, using two PCH models (con-
trolled LC circuit and DC motor), for the lossless or lossy
cases. The power based approach of section 3, opens new
questions and possibilities of study, for identifiability or
control purpose. The results of the current paper may be
extended to: the analysis of the power-based identification
framework with different scenarios of powers knowledge or
new identifiability methodologies; the development of dif-
ferent structural identifiability techniques using: the flows
and efforts, the Hamiltonian, the Markov parameters or
others; the identifiability analysis of LTT PCH systems in
the presence of a perturbation model; the development
of proper identification algorithms in continuous or dis-
crete time (power based subspace, recursive or other tech-
niques); the selection of appropriate control solutions like
IDA-PBC control, optimal control, MPC control, based on
the identified models.

6. Appendix

Proof: Proposition 3.1
The initial continuous-time powers corresponding to the
PCH system (2.5) ports, can be also written as follows [2]:

Pc(t) = et fe = (Qz)" Bu,

Ps(t) = el fs = (Qx)" Ry(Qx) — (Qz)"Bu, (A1)
Pr(t) = ehfr = —(Qx)" Ra(Qx),
where:
GC:BTQ{E,fC:u,GS:QZL',fS:—i', (AQ)
er = Qu, fr = —Rq4Qx,

are the efforts and flows corresponding to the control (C),
storage (S) or dissipation ports (R). Converting to the
Laplace transform representation the powers from (A.1)
using (A.2), we get:

Po(s) = gk limr oo [0 (Ho(r)U (1)U (s — 7)dr,

Py(s) = 5 limr_,o f[fjj?g(HS(T)U(T))TU(s — 7)dr,
Pr(s) = 5 limr oo [520 (HR(1)U (1)TU (s — 7)dr,

(A.3)
where the transfer functions corresponding to the ports
are:

c(t)=C(rI — A)7'B,

s(1) = BT((s =) = A)"TQR4Q(7] — A)~'B
—C(rI - A)~'B,

Hp(1) = -BT((s —7)I — A)"TQR,Q(7I — A)~1B.
(A.4)

T =



Remark: In (A.8) we have used the Laplace transform for
the multiplication of two continuous-time functions f(t),

L (091} (5) %ﬂs) £ G(s) =

F(1)G(s — 7)dr, which makes use of the

convolution product, where f(t) is one of the port system
outputs y&(t), y& (t), y&(t) and g(t) = u(t). The integra-
tion is done along the vertical line Re(T) = 3, that lies
entirely within the region of convergence of F.

Replacing 7 = sin (A.4), in order to determine the transfer
functions He(s), Hs(s), Hr(s) corresponding to the pow-
ers from (A.3), it results:

Hc(s) £ C(SI — A)_l

Hs(s) 2 7(6;2RdQA*1B)T(sI —A)'B (45)
~C(sI — A)~'B,

Hg(s) £ (QR4QA™'B)T(sI — A)~!

By defining corresponding system outputs for each port:

Pe(s) = gk limp oo [0 (Yo (r)TU (s — 7)dr

Ps(s) = hmp%o fﬁﬂr Ys(r)TU(s — 7)dr,

Pr(s) = 5= limp o0 f‘”ﬂf Ya(r)TU(s — 7)dr
(A7)

Expanding the transfer functions from (A.5) in Laurent
series for large s (in the neighborhood of 0o0), we can write:

Ho(s) =CBs '+ CABs ™2 + ...+ CAF1Bs™F + .

Hg(s)=C Bs '+ C'ABs 2 + ...+ C' A" 1Bs 4
—(CBs '+ CABs™ 2+ ...+ CAF1Bs™k 4 ),

Hpg(s) = —(C’ Bs‘1 +C'ABs2 +
+C AR 1BsTF 4 ),

(A.8)
where C' 2 —(QR4QA'B)T. Equivalently we can write
(A.8) as

Ho(s) =CBs '+ CABs ™2+ ..+ CA1Bs™F + |
Hs(s)=C"Bs~ ' +C"ABs2 +

+C A Bs TR 4
Hr(s) = —(C' Bsl 4 C ABs? +
+C AR 1BsF 4 ),
(A.9)

1 ’ ].
where C° 2 C' — C. Using the formulas £7'{=} = 1(¢),
S
n!
LY gn+1 } =t"(n > 1) for the inverse Laplace transform,
we obtain the following continuous-time forms for the in-
pulse responses corresponding to the transfer functions

g(t):
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He(s),Hs(s), Hr(s):

ho(t) = CB+ CABL + ...+ CAM LB + .
hs(t) = C'B+C"ABL + ..+ C" A 1B 11), +..
hi(t)=—(C'B+C' ABL + ..+ C' A 1B A + .).
(A.10)
Equivalently we can write (A.10) as
ho(t) & her + head + .o+ hew (}5:711). + ..
hg (t) = hg1 + hS2 o+t hSk(k 1), + .. (A.11)
hr(t) £ hri + hrod; + ... + hRi s (k ot
where:
hew = CA* Bk > 1,
hsi = C" AF1B k> 1, (A.12)
hpr = —C A*1B k> 1.

