C. R. Mecanique 344 (2016) 582-595

Contents lists available at ScienceDirect

Comptes Rendus Mecanique

www.sciencedirect.com

Equivalent Liénard-type models for a fluid transmission line ®<:mssMark

Modeéles équivalents de type Liénard pour une ligne de transmission de
fluides

Lizeth Torres*"*, Jorge Alejandro Delgado Aguifiaga®, Gildas Besancon ¢,
Cristina Verde ¢, Ofelia Begovich ¢

2 Instituto de Ingenieria, Universidad Nacional Auténoma de México, 04510, Coyoacdn, Mexico City, Mexico

b Cdtedras CONACYT, Mexico

¢ Centro de Investigacion y de Estudios Avanzados CINVESTAV Unidad Guadalajara, 45019 Zapopan, Jalisco, Mexico
d Université Grenoble Alpes, GIPSA-Lab, 38000 Grenoble, France

€ CNRS, GIPSA-Lab, 38000 Grenoble, France

ARTICLE INFO ABSTRACT

Article history: The main contribution of this paper is the derivation of spatiotemporal Liénard-type
Received 2 March 2016 models for expressing the dynamical behavior of a fluid transmission line. The derivation
Accepted 13 April 2016 is carried out from a quasilinear hyperbolic system made of a momentum equation and

Available online 17 May 2016 a continuity one. An advantage of these types of models is that they are suitable for

formulating estimation algorithms. This claim is confirmed in the present paper for the

ll:le;/grlonrgss case of fluid dynamics, since the article presents the conception and evaluation of a Liénard
Fluid dynamics model-based observer that estimates the parameters of a pipeline such as the friction
Liénard equation factor, the equivalent length and the wave speed. To show the potentiality of the approach,
State observers results based on some simulation and experimental tests are presented.

Parameter identification © 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
Mots-clés :

Canalisations
Dynamique des fluides
Equation de Liénard

Observateurs d’états . R .. P N - -
Identification de paramétres Cet article envisage principalement la dérivation de modeéles de type Liénard pour exprimer

le comportement dynamique d'une ligne de transmission de fluides. Le calcul est effectué
a partir d'un systéme hyperbolique quasi linéaire constitué d’'une équation de quantité
de mouvement et d’'une équation de continuité. Dans des études précédentes, il a été
montré que transformer les systémes régis par une équation différentielle de type X(t) +
Fo(x(£))X(t) + Go(x(t)) = 0 dans la forme de Liénard peut s'avérer utile a la conception
d’algorithmes d’estimation. Cette affirmation est confirmée dans cet article pour le cas
des fluides, car la conception et I'évaluation d'un observateur basé sur un modéle de

RESUME

* Corresponding author.
E-mail addresses: ftorreso@iingen.unam.mx (L. Torres), adelgado@gdl.cinvestav.mx (J.A.D. Aguifiaga), Gildas.Besancon@grenoble-inp.fr (G. Besangon),
verde@unam.mx (C. Verde), obegovi@gdl.cinvestav.mx (O. Begovich).

http://dx.doi.org/10.1016/j.crme.2016.04.004
1631-0721/© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.


http://dx.doi.org/10.1016/j.crme.2016.04.004
http://www.ScienceDirect.com/
http://www.sciencedirect.com
mailto:ftorreso@iingen.unam.mx
mailto:adelgado@gdl.cinvestav.mx
mailto:Gildas.Besancon@grenoble-inp.fr
mailto:verde@unam.mx
mailto:obegovi@gdl.cinvestav.mx
http://dx.doi.org/10.1016/j.crme.2016.04.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crme.2016.04.004&domain=pdf

L. Torres et al. / C. R. Mecanique 344 (2016) 582-595 583

type Liénard, estimant les paramétres d'une canalisation, y sont présentées. L'approche est
illustrée par des résultats de tests en simulation et expérimentaux.
© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The so-called Liénard equation is a second-order differential equation proposed by physicist Alfred-Marie Liénard to study
sustained oscillations and widely used to model biological and physical systems. Some examples of studies using the Liénard
equation are listed in Table 1.

