friried applied
e sciences

Article

A Reversible Hydropump-Turbine System

Luis Miguel Esquivel-Sancho *{7, Mauricio Mufioz-Arias

2 3

, Hayden Phillips-Brenes

and Roberto Pereira-Arroyo

check for
updates

Citation: Esquivel-Sancho, LM.;
Munoz-Arias, M.; Phillips-Brenes, H.;
Pereira-Arroyo, R. A Reversible
Hydropump-Turbine System. Appl.
Sci. 2022, 12,9086. https://doi.org/
10.3390/app12189086

Academic Editor: Luisa F. Cabeza

Received: 22 July 2022
Accepted: 6 September 2022
Published: 9 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Electronics Enginering, Costa Rica Institute of Technology, San Carlos Campus,

Alajuela 21002, Costa Rica

Faculty of Science and Engineering, University of Groningen, Nijenborh 4,

9747AG Groningen, The Netherlands

Doctorado en Ciencias Naturales para el Desarrollo (DOCINADE), Instituto Tecnolégico de Costa Rica,
Universidad Nacional, Universidad Estatal a Distancia, Heredia 40101, Costa Rica

School of Electronics Enginering, Costa Rica Institute of Technology, Alajuela 20101, Costa Rica

*  Correspondence: lesquivel@itcr.ac.cr

Abstract: Water-pumped storage systems have become an ideal alternative to regulate the intermittent
power delivered by renewable energy sources. For small-scale operations, a type of centrifugal pump
coupled to asynchronous machines represents an adequate solution due to their techno-economic
feasibility in addition to their ability to operate as reversible systems. This work provides a novel
port-Hamiltonian modelling approach to an integrated reversible hydropump—turbine system, that
can be switched from motor pump to turbine-generator by employing a conventional hydraulic
switch. Our modelling strategy provides a clear physical interpretation of the energy flow from
the mechanical to electrical domains. Then, the model was built with multi-domain storing and
dissipating elements and the interconnection of well-defined input—output port pairs. The system’s
internal energy, i.e., Hamiltonian function, can be exploited for energy-shaping control strategies.
The performance of our modelling approach is validated via numerical simulations.

Keywords: port-Hamiltonian framework; hydropump-turbine systems; nonlinear systems; multi-
domain modelling

1. Introduction

The increase in the worldwide energy demand due to population and productive
growth motivates the search for alternative renewable energy sources. However, intermit-
tent renewable energy sources, such as solar- and wind-based sources, have fluctuating and
unpredictable behaviours, which limit their optimal performance to supply electrical power
continuously. In order to tackle the aforementioned issue, the design and implementation
of bulk energy storage are required [1]. More specifically, hydraulic (mechanical) energy
storage by pumping water from a lower to an upper reservoir is presented as a potential
solution when the infrastructure and topography are adequate [2]. The storing-generating
system should be able to switch from the pump to turbine modes efficiently [2]. Storing the
energy in hydraulic repositories improves grid stability and facilitates the deployment of
intermittent renewable energy sources [1].

We make use of a type of centrifugal pump together with a squirrel cage induction
motor due to their wide operating range and low maintenance cost. In [3], a review of the
state-of-the-art on pumps running as a turbine is carried out. Such a study concludes that a
single-stage centrifugal pump is the configuration most recommended by researchers to
operate in the turbine mode due to the techno-economic considerations.

To maximize the application of reversible pump-turbine systems in power generation,
mathematical modelling strategies are necessary to adequately and simply describe the
physical behaviour of this system. Such modelling approaches should allow subsystems in
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different domains (electrical, mechanical, and hydraulic) to be easily coupled to each other,
in addition to facilitating the design of efficient control strategies.

Several models of centrifugal pumps with their advantages and disadvantages are
recapitulated by [4]. For instance, in [5], the general model of a solar-powered centrifugal
pump connected to an induction motor was introduced with a type of equivalent circuit op-
timization technique. The work of [6] suggests a modelling approach to a centrifugal pump
system where its input pressure depends directly on a quadratic form of its rotational speed.
The description of pumped storage systems found in [7] presents second-order differential
equations that consider the pump—-turbine’s nonlinearities. Furthermore, in [8], a model
of variable speed doubly-fed induction-generator pumped storage power is presented,
which is described as a nonlinear eighth-order state equation with eight state variables.
Moreover, a five-order nonlinear dynamic system of the variable-speed pumped storage
power station was developed in [9], while in [10], a variable-speed pumped storage model
is shown via algebraic differential equations. In addition to the above mentioned examples,
a nonlinear model of a water distribution network based on a port-Hamiltonian description
is presented in [11]. Moreover, a Hamiltonian model of a hydro-power system is presented
in [12], which provides a theoretical basis for its safe and stable operation during transient
processes. Such a model is used later on in [13] where a passivity-based control is designed.
Their control strategy guarantees stability and efficient performance under different op-
erating conditions. In [14], an energy-based modelling approach is developed where a
solar-powered hydro pump system is coupled to a direct current motor. A model based on a
port-Hamiltonian approach to an asynchronous motor is introduced by [15,16], and later on
extended to the modelling of an asynchronous machine configured as a generator by [17]. A
trajectory tracking control strategy for the system in [17] is presented in [18]. Finally, in [11],
a controller for a water-distribution system is designed, using a port-Hamiltonian approach
to model the pump, allowing them to analyze stability, including nonlinear elements.

