IEEE Access

ey | g e | s

Received September 11, 2020, accepted September 22, 2020, date of publication September 25, 2020,
date of current version October 7, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3026653

Port-Hamiltonian Modeling and Control
of a Micro-Channel Experimental Plant

NELSON CISNEROS', ALEJANDRO JOSE ROJAS!, (Senior Member, IEEE),
AND HECTOR RAMIREZ 2, (Member, IEEE)

! Departamento de Ingenieria Eléctrica, Universidad de Concepcién, Concepcién 4070386, Chile
2Departamento de Ingenieria Electrénica, Universidad Técnica Federico Santa Marfa, Valparaiso 2340000, Chile

Corresponding author: Alejandro José Rojas (arojasn@udec.cl)
This work was supported in part by the Secretaria de Educacién Superior, Ciencia, Tecnologia e Innovacién (SENESCYT), in part by the

Advanced Center for Electrical and Electronics Engineering (AC3E) through a Basal Project under Grant FB0008, and in part by the Fondo
Nacional de Desarrollo Cientifico y Tecnolégico (FONDECYT) Project under Grant 1190196 and Grant 1191544.

ABSTRACT We present a port-Hamiltonian system (PHS) model based on the interconnection between
basic hydraulic elements equivalent to electrical components such as capacitors, inductors, and resistors
to represent the dynamics of a water micro-channel experimental plant. We compare the fluid-structured
interconnected PHS model with the data obtained from a micro-channel experimental plant. We then
implement a controller using the total hydraulic-mechanical energy as a local Lyapunov function. Finally,
we apply an integral action controller (IAC) to correct for modeling errors and load disturbances. The IAC
is easy to design given the proposed interconnected model.

INDEX TERMS Fluid-structured interconnected system, micro-channel model identification, local

Lyapunov function, integral action controller.

I. INTRODUCTION

Dinamycal systems can be defined as energy storing and
transforming elements. This is particularly convenient for
describing complex nonlinear systems, since they can be con-
sidered the interconnection of subsystems with a basic con-
figuration. Models based on ports, such as port-Hamiltonian
systems (PHS) [1], allow definition of a unified framework
for systems arising from different physical domains, since
the dynamics of the systems are determined by the energy
interchange between their possible multi-physical compo-
nents. From a control perspective, the benefit of models
whose structures have direct physical motivations is that the
parameters have physical meaning, and thus, the synthesis
and tuning of model-based controllers can be related with
physical considerations [2].

An important characteristic of PHS is the principle of mod-
ularity of their components, with an emphasis on the physical
structure and the interconnections between said components.
PHS are defined in terms of two geometric structures: a power
conserving interconnection and an energy dissipation struc-
ture [1]. The Hamiltonian behind the PHS can then be used as
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a candidate Lyapunov function to study closed-loop stability.
Such a feature is very appealing since candidate Lyapunov
functions can be difficult to find and/or very complex: see
for example [3], [4], and [S]. In [6] a control interpretation
from a mathematical model obtained from physics principles
led to the presentation of a framework based on a triptych,
with behavioral equations and latent variables as side panels
and the behavior of a dynamical system in the center panel.
The objective is to regulate the steady state system behavior
by shaping the energy of the system. The controller itself can
be considered a dynamical system, which is interconnected
to the plant process to change its behavior. The objective is
then to find a dynamical system (controller) that can change
the total energy function to a desired form (energy shaping).
This technique is a fundamental part of the passivity based
control (PBC) approach, which is used, for example, to design
manipulator robot controllers in [7], and to solve classes
of Euler Lagrange systems in [8]. A passive system with a
desired storage function can be found in [9].

Recent research related to PHS and PBC covers different
applications. In [10], a DC-DC boost converter with constant
power loads is modeled as a PHS and then controlled with an
adaptive interconnection damping assignment passivity based
control (IDA-PBC). To control the acceleration of a mobile
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inverted pendulum (MIP), a nonlinear controller based on
IDA-PBC is developed in [11]. In [12], an input disturbed
stochastic port Hamiltonian system (Id-SPHS) is stabilized
by a PBC controller. The model considers state and input
disturbances. In [13], an energy dissipating hybrid controller
is proposed and applied to a plant with time continuous
dynamics. Using IDA-PBC, the authors of [14] implement a
high performance level control for a plant of three tanks inter-
connected in a cascade configuration. The proposed method
can deal with the nonlinear dynamics of several intercon-
nected tanks using mass balance physics principles.

In [15], a vocal folds model is based on a vocal
fluid-structure interaction compared to a mechanical mass-
spring-damper structure equivalent. A port-Hamiltonian for-
mulation is used to model moving containers considering
two-dimensional equations under rigid body motions in [16],
obtaining a mixed-port-Hamiltonian system, with finite and
infinite-dimensional energy variables and ports.