In the present paper, the topic of interest is the dynamical modeling of fluid transmission lines. This comes in continuation
of a preliminary study of [1], where a Liénard-type model was introduced in terms of the flow rate in the line, and some
so-called state observer was proposed based on it. The motivation for such a work was to obtain a suitable model for the
design of parameter-identification algorithms for pipelines, which are themselves important for monitoring purposes, since
actual parameters usually differ from the design values because of manufacturing, installation, operation, and ageing of each
single pipe. Therefore, in order to design algorithms based on the pipeline dynamics, such as diagnosis, control, or prognosis
systems, it is necessary to develop methodologies to continuously update the pipeline parameters (as in [2-4] for instance).

The present article can thus be considered as an extension of [1], with the following novelties: (1) an extension of
flow-based Liénard-type modeling to some pressure-based case (hybrid model); (2) an emphasis on a unified linearized
model either in terms of the flow rate or in terms of the pressure head; (3) an example of an application to estimation via
the construction of an exponential boundary observer based on the flow rate model to simultaneously estimate the friction
and the equivalent length of a pipeline; (4) an exponential observer based on the unified linearized model to simultaneously
estimate the friction and the wave speed.

The paper is thus organized as follows: Section 2 first recalls the Liénard equation with the related Liénard transform.
Section 3 recalls the basic hydraulic equations for fluid dynamics in a pipeline and then shows how to turn those hydraulic
equations into some Liénard-type models, either in terms of flow rate or in terms of pressure head. Section 4 subsequently
presents the proposed Liénard-based observer approach for parameter estimation in a pipeline, as well as related illustrative
simulation and experimental results. Section 6 finally ends the paper with some conclusions and perspectives.

Table 1
Application of Liénard equation.

Biological modeling
Biochemical reactions [5]. Heart dynamics [6]. Diseases [7]. Neuron dynamics [8-10]. Fermentation [11].

Mathematics
Bifurcation theory [12]. Fixed point theory [13]. Existence and uniqueness of limit cycles [14]. Hilbert's 16th problem [15].

Vibration and electronic theory
Voltage-controlled oscillators [16].

Signal processing
Periodic signal modeling [17].

2. Recalls on Liénard’s equation

A generalization of differential equations that govern the behavior of second-order mechanical systems is the so-called
Liénard system [18], which corresponds to the following equation:

x(t) . d%x(t)

. . . d .
X(t) + Fo(x(t))x(t) + Go(x(t)) =0, where x(t) = a x(t) = i

(1)

for given functions Fg, Go, and position x(t).

A particular case of Eq. (1) is the equation of damped oscillations: X(t) 4+ y x(t) +@?x(t) = 0, where X(t) is the acceleration,
x(t) is the velocity, and y, w are constant parameters. For y = 0, the equation of the linear harmonic oscillator is obtained,
which represents one of the fundamental equations of both classical and quantum physics.

The Liénard-type equation can be rewritten in a state space representation by considering x(t), X(t) as state variables
x1(t), x2(t) € X, leading to

X1(t) = x2(t) 2)
X2(t) = —Fo(x1(6))x2(t) — Go(x1(t))
If model (2) is going to be used for state and parameter estimation purposes, it is necessary to define the measured
output for the design of an estimation algorithm. Hereafter, it is then considered that y(t) = x1(t), i.e., only the first state is
available.
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Notice that nonlinear function Fo(x1(t)) is affine to x2(t) (an unmeasured state), which complicates the design of a
possible estimator and demands a transformation to set system (2) into a more appropriate representation. An option
already studied in [19] is the application of the following change of variables:

a@®\ _ x1(t)
<§2(f)) =< (Xz(f)>

defined as
A x1(®) x1(t)

“"(m(t))‘) <>‘<2(t)+F(xl(t)>> G)

where F(x(t)) = / Fo(0) do, which transforms system (2) into
0

ai(t) = o) — F(Q®)

L) = —Go(51(0) (4)

y) = &)