We denote hok, hsk, hrr with & > 1, as the Markov param-
eters of the PCH system (2.5). We can also write (A.10)
as:

he(t) = CettB;t > 0,
hs(t) = hg (t) — hgn (t);t >0, (A.13)
hp(t) = —C'eAtit >0,
using the matrix exponential series of e, where:
ho (t) 2 C' e B hgn(t) £ CeM'B;t > 0. (A.14)

We observe also in (A.13) that ho(t), hs(t), hr(t) satisty
the balance equation:
ho(t) + hs(t) + hg(t) = 0;t > 0, (A.15)

and thus the PCH system (2.5) can be described by an
infinite sequence of m x m matrices:

Yo £ ( het, hes, - hok, ),
Ys £ (hsi, hs2, - hsk, ), (A.16)
Yr = (hri, hr2, - Bk, -,
which satisfy the balance equation:
Yo+ Es+Xp=1(0,0, ..0,...). (A.17)

Thus the proof of Proposition 3.1 is finished.

Proof: Proposition 3.2

Applying the inverse Laplace transform formula

L HE(s)G(s)} = (f * g)(t) for the convolution product of
two functions f(¢), g(¢) in (A.6), the continuous-time forms
of the outputs corresponding to the ports can be defined
as:

yo(t) & ho(t) xu(t) = C’x(t);t >0,
ys(t) & hs(t) xu(t) = C z(t);t >0, (A.18)
yr(t) = hr(t) xu(t) = *C z(t);t >0,

L7 (s —A)"1BU(s)} repre-
) states. From (A.6), (A.7) and

where z(t) = L7 X (s)}
sents the PCH system (2.



(A.18), the continuous-time powers corresponding to the
system ports, can be defined as:

Po(t) £ yo(t)Tu(t) = (Cz(t) Tu(t); t > 0,
Ps(t) £ ys(t)Tu(t) = (C"z(t)Tu(t);t >0,  (A.19)
Pr(t) £ yr(t)Tu(t) = —(C'a(t)u(t);t > 0.

The powers from (A.19) satisfy also the power balance
equation (3.12) and thus the proof of Proposition 3.2 is
finished.

Proof: Proposition 3.3

Using (A.5), the observability matrices T, Ts, Tr corre-
sponding to the control, storage and dissipation ports, can
be defined as:

Te 2[C,CA,..CA T,
Ts 2[C",C"A,.C" AT, (A.20)
Tr 2 —[C',C'A,..C" An—1]T.

Using the PCH system (2.5) properties J = —J7,Q = QT
Ry = Rg together with the matrix transpose properties,
we can write (A.20) equivalently as:

Te = [BTQ, BT (-1)Y((J + R)Q)TQ, ...

BT (1" (((J + Ra)Q)T)" ' Q]

Ts = -[(B+B")TQ,(B+B")"(-1)'((J + R)Q)TQ,
(B4 BT (=) (I + Ra)Q)")" Q)T

Tr =[B"7Q,B""(-1)((J + R)Q)"Q, ...
B'T(=1)" 1 (((J + R)Q)T)"'Q]",

(A.21)
where B” £ R,QA'B.
Introducing the notation A

To = [BTQ, BT (-1)'A"7Q, ...

BT (~1)"= 1A=L),

Ts = —[(B+B")TQ,(B+B")T(-1)'A"TQ, ...

(B+ BT (=) 1A )" Q)7

Tr = [B'TQ,B"T(-1)'A"TQ, ...

BT(-1) (AT Q)T

(A.22)
and using the matrix transpose properties, it results:

Te = Q[B,(-1)A"B, ..(—1)"*A""1B],
Ts=—-Q[B+B",(-1)A"(B+B"), ...
(~nntA" (B + BT,
Tr=Q[B",(-1)A"B",...(—=1)»1A""=1B"].

(A.23)
From (A.23) the observability condition is satisfied for the
control, storage and dissipation ports if T, T, Tr are full
rank ( det@ # 0 and the pairs (A”,B), (A”7 B+ B”)7
(A", B") are controllable). Thus the proof for the first
part of Proposition 3.3 ends. Assuming det@ # 0, the ob-
servability conditions (T¢,Ts,Tr full rank) are satisfied
for the ports, if the pairs (A", B),(A",B+ B"),(A",B")

£ (J 4+ R4)Q, (A.21) becomes:
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are controllable and thus, the proof of the second part and
of the whole Proposition 3.3 ends.

Proof: Proposition 3.5
Due to the initial condition of stability, it results:

APl + PLAT = [X[AeA"BBTeA ™ + A" BBT e ™ AT dr)
_fo ATBBT AT T )——BBT,

{APS + PLAT =

=Jyd
{APR + PRAT =

=Jo d
(A.26)
Following the same Pr1nc1ple as for the infinite reachablhty
Grammians (PC,PS7PR) n (A.24), (A.25), (A.26), w
can write for the infinite observability Grammians:

(A.24)
fo ATBBTeAT‘r 4 eATBBTeATTATdT]
ATBBT AT T):—BBT,

(A.25)
fO ATBBTeATT + eATBBTeATTATdT]
ATBBT AT T):_BBT.

{ATOC +0cA = [F[ATATTCTCeA™ 4 AT CT CeAT Adr)

= [ d(er TCTCeAT) = —CTC,
(A.27)
ATOg + 0sA = [F[ATA TC"TC" AT
AT OO AT Adr] = [0 (e TCTC  eAT) = —C'TC",
(A.28)
ATOR + OpA = [C[ATeA TC'TC A+
A T TC eATAdT] — j‘ d( ATTC TC A-r) — _C'TC"
(A.29)

and the proof of Proposition 3.5 ends.
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