The micro-channel process is physically characterized
by simultaneous accumulation and transportation of water,
which is normally modeled by a set of boundary con-
trolled partial differential equations (PDEs), namely the
Saint-Venant equations [17]. The control objective is to
regulate the water level and/or the water velocity in the
micro-channel by using the gate openings as control actions.
Formally,the control design concerns the solution of PDEs,
leading to the study of existence and decay of classical solu-
tions of hyperbolic systems, using for instance a Riemann
invariants approach [18], [19] or operator theory [20].
Alternatives to control design approaches based on mod-
els described by PDEs are early lumping approaches [21],
in which the PDEs are spatially approximated by a set of
ordinary differential equations (ODEs). The advantage of
working with ODEs is that simpler control design techniques
can be used although at the expense of possibly losing the
physical interpretation of the model and the parameters.
A structure preserving approximation, i.e., an approximation
that preserves the physical properties of the distributed model
of the micro-channel is proposed in [22], and later used
in [23] to design a passivity based controller for the pro-
cess. Recently, modeling by interconnection of basic energy
storing elements of complex distributed physical systems has
been reported to describe the fluid—structure interaction in
tubes with time-varying geometries [24].

The first contribution of this work is the proposition of
a lumped element model based on the interconnection of
elemental energy storing elements. Transportation and accu-
mulation of water are taken into account by pipe and tank
elements, respectively, while the controlled gate opening is
modeled by controlled fluid resistances. We do not con-
sider here an explicit communication network for the pro-
posed interconnection, which in turn could introduce the
extra challenges of latency, power limitations or malicious
attacks: see for example [25]. One of the benefits of the
proposed interconnected model is that parameters have direct
physical interpretations since they characterize the basic
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physical properties of the process. Moreover, the control
model is obtained without approximating sets of PDEs, which
makes the modeling approach quite simple and convenient
for deriving a control model for the micro-channel. It is
of special interest to remark that the control model pre-
sented in this work is, with minor differences, identical
to the spatially discretized model presented in [22], where
a structure-preserving approximation scheme of the PDEs
is used.

The model is then used, in our second contribution, to syn-
thesize a control law for a desired level, using the total
hydraulic-mechanical energy as a local Lyapunov function
in a section of the micro-channel experimental plant. The
developed control law can also be interpreted as a stabilizing
proportional controller, which is easy to design and offers a
fast response. The proportional control presents steady state
level error for real life applications due to modeling errors
and disturbances. As aresult, we then propose and implement
a stabilizing integral action controller (IAC) to correct the
steady state level error in our experimental setup. All the-
oretical results are experimentally verified showcasing how
the PHS approach can be used as a first-principle approach,
from modeling to control, simultaneously preserving a phys-
ical interpretation. The micro-channel experimental plant is
located at the Systems Control Laboratory, Universidad de
Concepcion, Chile.

This paper is organized as follows. Section II shows the
model results based on the interconnection of basic hydraulic
elements. In Section III the control law is obtained using
the total hydraulic-mechanical energy as a Lyapunov func-
tion and an IAC controller is designed. Section IV describes
the experimental results, where the PHS model is adjusted
and the control results are shown. Finally, conclusions are
presented in Section V. A preliminary version of the inter-
connected PHS modeling has been previously communicated
in [26]. The interconnected PHS experimental control results
are presented here for the first time. The notation used in this
paper is summarized in Table 1.

II. FLUID-STRUCTURED INTERCONNECTED PHS MODEL

In this section an interconnected lumped model is proposed
based on elemental energy storing elements. Transportation
and accumulation of water, which are the fundamental phys-
ical phenomena in the micro-channel, are taken into account,
respectively, by pipe and tank elements while the controlled
gate opening is modeled by controlled fluid resistances. One
of the benefits of the proposed model is that parameters have
direct physical interpretations, since they characterize the
basic physical properties of the process. Moreover, the control
model is obtained from the systematic interconnection of
basic elementary subsystems, rather than by approximating
sets of PDEs, which makes the modeling approach simple
and convenient for deriving a control model for the micro-
channel. Another key feature of the proposed model is that
the slope of the micro-channel is modeled by pressure drop
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TABLE 1. Notation used in this paper. The none italic letters represent
constants.

Symbol Description Units

\%4 Volume m3
I Momentum Ns/m?

q Flow m3/s

p Pressure N/m?

PDext External pressure N/ m?2
PA Slope drop pressure N/m?

g Gravity m?/s

Hy Desired energy J
H Closed-loop energy J
H. Control energy J

u Control signal Ns/m®
Ue Controller input m3/s

y Model output m3/s
Ye Controller output N/m?
dq Matched disturbance N/m?
do Unmatched disturbance m3/s
w Lyapunov candidate J
w State vector -

a, 3,8,Ra, Ia Controller constants
¢,z Controller state -

[ Adjusted fluid resistance Ns/m®
Re Uncontrollable fluid resistance | Ns/m?®
Cy Fluid capacitance m®/N

I Fluid inertance Ns?/mb

A Area m?