Notice that representation (4) of Eq. (1) involves now only nonlinear functions decoupled of the unmeasurable state
facilitating its estimation. Furthermore, if F(¢1(t)) and Go(¢1(t)) are the results of linear combinations of nonlinear function
vectors (FT(z1(t)), GoT(£1(t)) respectively) with parameter vectors #; and 6,

F(61(0)) = Fl(c1(6)61, FG1(0) =G(&1(0)62

system (4) turns into

1) = &0 = FT(61©)6
L(t) = —Gg(c1 ()62 (5)
y@©) = &)

or in a more general form (assuming a possible known driving input u(t)) into

C() = Aol (D) + (Y (D)0 + pu(t), y(©))
y(t) = Col (t) (6)
with

0 1 FT(y(t)))
Ao = ,Co=(1 0),® = = ,0=(61 0
(0 O) 0= ( ). @(y(t) (Gg(y(t)) (61 62)

and a non-parameterized vector function ¢ (u(t), y(t)).

Notice that system (1) with the structure (6) now involves a linear part coupled with a regressor, which is suitable
for the design of joint state and parameter estimation algorithms [20]. To show this, a particular state observer design is
proposed in Section 4 to address the estimation of fluid variables in pipelines.

It is worth pointing out that the Liénard transformation (3) can be also applied to non-scalar systems or systems that
depend on both space and time such as the following:

X(z,t) + Fo(x(z,1))x(z, t) + Go(x(z,t)) =0 (7)
which after the transformation turns into
1z, ) = &z, t) — F(&i(z,1)

$2(z,t) = —Go(L1(z,1)) (8)
¥z, t) = q1(z,t)

3. Liénard-type models for fluid dynamics in pipelines

By assuming that convective changes in velocity are negligible and that both the liquid density and the cross-sectional
area are constant, the momentum and continuity equations governing the dynamics of the fluid in a horizontal pipeline can
be expressed as [21]:

3Q (z,t) dH(z, 1) f

————+gA + —0(@z,t z,t)|=0 9
P gAr— 2¢ArQ( )1Q(z, 1) 9)

dH(z,t)  b?> 3Q(z.1)

Jat gA; 0z

=0 (10)
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where (z,t) € (0, L) x (0, 00) gathers the space [s] and time [m] coordinates respectively, L is the length of the pipe, H(z,t)
is the pressure head [m], Q(z,¢t) is the flow rate [m3/s], b is the wave speed in the fluid [m/s], g is the gravitational
acceleration [m/s?], A, is the cross-sectional area of the pipe [m?], ¢ is the inside diameter of the pipe [m], and f is the
Darcy-Weisbach friction factor.

In this work, the initial conditions expressing the spatial profiles of Q (z,t) and H(z,t) at time t =0 are denoted by
H(z,0) = H%(2), Q(z,0) = Q°(2), and two Dirichlet conditions are considered at the boundaries of the pipeline, among:
(i) upstream pressure head; H(0,t) = Hiy(t); (ii) downstream pressure head, H(L,t) = Hoyu(t); (iii) upstream flow rate,
Q (0,t) = Qjn(t); and (iv) downstream flow rate, Q (L, t) = Qout(t).

The main point of the next subsections is then to show how model (9)-(10) can be rewritten into a Liénard-like form (4).

3.1. Flow rate model

As this can be done with the telegrapher’s equations, which can be arranged in terms of voltage or of current, let us
here show how a representation only in terms of the flow rate can be obtained from Eqgs. (9) and (10).
First, from Eq. (10), one gets

dH(zt)  b* 3Q@z1)

= (11)
ot gA, o0z
which, differentiated with respect to space, takes the following form:
32H(z,t b2 92Q(z,¢t
@b _ b 92Q@Ey a2)
9z ot gA, 972
On the other hand, by differentiating Eq. (9) with respect to time, one obtains
9%Q(z.t) PH@zt) f 8Q(Z t)
—_— A——— z,t =0 13
R ey w1 e (13)
By combining the last two equations, one finally obtains:
Q@ f 00zt 59°Q(z D)
———+ —1Q(z,t —b =0 14
o2 -F¢AJQ( )] P 922 (14)

Notice that for this equation, boundary Dirichlet conditions on H(z,t) for (9)-(10) turn into Neumann conditions on
Q(z,t) (from Eq. (11)), and that initial conditions on H(z,t), Q(z,t) turn into initial conditions on Q(z,t),dQ (z,t)/dt
(from Eq. (9)).