B Channel width m

h Water level height m
hg Gate opening m
ag Gate flow coefficient -

v, K1 Model parameters

n Adjusted resistance parameter -

P Fluid density Kg/m3

k Sample-indexing variable -

Ty Sample period s
m,n Dimensions
n
T
LAl
|-
an H — o

FIGURE 1. Schematic representation of a tank and a pipe subsystem.

inputs, which makes the slope easy to handle even if it varies
in space.

A. THEORETICAL MODEL APPROACH

In this subsection, we first expose the PHS modeling of a
section of the micro-channel with a controllable fluid resis-
tance. Then, we proceed to interconnect several of these
sections in order to obtain the complete model of the chan-
nel. The spatial resolution of the final model depends on
the number of subsections into which the micro-channel is
divided. Each subsection is modeled as a PHS with elemental
fluid elements: a tank with its associated fluid capacitance,
a pipe with an inertance and a fluid resistance. The tank
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models water accumulation through a potential energy func-
tion, whilst the pipe models water transport through a kinetic
energy function.

The PHS model representation of one such subsystem is

Al =[] [+ 4[]

o\ ) . — —

J(x)—=R(x) ?T’; g(x) d(x)
10 p p]
= = 1)
g [0 —1} M [—q (
—_—— ——
FLCOR 4

where intensive and extensive variables are, respectively,
the pressure p in the tank and the output flow ¢, and the
volume V and the fluid momentum II. The input flow g;,
and the external pressure p.,; compose the system disturbance
map. The pressure inside the tank and the output flow with
the negative sign are part of the output vector. The control
input signal # € R represents the actuator. The state vector
isx =[V,II]T e R2, the interconnection matrix is J x) =
—JT(x) € R?*2, the dissipation matrix is R(x) = RT(x) >
0 € R?*2, the Hamiltonian of the total system energy is
H(x): R? - R, the system disturbances vectoris d(x) € R2,
the input mapping matrix is g(x) € R?*2, and the passive
output is vector y 62 RR2. The potential energy stored in the
tank is %Cfp2 = %‘é—f and its partial derivative le = p, where
Ct is the fluid capacitance. The stored energy in the ideal fluid
inertance is %qu = %HTz and its partial derivative % =q,
where I is the inertance. The total energy is the sum of the
potential and the kinetic energies. All physical units are given
in Table 1.

'-_-|'1n.

FIGURE 2. Interconnection of two tanks and pipes considering a slope
and a sluice gate at the output.

In a first instance, we focus on two interconnecting subsys-
tems, and we consider the micro-channel slope as a pressure
drop. Specifically, we treat two types of subsystems, differ-
entiated by the fluid resistance. The first subsystem has an
uncontrollable fluid resistance as a parameter of the system.
The second subsystem has a controllable fluid resistance
(control input) that is the sluice gate representation.

In Figure 2, we represent the interconnection of two tanks
and pipes with a slope. The PHS model that represents the
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interconnection of two groups of tanks and pipes is given by

\_'/1 0 -1 0 07 [p
M| _|1-Ry =10 ||aq
Vz - 0 1 0 —1 P2
I, 0 0 1 —ull|gs
100
01 0 din
+ 00 0 JN|
00 —1 | LPex
100 07 |™ pi
y=o100 [[!|=]| ¢ )
000 —1 ‘;i —q
'-ul‘irl.
K, It |
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e
'lll& ".'_ Y —_i'-.._ TS e
}:IE q.

FIGURE 3. Interconnection of N tanks and pipes considering a slope and
a gate in the output.

The output flow and the downstream pressure of the first
subsystem interconnect both subsystems. The slope pressure
drop is part of the disturbance vector. An intermediate flow
appears in the output vector caused by the slope pressure drop
presence in the disturbance vector. To interconnect several
subsystems, the previous reasoning is applied to add N — 2
subsystems with uncontrollable fluid resistances. The entire
micro-channel dynamics are then represented by the intercon-
nection of several subsystems preserving the PHS structure.

The proposed model considers N € N number of tanks and
pipes with slope: see Figure 3. All of the subsystems have
uncontrollable fluid resistances, except for the last subsys-
tem, where a controllable fluid resistance u is placed in the
dissipation matrix diagonal

‘:/] 0 -1 00 p1
IT I -Rf ---0 0 q1
VN 0 0 ---0-1{]pn
ﬁN 0 0 1 —u qN
10--- 0
O‘l. O QH'I
pal
i .
00-
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q1 a1
y=1::" = 3
00--- 0 ||p~ B
00---—1]|gn 4N

The input flow in the first tank ¢;,, the pressure differentials
due to the slope pressure drops pa and the external pressure
at the last pipe p.y; compose the interconnected system dis-
turbance map. For more details about the derivation of the
lumped PHS model, the reader is referred to [26].