A classical state space realization of equation (14) is given by

3Q%z, 1)

_nb
=@ (15)
3Q°z.n  f 20 2Q (z )
— ——¢Ar|Q @.01Q" @zt + b ——

where Q%(z,t) and QP(z,t) correspond to Q(z,t), 9Q (z,t)/dt, respectively. Since Q%(z,t) is the flow rate defined by
Q%z,t) =v(z,t)A;, where v(z,t) is the fluid velocity and A, the cross-sectional area of the pipeline, Qb(z, t) is directly
proportional to the fluid’s acceleration.

Now noting that (15) is of a form similar to (2), a transformation such as (3) can be used, which converts model (14) in
a Liénard form as follows:

Qf
0Q/'(z. ) f
o = Ql /|0|d0
905zt 92Q%(z,t
Ql( >=b2 QX ) (6)
ot 022
which, by computing the involved integral, becomes
008zt e
TR Q(z.t) - 20, ——Q['(z,0)|Q[ (z, 1)
3QP(z t 32Q%(z,t
Q@ _ Q@0 a7
ot 022

This corresponds to the flow-based Liénard form of the pipeline dynamics.



586 L. Torres et al. / C. R. Mecanique 344 (2016) 582-595

3.2. Hybrid model (pressure head and flow rate)

The objective of this section is to discuss how a Liénard model can also be derived in terms of pressure head. In particular,
in this case, the flow rate still remains in the dissipative term, as it will be seen.
First, by differentiating Eq. (9) with respect to space and Eq. (10) with respect to time, one has

9Q(z,t) PH@t  f 81Qz1IQ(zb
— = —gA; 3 — (18)
otoz 0z 20A; 9z
3?H(z,t) ~ b? 3Q(z,t
(z,0) QzH _ (19)
ot2 gA, 0tdz
By substituting Eq. (18) into Eq. (19), the following second-order equation is obtained:
32H(z,t) 3?H(z,t)  b? aQ( t)
- b —F = leQ( H———=0 (20)
at 0z gPA;
The state space representation of Eq. (20) then is
oHY(z,t
HED o
at
dH (z,t) 5, 8%HI(z, t) b2 f aQ(z t)
=b z,t 21
n Ty G (21)
Now notice that from the continuity equation (10), one has
0Q (z,t) gAr 0H(z, )
— == 22
0z b2 ot (22)
Hence, by substituting Eq. (22) into the second equation of system (21), one gets:
oHY(z,t
& — Hb(z, t)
at
AH(z,t) f b , 32H%z, 1)
—_— = z,t)|H  (z,t b ——
o oA |QEOIH @0+ b
similarly to (15).
At this point, the standard Liénard transformation does not apply, but one can consider the following one:
Hl(z,t) = H%z,1)
t
b* f 3z, 1)
Hp(z,t) = H’(z,t) — / ——|Q(z. )| ———dr
8PA; 9z
to get (by using again equation (22))
i 9Q(z,7)
. zZ, T
e =#eo+ [ Zh0en e (23)
ZPA? 0z
b ,02H{(z,t)
Hj(z,t)=Db 0z (24)

Here a Liénard-like model is obtained in terms of the pressure head, but still depends on the flow rate. It can yet be noticed
that this form becomes similar to (17) in the case of linearized model, as shown below.