In [22], a structure-preserving approximation, i.e., an
approximation that preserves the physical properties of the
distributed model of the micro-channel, is proposed; the
approximation is later used in [23] to design a passivity-based
controller for the process. The benefit of preserving the
physical structure of the model is that the parameters have
physical meaning, and thus, the synthesis and tuning of the
model-based controllers can be related with physical consid-
erations [2]. It is interesting to notice that the control model
presented in this work is, with minor differences, identical to
the spatially discretized model presented in [23]. The main
differences are that in this work the control model is obtained
without approximating sets of PDEs, which makes the mod-
eling approach quite simple and convenient for deriving a
control model for the micro-channel. Additionally, in [23] the
controlled inputs are the upstream input flow and downstream
output pressure, while in our model the control input is the
fluid resistance induced by the sluice gate. Another important
difference is that the micro-channel slope is part of the distur-
bance vector in the proposed model, modeled as a pressure
drop, whilst in [23] the slope is included in the total energy
function. Relating the slope with a pressure drop which can be
modeled as an external constant input or disturbance makes
it particularly well-suited for control applications since the
smooth slope variations can be compensated with standard
integral action control. A final smaller difference between the
models is how the natural dissipation in the micro-channel
is handled. In the present work, we assume a linear fluid
dissipation term, whilst the Manning-Strickler dissipation
term is considered in [23].

B. BASIC ELEMENT IDENTIFICATION

In order to produce an accurate model that represents the
dynamics of a micro-channel experimental plant, a process of
identification must be performed to obtain the model param-
eters that are difficult to measure.

We first identify two basic types of interconnected subsys-
tems. The first basic subsystem considers an uncontrollable
fluid resistance. The second basic subsystem considers a con-
trollable fluid resistance: see Figure 2. We then validate the
identified models for these two basic subsystems. We adjust
the theoretical interconnected PHS structure to the experi-
mental setup through a parameter identification experiment
using ordinary least squares (OLS).
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The experimental setup has four level sensors (LIT-01,
LIT-02, LT-03, and LT-04), one flow sensor (FIT-01), and
one micro speed velocimeter (MSV-01) [27] that is used
to estimate the flow. The flow sensor (FIT-01) registers the
input flow directly from the pump output. The micro speed
velocimeter (MSV-01) and the level sensor (LIT-02) are
located in the middle of the micro-channel section to be iden-
tified. The micro-channel section is divided into two basic
subsystems. The first subsystem considers an estimated flow
calculated from the velocimeter and level measurements as
the output flow, which becomes the input flow for the second
basic subsystem. The identification procedure considers the
sluice gate position as the control variable for the second
basic subsystem. See Figure 4 for the experimental setup
indicating the sensors used in the identification experiment.
The capacitance is a geometric parameter which is easy to
verify, and it is related to the longitudinal section of the
micro-channel. The schematic representation of the identified
subsystems is shown in Figure 2.

FIGURE 4. P&ID micro-channel schematic.

1) UNCONTROLLABLE FLUID RESISTANCE SUBSYSTEM

The first basic subsystem considers one tank and one pipe
and an uncontrollable fluid resistance. The output flow is
estimated using the speed and level measurements. The first
subsystem parameters expression is:

hi(kTs) = y1(q1(kTs + Ts) — q1(kTy)) + y2ha (kTs)
+v3 qi(kTs)  (4)

where k € N is the time index, T (s) is the sample time,
y1 and y» are the model parameters, /| is the water level
height (m) in the first subsystem, 5 is the water level height
in the second subsystem and g is the output flow of the first
subsystem.

2) CONTROLLABLE FLUID RESISTANCE SUBSYSTEM

In the second subsystem, the output flow g, is estimated
from the level measurements before and after the sluice gate.
To determine the fluid resistance value, we consider the term
ag = 0.66 (an empirical term), see [23]:

Bhz/2
3—f¢g(h2 ~h3) )

h2
222 -1
gl

q2 =
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where B is the width of the micro-channel (m), h; is the water
level height of the second subsystem, /3 is the water level
height after the sluice gate, g is the gravity (m?/s) and hg
is the sluice gate opening (m). This subsystem, considering
Pext €qual to Kyh3, can then be described by the following
expression:

ha(kTs) = ya(q2(kTs + Ts) — q2(kTs)) + y5 h3(kTs)

+ v6p8(h2(kTs) — h3(kTy))  (6)
where again k € N is the time index and p is the water density
(Kg/m?>). y4, ys, and g are the model parameters. Table 2

resumes the unknown parameters and their definitions based
on the parameters of the continuous time model.

TABLE 2. Model parameters to identify.

Parameter Definitions
_ Cy Iy _ Cq Rey _ Cp Ky
Y1 = AT, V3 = A7 V5 = A,
_ Cg A2 _ Cgla _ Gy,
72 = K16y, Y4 = AT, V6 = =&,

3) TWO INTERCONNECTED SUBSYSTEMS IDENTIFICATION

In this identification experiment we use (4) and (6) to
simultaneously identify a subsystem with an uncontrollable
fluid resistance interconnected with a subsystem with a con-
trollable fluid resistance. The input flow for this exper-
iment is 1.5 I/s. A seventh-order pseudorandom binary
sequence (PRBS) with a period of ten minutes was applied
to the sluice gate position, varying between 0.6 cm and
2.6 cm from the micro-channel floor. These values cause an
appreciable change in the micro-channel level. The PRBS
design parameters such as the period and the order were taken
from [28], where an identification process was conducted to
identify the parameters for a similar process. The first half of
the experimental data was used to calculate the parameters,
whilst the second half of the data was used to validate the
model. The sample period was Ts = 0.04 s. Table 3 indicates
the parameters obtained from the identification experiment
using OLS (y; to y¢), and those inferred through the parame-
ter definitions (see Table 2). The area and the capacitance are
found directly from the micro-channel geometry (Cy = pﬁg).

TABLE 3. Identified and inferred parameters and their units.

Ident. Par. Value Units Infer. Par. Value Units

" 11.66 | s/m? A1, Az | 0.1914 m?2

Y2 0.78 n.a. Ki 10.614 | N/m3

~3 2252 | s/m? | C,Ct, | 0.0195 m®/N

V4 0.003 s/m? Rg, 22.52 Ns/m®
vs 1.0814 n.a. I 4.60 | Ns?/m®
Y6 0.9921 | m3/N I 0.0294 | Ns?/mb
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FIGURE 5. Model validation first subsystem.

Leval |cmi

T |

FIGURE 6. Model validation second subsystem.

The identification method gives the inertances, along with the
uncontrollable fluid resistance caused by the friction of the
flow with the walls.

We now report in Figure 5 the validation results for the
first subsystem, and in Figure 6 the results for the second
subsystem, respectively, where we plot:

o The experimental data reserved for validation (red

dashed lines),

o The simulation based on the identified parameters
reported in the second column of Table 3 for the inter-
connection model given by the discrete time equations
(4) and (6) (blue solid lines),

o The simulation using the deduced parameters of the
continuous time interconnected PHS model reported in
the fourth column of Table 3 (green dashed lines).

We observe from both figures that the reported signals are all
visually in agreement, which allows us to consider the exper-
imental identification proposed in this section as successful.

Ill. LOCAL LEVEL CONTROL

In this section, we present two local control approaches; in the
first instance a purely proportional controller is developed,
and in the second instance a proportional-integral controller
is derived. In both cases, passivity arguments are used to show
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the stability of the closed-loop system. The control objective
is to maintain a desired reference level in the section just
before the controlled gate.

A. PROPORTIONAL CONTROL
According to the basic element interconnection model
approach in [26], a proportional control law based on the total
hydraulic-mechanical energy as a local Lyapunov function
was presented. The proportional control offers some advan-
tages, such as being easy to design, a quick response, and
stability. This proportional controller is simulated and imple-
mented in the experimental setup. The following proposition
presents the controller.

Proposition 1: Consider the subindex N to denote the tank
subsystem just before the controllable fluid resistance. The
control law is then

. BIN(TIN — T — 8(VN = V) n (PN — Pext)
qN aCingN qN
with V the volume reference, HI’; = INqI’ﬁI the correspond-
ing steady state momentum and with &, «, 8 positive tuning
constants.

Proof: Consider the following local energy function for
the N-th section

)

SN —VH? o (y—TI§)°
Hyy = = 4 = ®)
2 Cry 2 In
Considering a constant input flow, its time derivative is
. (VW — V)
Hyy = ———(gno1 — gN)
Cry
a(Ty — %)
+ TN(pN — Pext — ugn)  (9)

S S . I
Considering the equilibrium point, we have I—;I" = gn-1 and
that ?—:ﬁ = gN, and we then have

. S(WW— Vi
Hy, = —M(HN — %)
CiyINn
a(TIN — I1%)
+ ——— NN — pex —ugn)  (10)

In
Replacing (7) in (10), we obtain

Hay = —af(Ty — TI{)* <0 (11)

from which we achieve asymptotic stability applying
LaSalle’s invariance principle. [ ]

B. INTEGRAL ACTION CONTROL

To correct for any steady state error, an integral action con-
troller is implemented. The output of interest is the level of the
channel, which is related to the volume of the tank sections:
it is hence a nonpassive output. This implies that the integral
action cannot be straightforwardly applied via the intercon-
nection of the conjugated output of the system with a pas-
sive integral action controller [1]. In this section, we extend
the integral action controller (IAC) presented in [29] to the
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fluid-tank system under study. In [29], the authors design a
port-Hamiltonian controller that achieves IA and can reject
matched and unmatched disturbances when applied to a
port-Hamiltonian system.