3.3. Linearized Liénard-type modeling

The linear versions of second-order equations (14) and (20) are
0%qz,0) _ 1 9%q@z.0)  flQol 99(z.0)
372 b2 at2 Argb? ot
0’h(z.t) 1 9*hz.t) | f1Qol dh(z.D)
z2 b2 a2 Arpb? ot

where ¢, h respectively stand for flow and pressure variations with respect to some steady state behavior defined by Hg(z)
and Qo (necessarily constant in z). With an electrical analogy, those equations can also be rewritten as

(25)

(26)
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¥%q(z, 1) a%q(z, 1) 3q(z, t)
2’ _rC RC 27
972 at? + ot (27)
92h(z, t) 92h(z, t) dh(z, t)
ons ) 28
072 e ot? tRC ot (28)
oo f1Qol .1 gA
WlthR_gA?q&'ﬁ_gAr'c_ 7

Hence g and h satisfy the same equation, which means that a Liénard model can be obtained either in flow rate or in
pressure head (depending on the preferred point of view), by considering the following transformations:

q(z, t) q(z,t)
d>:<8_q(z t))_)(?gg>:=<a—q—%E (zt)> (29)
ot 2 ac T 1%
or
h(z,t) h(z,t)
¢:<%(z t)>_)<§]gg>:=<%+gh(z t)) (30)
o 2o ot L
With any of those choices, Eq. (27) (or Eq. (28)) becomes
951(z, 1) (R
T_Q‘Z(zv t) (E)Cl(zv t) (31)
02(z,0) _ (1 3*0(zD
a (az) 822

4. Application: state observer design for parameter identification

This section presents a possible application of the formerly discussed Liénard-type models. The application is on esti-
mation issues, for which a so-called observer approach is proposed [22], that is on-line algorithms allowing the recovery of
unknown variables from the use of the model together with driving and measured variables. The appropriate observer is
first presented, and application examples for parameter estimation in a pipeline are then given.

4.1. Observer tool

For a dynamical system described by

E(t) = AY©)E®) + By (®), u(t)
y) = C&@®)

where A, B,C are known functions, while &(t) denotes the state vector, u(t) some known driving input, and y(t) the
measured output, an exponential observer can take the following form [23]:

(32)

~

E() =A(y©)E®) + By(®), u®) — ST OCT(CE®) — y(©) (33)
S(t) = —AS(t) — AT(y())S(t) — S(t)A(y(t)) + CTC, for > 0,and S(0) >0 (34)

in the sense that the error é(t) — &(t) can exponentially decay to zero as t goes to infinity.

In this case, the rate of decay is tunable by means of parameter A.

The exponential convergence is guaranteed under an appropriate excitation condition on u(t), y(t) given by:

ar,p’,a’ >0:
t+T

g'1> f v, o cTcw,(r,ndr =o', Vt=>tp

t

(35)

where [ is the identity matrix and W, denotes the transition matrix satisfying

i%(r, t) = A(v(T))Wy(T,1)
dr

Wt =1
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In Section 4, it was shown that a Liénard system with functions Fg, Gg linearly parameterized with respect to some parameter
vector 0 can take the structure (6). At this point, an observer for both state and parameter estimation can be designed with
the structure given in Eq. (33), provided that the system (6) be set in the adequate form, by considering

co= " | (36)

Here £(t) € R"™™ denotes the augmented state vector of the new augmented system, if x(t) € R" and § € R":

ao:<% Mgm)a0+<Wﬂ%Mm>

A(y(®) B(y(t),u(t))
y() = C&() (37)

where C = (Cp 0) and zero submatrices of appropriate dimensions.

4.2. Example: estimation of wave speed and friction or inner diameter

Pipeline parameters naturally change as time goes by. Therefore, identification algorithms that update the actual values
are always required to adjust control or monitoring systems. In this work, by taking advantage of the linearized Liénard
type-model of the pipeline expressed by (31), an observer is proposed to estimate the inner diameter, the wave speed
and the friction factor. To do that, the following spatial-discrete version of such a equation in terms of the flow rate is
considered:

Qi =Ql®) — Q) (38)
U HGESARIH()

where V2 Qi) ~ (QlL () —2Q} 1) + Q,.“H(t))/Azz, Az is the spatial step of the discretization and i is the spatial dis-
cretization index. Recall that o = R/L = f|Qql|/Ar¢ refers to a dissipation coefficient, and y = 1/£C = b? refers to a
diffusion coefficient.