For the design of the IAC, we assume that the system
is operating at some constant equilibrium determined by a
constant input flow and outside pressure. The controller is
designed to ensure that the volume Vy of subsystem N is
maintained at some desired value VY in the presence of
parameter uncertainties or slow changes in the input flow of
the system or the exterior pressure of the system. Rewriting
the model of the micro-channel as an input affine control
system, considering constant disturbances, and for a shifted
Hamiltonian function with its minimum at the desired dynam-
ical equilibrium we have

Vi 0 -1 0 0 0 [ Vy,Hy '
U] 1 —-Rg —=1---0 0 Vn,Hy
Va 0 1 0 0 o0 Vv,Hg
I, | {0 0 1 0 o0 Vn,Hy
VN 00 0 ---0 —1 Vv Ha
[Mx]| [0 0 0 -1 —Rgy| | ViyHa
+[0000---01]"u (12)
with conjugated output y = ¢gn. It is assumed that the

controlled gate, at the exit of tank system N, is never com-
pletely closed. This is accounted for by the constant fluid
resistance Ry, . The shifted Hamiltonian function is

1 1
Hy = — (Vi = V2 + —(I1; = TT¥)2 +- ..
d 2Cf1(1 1)+211( 1 D+

+

(Vn = Vi + 5y — T (13)
2Cy, N T oIy N

where the equilibrium point (V*, IT*) is a function of the con-
stant input flow g7 , constant exterior pressure p},, and the
slope drop pressures p, . Just as in the previous section, a local
controller, i.e. a controller for the N-th tank system section,
is synthesized to control the level around the section at some
reference value. Considering the N-th section, we have

‘:/N . 0 —1 VnHay
Mn| I —Rgy | | Vi Hay

[t (i) Lo]
y = an (14)

where Hy, is the Hamiltonian of section N, and d; and d; are
constant disturbances which take into account any constant or
very slow variation in the inlet flow and parameter modeling
errors which are propagated through the model. Since we
are interested in eliminating the error in the volume Vy,
and this state variable is not in the output equation of our
model, we consider the integral action controller proposed
in [29], which is a state integrator in the form ; = VinHay,
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u = —Rg Vi He, yielding for this particular system
(I =W
Cy

Ry,
u=——"(Tx—2¢) (15)
I
where { € R is the state of the controller, H.(TIn, ¢) =
z—h(HN — ¢)? is the controller Hamiltonian function and I, is
a positive tuning constant to be selected. The closed-loop
dynamic is then given by

\?N 0 —1 —17 [ VyHa 0 1
IIn | =1 -Rgg O VigHe | — | 1]di—]0]d2
c 1 0 O VeH 0 0
(16)
where the closed-loop Hamiltonian is given by
Hcl = HdN +Hc (17)

The control system (15) allows regulating the volume ref-
erence VN by adjusting the reference value of the momen-
tum coordinate. The reader is referred to [29] for further
details. The following assumption is necessary to guarantee
closed-loop asymptotic stability.

Assumption 1: Ry is constant, Hyy is strongly convex and
has no cross terms between Ily and Vy, and there is an
equilibrium point of Iy such that Vi Hy = —d».

Under Assumption 1, the closed-gradient at equilibrium
becomes

VVNH;kl (31
Vo HY | = _1RfN dy (18)
VeH Ry di —dy

implying that the desired reference V{ is ensured by shifting
the closed-equilibrium for the Iy coordinate.
Proposition 2: If Assumption 1 is satisfied, then the
closed-loop system (18) is asymptotically stable.
Proof: The proof follows by direct application of Propo-
sition 3 in [29], considering as Lyapunov function

W = Ha(w) — [w — w*1" VHy(w*) — Ha(w*)  (19)

where w = [TIx, Vn, ¢17. [
“Tam NL| Ir.
. [ K K]
(LA -3 u i HI J ?"__ . r""\.' L
L% T ] -
_I:II_I:_‘:L_'J' .rh I ¥ P |I_l| i}
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FIGURE 7. Micro-channel model with integral action.

The dynamical controller can be interpreted as the inter-
connection of a fluid Resistance-Inertance parallel circuit
in series with a pressure source, as shown in Figure 7.
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Since the controllable fluid resistance Ry, is part of the
control action, it appears as part of the controller in the figure.
The fluid inertance I, is connected in parallel with Rg, and
the desired pressure reference is obtained by a pressure source
of value V{;/Cgy.