Now when 6 = [« y]" is the parameter vector to be estimated, then the extended vector of the system to be used for
the observer design (according to (36)) becomes £(t) = [£1(t), &2(t), £3(t), £E4(t)]T = [Qi‘}l(t), le(t)’ a, y1T. This requires that
available measurements, as well as input variables, be specified. Here it is assumed that flow rates at the pipeline positions
i—1,1i,and i+1 are available along the pipeline: Q{ ;, Qf and Qfﬂ with y(t) = Q{(¢t). Finally, by considering this scenario,
model (38) can be rewritten in the form (37) as

01 —y O

v |00 0 V2

§O=150 0o o |5© (39)
00 0 0

y =[1 0 0 0]&@®)

and an observer for both state and parameter estimation can be designed by (33). In particular, the estimation of &4(t) gives
the wave speed and that of &3(t) gives the friction coefficient if the inner diameter is known or the inner diameter if the
friction is known.

4.3. Example: estimation of friction and equivalent length in a pipeline

In practice, the existence of fittings such as tees, reducers or elbows cause pressure loss or resistance, which can be a
drawback for monitoring or diagnosis methods if they are not well known, or regularly changing under upkeep operations.
As a remedy to this situation, a very important concept in fluid dynamics can be used: the equivalent length, which is the
length of an imaginary straight duct that would have a frictional head loss equal to a more complex pipeline with valves
and fittings.

To find the equivalent length, a virtual substitution of each fitting by an equivalent straight pipe segment should be
done. This task involves the use of the so-called loss coefficient of a particular fitting; see Chapter 5 in [24]. This parameter
can be found in manufacturer data sheets and normally is denoted by K. The provided K value, however, is usually larger
than the real one in order to provide a security margin when a pipeline system is designed.

To have a more precise value of K for each accessory, the authors in [25] proposed a state observer for its online
estimation. More recently, in [1], a state observer for estimating the friction factor and the equivalent length of a pipeline
was developed. Such an observer was designed from a discrete version of the flow rate model given by Eq. (17); it requires
three flow measurements along the pipeline: for instance, two measurements at each boundary and another one in between.
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The observer works well according to test results; however, it is always better to have algorithms that work with fewer
sensors. A state observer is then proposed that simultaneously estimates the equivalent length and the friction of a pipe by
using only boundary measurements. For the design of such an observer, the ensuing steps are carried out.

Firstly, let us consider model (17) for the pipe dynamics. Let us further assume that the pipe flow is driven by pressure
heads at the boundaries. Let us then differentiate Eq. (22) with respect to space to get

Q) _ gAr dH(z,t)

= 40
072 b2 9z (40)
where H stands for 9H/ot.
Injecting this in model (17) subsequently yields:

el Qa(zv t) b f a a

—_—= Z,t) — —— z,t z,t
or Q7 (z. 1) 2¢Ar|Q( )IQ7 (2, t)

9Q°(z, 1) 9H(z. 1)

—= T —_gA 41
ot gAr 9z (41)

If Eq. (41) is discretized in space by using both the forward and backward finite difference methods, respectively, one
gets the following ODE systems:

96— 0P () — —I—10° a

Qi) =0Q;® 2¢Ar|Q‘ (z,01Q; (z,t)

Qib(t)z_g,qrw, Vi=1.2,..N (42)

Az

WHOGENHGE LIQ"(Z HIQ{(z.t)

1 1 2¢Ar 1 ? 1 ?

b, HiO—Hi1©) o

Q)= gAr—AZ s Vi=1,2,..,N (43)

where Az is the space step and N is the total number of discretized sections.
If one sets Az = Legq, Qi"(t) = Qin(t), Hi(t) = Hin(t) and H;y1(t) = Hout(t), system (42) becomes

f

) a —ob — - |0 a

Qi () = Q4 () 204, Qi (O1Q;, )

Qb0 =ga O o (44
eq

Finally, if one defines &(t) = [£1(t), £&(t), £3(t), £E4(t)]T = [Qi‘;(t), Qﬁl(t), f, 1/Leq]T as a state vector and y(t) = &;(t) as
the output, the following extended system is obtained:

1
‘ 01 —M(I&(t)lf&(t)) ‘ 0 .
E=100 0 gAr (Hin(6) — Hour (D)) | £() (45)
00 0 0
00 0 0
y(t) =£&1(0)

which is suitable to design an observer with the form given by Eq. (33) as soon as Hin(t), Hout(t) are known. Notice that
Qout(t) together with system (43) could also be used instead of Qj,(t) and system (42) to perform the estimation.

5. Tests
5.1. Simulation tests

Hereafter the observer constructed from the extended system given by (39) is evaluated. The pipeline behavior is
simulated via a Finite-Difference approximation of equations (10)-(9) over n = 50 sections. The spatial step size is thus
Az =L/n=4.0033 [m]. All simulations were done within the MATLAB® environment. The step time of the solver (ODE3)
is set to At =0.001 [s], allowing us to satisfy the Courant condition. Pressures at the pipe ends, Hi,(t) and Hoy(t), are
considered as boundary conditions to approximate (10)-(9). Finally, the physical parameters of the simulated pipeline are
displayed in Table 2.
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Table 2
Physical parameters.
Parameter Value Parameter Value
L 200.16 [m] b 1284 [m/s]
[ 0.1016 [] f 0.022
R 6.4141 L ~12.5734
c ~4.8240 x 10~8 qo0 ~0.019130 [m3/s]
3
2.5 1

Jv=0l0/A,

[m/s]

0.5 ‘ ‘ ‘
0 20 40 60 80
[=]
Fig. 1. Velocity v and its estimation V.
0.6
0.4 I. .
te=0.36 ta ~ 0.3538
0.2r ]
Q |
~N Or g
i
-0.2f 8
-0.41 8

0 10 20 30 50 60 70 80

40
[=]
Fig. 2. o and its estimation &.

The results obtained from the estimation are presented as follows: in Fig. 1, the estimated velocity Q“(t)/Ar is
shown. In Figs. 2 and 3, the estimation of parameters 6 = [@ P]T are presented with respect to their actual val-
ues.

In addition, the estimation of 6 allows us to estimate either the pipeline diameter ¢ or the friction coefficient f. If the
equilibrium flow rate Qg is known, as well as the friction coefficient f and the estimates &, then an estimate of the inner
diameter ¢ can be computed as

) 1/3
b= (4fQ0> (46)

amn

In Fig. 4, this estimated diameter is shown; it converges to 0.1023 [m], with an estimation error of 0.6889%.
If the equilibrium flow rate Qg is known as well as the inner diameter ¢, then & permits an estimate for the friction
coefficient as

. np3a
i-(ie ) )
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In Fig. 5, the estimated friction coefficient is shown; it converges to 0.0216, with an estimation error of 1.8181%.

The estimation errors can be caused by the use of a linearized version of the dynamical model, but the estimates are
pretty successful.
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List of components

Identifier Component Identifier Component
E-1 Reservoir P-1 Pressure sensor
E-2 Pump P-2 Pressure sensor
V-1 Valve F-1 Flow sensor
V-2 Valve F-2 Flow sensor
V-3 Valve E-3 Reservoir
V-4 Valve E-4 Pump

18,252 m 12,15 m ‘

% EF'; V-3
== —
V-4 .
E3 £
] L £
& = = ]
E-1 ) i J
V-1
E-2
17,45 m 12,15 m ‘
Fig. 6. Pipeline prototype scheme.
Table 3
Physical parameters, CINVESTAV prototype.
Parameter Value Parameter Value
Leg 85.5 [m] b 393 [m/s]
¢ 0.06271 [m] f 0.017

5.2. Experimental tests

In this section, some experimental results are presented in order to evaluate the observer’s performance given by Eq. (33)
and based on the extended system (45). Here the prototype, which was built at the CINVESTAV-Guadalajara has been
considered. The prototype is equipped, among other things, with a 5 [HP] centrifugal pump (Pump 1), which provides the
energy needed to transport the water inside the pipeline. The pump is controlled by a Variable-Frequency Drive (VFD)
between 0 and 60 Hz, which controls the rotational speed of the pump motor by a variation of the AC frequency. The
instrumentation consists of flow sensors (FTs) as well as of pressure ones (PTs) installed at both ends of the pipeline; see
Fig. 6. The flow rate is measured by using electromagnetic flowmeters (Endress Hauser, mod. Proline Promag 10P). The
pressure head is measured by using a piezometric diaphragm sensor (Endress Hauser, mod. Cerabar M). A full description is
given in [26].