Figure 7 shows that the control action can be interpreted as
the interconnection of the last section of the tank system with
the dynamical controller. Indeed, it is not difficult to show
that (15) can be written as the equivalent system

7= _RfNVzHc - RfNuc — Pext
R
U= ——N7 R oue (20)
Ia
using coordinate transformation z = Ilny — ¢, and where u,
is the input of the controller. The closed-loop system is then
obtained by a power preserving interconnection between (20)
and (14). See [29] for more details on the interpretation of this
class of control system.

IV. EXPERIMENTAL RESULTS

A. SYSTEM DESCRIPTION

All reported experiments were performed on a micro-channel
setup located at the Systems Control Laboratory, Universidad
de Concepcion, Chile.

FIGURE 8. Micro-channel experimental setup.

The micro-channel is an experimental plant that can rep-
resent open channel flow hydraulic phenomena at scale,
as in Figure 8. The micro-channel has two installed ultra-
sonic level sensors, Endress+Hauser® Prosonic M, one
Rosemount® ultrasonic level transmitter, one ultrasonic
level sensor Maxbotix ®, one electromagnetic flow meter
Endress+Houser® Promag 10, one micro speed velocime-
ter (MSV) developed in [27], with a linear actuator Exlar®
GSX series, a water pump to boost the flow with a variable
frequency drive (VFD) Rockwell PowerFlex®, and a pneu-
matic Fisher® Fieldvue® Instruments actuator. The plant is
controlled by a PLC Rockwell Contrologix® using the soft-
ware RSlogix® and MATLAB® - Simulink®. The piping
and instrumentation diagram (P&ID) of the micro-channel
is shown in Figure 4. Notice that we also have stressed
in Figure 4 the two basic subsystems previously discussed in
Section II-B. Finally, the overall micro-channel dimensions
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are as follows: length, 7 m; width, 0.145 m; height, 0.345 m;
and a slope of 0.328°.

B. THREE-SUBSYSTEM EXPERIMENT

We first report an open loop estimation experiment with three
basic subsystems, each based on the parameters identified
from Section II-B. Two basic uncontrollable fluid resistance
subsystems (tank, pipe, uncontrollable fluid resistance) fol-
lowed by one controllable fluid resistance subsystem (tank,
pipe, controllable fluid resistance) are interconnected in
series: see Figure 9. Each subsystem has a physical length
of 1.32 m. Figure 10 shows the model response to different
changes in the sluice gate position h,. We observe from
Figure 10 that there is a mismatch between the estimated
and measured levels, more notoriously for the low value
range (6 — 8 c¢m) and high value range (12 — 25 cm) of the
level for Subsystem 1. We show the comparison between the
estimated and experimentally measured water level height for
Subsystem 1 because this subsystem is the one farthest away
from the controllable fluid resistance, and thus, the subsystem
that will present the highest estimation error.

fam

o 4= ¥ ' . 1
: - ¥ =

-, Tt p——

FIGURE 9. Three interconnected subsystems estimation schema.
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FIGURE 10. Estimated and experimental water level height for
subsystem 1.

1) CONTROLLABLE FLUID RESISTANCE ADJUSTMENT

In order to improve the estimation results, we further adjusted
the controllable fluid resistance model. The desired control-
lable fluid resistance was compared with the controllable
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TABLE 4. Adjusted resistance parameters.

Parameter Value Parameter Value
m —2.6-102 75 —21-1077
72 6.44 M6 1.6-1010
73 —0.04 n7 —5.3.10"14
N4 1.4-104 78 5.7-1018

fluid resistance calculated from the sluice gate position. The
method used to adjust the controllable fluid resistance values
was again OLS, and the structure of the equation was selected
as a seventh-order polynomial.

it = ns(u) + n7(w)® + ne()® + ns()*
+na)® + mi3W? + ) +n1 21

where u is equal to the difference between the pressure
before and after the sluice gate divided by the output flow
calculated with (5). & is the necessary controllable fluid resis-
tance required to fit the simulated level to the experimen-
tal level value. The experimentally identified parameters 7;,
i =1, ---8that adjust u to it are reported in Table 4.

We observe from Table 4 that our improved adjustment
results in &t ~ n3 u® + n» u + n1. The mean square
error (MSE) obtained for the Subsystem 1 level with the
adjusted controllable fluid resistance is 1.0692, while it is
1.3646 without adjustment. This shows an improvement of
approximately 33% in the estimation due to the proposed
adjustment. Figure 11 shows u and the adjusted u#, and
Figure 12 shows the experimental validation of Subsystem 1
water level height.

2000

) 1500

1000 -

Resistance[Ns/m®)

0 200 400 600 300 1000 1200 1400
Timels]

FIGURE 11. Controllable fluid resistance comparison between & and u.