On the other hand, a database is acquired from flow rate and pressure head measurements, which are obtained at a
sampling rate of 100 Hz, by employing a LabVIEW® environment through data acquisition card NI USB-6229. The imple-
mentation was done offline in a MATLAB® environment. The main pipeline parameters are summarized in Table 3.

The experiment was performed as follows: Pump 1 is started in a steady state operation during the first 80 s approxi-
mately. After that, it begins to operate in some unsteady state, namely, a sine-like pressure signal is introduced, exactly like
a persistent input condition in the sense of Eq. (35). This sine signal was experimentally obtained by setting up the pump
controller as follows:

VFD(t) =60 [Hz], forVt <80 [s]
VFD(t) =50+ 5sin(2.7313¢) [Hz], for V¢ > 80 [s]
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Fig. 7. Pressure heads.
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Fig. 8. Flow rates.

This signal is characterized in pressure terms as follows:

Hin(t) ~20.12 [m], Hout(t) =~ 10.48 [m], for Vt < 80 [s]
Hin(t) &~ 15.645 + 3.455sin (2.7313t) [s], Hout (t) & 8.2105 + 0.9335sin (2.6180¢) [m], for V¢t > 80 [s]

By defining a new extended state vector £(t) = [£1 (t), £2(t), £3(t), E4(D)]T = [Qf @, Qil;l(t), f, 1/Leq]T, the observer was tuned
with A =7 and initialized with the following conditions:

£(0) = [£1(0), £(0), £3(0), £4(0)]T = [0.005, 0.005, 0.025, 1/300]", S(0) = diag(1,1,1,1)

The derivatives of the boundary pressures were calculated by using the URED algorithm proposed in [27], which was tuned
with k1 = 0.99 and k; = k%. Previously, these signals as well as the flow rate measurements were filtered by using a
third-order Butterworth low-pass filter with a passband edge frequency of 7 [rad/s].

Hereafter, it is highlighted how this persistent input condition allows the estimation of both the equivalent pipeline
length and the friction coefficient properly. In Figs. 7 and 8, the pressure head and the flow rate measurements are displayed,
respectively.

Fig. 9 then shows the friction factor estimation as well as the one calculated by using the so-called Swamee-Jain equa-
tion (48) [28]. Notice that while the persistent input condition is absent for ¢t < 80 [s], the observer does not converge. For
t > 80 [s], however, the observer begins to estimate the friction factor, and estimation is indeed successfully achieved:

0.25

o e +5.74 2
810{ 374 " Re09

In Fig. 10, it can be seen the calculated equivalent length by using the Darcy-Weisbach equation (49) [29], which is
oscillatory-like for t > 80 [s] because of the persistent input condition u(t), as expected. This is explained as follows: the

f=

(48)
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empirical Darcy-Weisbach equation considers an average flow rate in order to estimate the head losses along a pipeline
(steady state). However, when the persistent input arrives, this assumption is not fulfilled, because the used variables (pres-
sure and flow rate) are in unsteady state. Therefore one cannot rely on Darcy-Weisbach equation when an oscillatory
regime is present. Finally, notice that the estimated equivalent pipeline length coincides with the one calculated before the
oscillations start, as desired:

AH 5.2
Leq = w (49)

6. Conclusions

In this article, the derivation of Liénard-type models for fluid transmission line dynamics has been presented. The interest
of this model for estimation purposes has been emphasized by presenting a related exponential boundary observer that
estimates the friction and the equivalent length of a pipeline. Simulation and experimental tests have finally been provided
to illustrate the good performance of the proposed observer. The design of observers based on the infinite-dimensional
model are considered to be presented in future works.
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