We again observe from these two figures that the proposed
further adjustment of the controllable fluid resistance resulted
in the improved estimation of the water level height reported
for Subsystem 1.

Note that here u is related to a controllable fluid resistance.
The control variable u in Section III-A represents the control-
lable fluid resistance, while in Section III-B, u is a special
case where the plant is interconnected with the controller and
u represents a pressure drop that must be divided by the output
flow to determine the equivalent fluid resistance.
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FIGURE 12. Experimental and model water level height validation for
subsystem 1.

C. LEVEL CONTROL EXPERIMENT

Here we report the simulation and experimental validation for
the control of a model with four subsystems representing the
micro-channel setup: see Figure 13. In all cases, we imple-
mented the controllable fluid resistance adjustment described
in the previous Section IV-B. The parameters used were the
ones obtained from the identification experiment reported in
Section II-B: Ry, = 22.5 Ns/m5, where the fluid capacitance
for each tank is Cr, = 0.0195 md /N, the fluid inertance for
all pipes is I, = 4.6 Ns?/m> and the inertance for the last
pipe is Iy = 0.0294 Ns?/m>. The tuning constants are o = 1,
B =11, and § = 0.005. The level set-point starts at 5 cm and
increases to 16 c¢m at time 35 s. The sub-indexes of the pipes
are related with the number of subsystemsn = 1,2,..., N,
with N = 4 being the last subsystem.

in

FIGURE 13. Four interconnected subsystems controlled schema.

Figure 14 shows the simulated level in the first tank. The
controller produces the desired level.

The experimental results are shown for comparison
in Figure 15. We observe that the first tank water level height
is stable, but it also has a steady state error caused by the
model and the sluice gate positioning errors.

The experimental result in Figure 15 motivates the use of
an IAC, as described next.

D. INTEGRAL ACTION CONTROLLER
Four tanks were considered for this interconnection (N = 4).
The level of the first tank is controlled by manipulating
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FIGURE 14. Simulated water level height response using the controller
from proposition 1.
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FIGURE 15. Experimental water level height response using the controller
from proposition 1.
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FIGURE 16. Simulated water level height response using the controller
from proposition 2.

the resistance (sluice gate) on the fourth pipe. The con-
trol is activated at ¢+ = 100 s and there is an increment
of 2% in the flow g;, at 1000 s as an input disturbance.
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FIGURE 17. Experimental water level height response using the controller
from proposition 2.

The parameters are selected as in the previous level control
experiment (see also Table 3). The selected controller con-
stants are I, = 100 Ns?/m> and Reyy = 49 Ns/m?: see
Proposition 2. Figure 16 shows the simulated controller with
IA, and Figure 17 reports the obtained experimental results.

We observe that the controller from Proposition 2 results
in a stable feedback loop based on the interconnected PHS
model: it effectively grants tracking of a constant set-point
and successfully rejects the constant input disturbance, both
in simulation and (more importantly) in the experimental
setup.

V. CONCLUSION

A lumped port-Hamiltonian hydraulic model has been pro-
posed for a micro-channel class. The fluid model consists of
the interconnection of basic valve-pipe-tank elements, similar
to the modeling of electrical circuits with R, L, and C ele-
ments. The advantage of the model is its simplicity and modu-
larity, and the resolution of the model depends on the number
of fluid elements used. The slope of the micro-channel is
taken into account as pressure drops modeled as external
inputs to the system, which allows for facile modeling of the
slope of the channel in a lumped fashion. It is interesting
that comparing our model with the model obtained from
the spatial approximation of the Saint Venant equations [22]
highlights the convergence of both models with only slight
differences.

The capacitance was calculated based on the geometric
characteristics of the channel. The rest of the parameters for
the interconnected PHS model of the micro-channel were
identified using OLS. The open loop estimation using three
basic subsystems exhibits some error between the estimated
water level height of the first subsystem and the experimental
data. To improve this open loop estimation the controllable
fluid resistance was further adjusted.

A proportional controller based on the interconnected
PHS model has been designed. This controller is based
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on a local Lyapunov function equation, which results in a
stable feedback loop. The simulations using MATLAB® -
Simulink® show good results, while the experimental results
present steady state error due to modeling uncertainty.
To correct the steady state error, an integral action con-
troller (IAC) was proposed and implemented, maintaining the
idea of representing the actuator by a dynamic controllable
fluid resistance. The IAC corrected the steady state error, even
with an input flow disturbance. Four subsystems were used to
represent the interconnected PHS model.

Future research will aim to interconnect more subsys-
tems to better approximate the micro-channel process, fur-
ther improving its control by analyzing the impact of other
identification methods. Another possibility is to consider
the case of multiple network interconnected (uncontrol-
lable and controllable) subsystems subject to saturation
and/or possible cyber-attacks, for which the main chal-
lenge would be to model the communication network as a
PHS model.
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