Here, we make use of the port-Hamiltonian formalism where the emphasis to the
power balance of the system with its storing and dissipating elements are key to under-
standing how the energy flows from one physical domain to another. The port-Hamiltonian
approach depends on well-defined power port-pairs that facilitate energy exchange per
domain. The formalism introduced by [19,20] is a Hamiltonian systems generalization with
structure preservation properties that allows modelling and the design of controllers using
energy shaping and damping injections. Under this framework, the structure preservation
also renders an asymptotically stable closed-loop system even with significant parameter
uncertainties for a wide variety of nonlinear systems [21,22].

The main contribution of this work is related to a generalization of the integrated
reversible hydropump-turbine system model based on the port-Hamiltonian modelling ap-
proach. The physical elements of the system’s range from a lower and upper reservoir to a
penstock and a centrifugal pump that can be configured as a turbine. We make use of an ap-
proach based on energy due to the multi-domain characteristics of our proposed system that
consists of hydraulic-, electric-, and mechanical-storing and dissipating elements. Finally,
the selection of the pump or turbine operation is performed via a conventional hydraulic
switch. This novel modelling approach will allow the development of trajectory tracking
and energy-based controllers for small- and medium-scale hydropump generation systems.

The structure of this paper follows five different sections. In Section 2, a port-Hamiltonian
framework with its benefits in structure preservation properties, energy storage, and energy
dissipation is introduced. A newfangled model relative to the reversible pump-turbine
system that includes a centrifugal pump and an asynchronous machine is presented in
Section 3 using a port-Hamiltonian modelling approach. In Section 4, we validate the
proposed modelling approach of our reversible system via simulation results. Finally, in
Section 5, we provide our main concluding remarks and future research directions.
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2. Preliminaries

Firstly, we cover the bases of the port-Hamiltonian modelling framework of [19,20]
from which the modeling approach for the dual pump-turbine system is inspired.

Port-Hamiltonian Framework

We first recapitulate the port-Hamiltonian (PH) framework for a general class of
(non)linear physical systems. It describes the interconnection structure, dissipating ele-
ments, inputs and outputs related to power port pairs, and the energy function called
Hamiltonian. Via the PH formalism, we can model and control (non)linear hydraulic,
electrical, mechanical, electro-mechanical, and thermal systems. The clarity with which
power-preserving ports, dissipation, and energy-storage components is modeled involves
energy transfers between the physical system and the environment and characterizes the
PH framework [19,20].

H(x)

ox

A PH system corresponds (we assume

= V,H(x) without a loss of generality

along this document) to the following:

{X = [J(x) — R(x)]V+H(x) + g(x)u,
YpH

(1)
y=g(x) ViH(x),

where x € RV is the state variable, and u € R™ and y € RM are the input-output port
pair representing flows and efforts, respectively. In addition, the input, dissipation, and
interconnection matrices of (1) are given by the following:

g(x) € RVVM, 2)
J(x) = —J(x)", J(x) € RV, 3)
R(x) = R(x)" =0, R(x) € RV, (4)

where M < N. In a mechanical system, when M = N/, the system is fully actuated, and it
is under-actuated if M < N. The function H(x) € R is the energy of system, where the
Hamiltonian is obtained along the trajectories of & as in (1). The time differentiation of
H(x) allows a recovery energy balance that is described as follows.

H(x) = =V H(x)R(x)VH(x) + V:H(x) +y u <y'u (5)

The system (1) would be clearly conservative if H(x) = y " u, as well as passive when
H(x) <y'u.

Since we already introduced a general PH approach, the energy-based modelling of
the asynchronous machine configured as a motor and generator follows.

3. An Energy-Based Model Relative to the Reversible Hydropump-Turbine System

This section provides a general description of our reversible hydropump-turbine sys-
tem. First, a model of a three-phase induction motor and the centrifugal pump is provided
by considering their coupled hydraulic and mechanical domains. Furthermore, the reverse
mode as a turbine-generator is provided. Finally, the two systems are coupled into a single
generalized model for the reversible hydro pump-turbine system. The modelling approach
is made in the PH framework such that the interconnection and dissipation elements are
clearly shown together with the input—output portpairs.

3.1. System’s Architecture

The reversible hydro pump-turbine system under study is shown in Figure 1, which
consists of a centrifugal pump driven by an induction motor. The hydropumping action is
meant to store potential energy by pumping water from a lower to an upper reservoir. The
induction motor is able to elevate a column of water via a penstock and hydraulic valve
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vy, which is connected to the bottom of the upper reservoir. It is assumed that electrical
power is provided to the induction motor via an AC grid or a DC grid in addition to power
converters. Finally, the centrifugal pump behaves as a turbine when the water in the upper
reservoir is used to generate and provide electrical power to the same AC or DC grid
that previously actuated the asynchronous motor. The turbine actuates the asynchronous
machine, which is now configured as a generator.

Upper

Reservoir
7o
7<
hy
R
hyp
Flow
Rh
Lower v
Reservoir x X
g : Power
Converter
Hydraulic  Induction
Machine Machine
———
Power Grid

Figure 1. General diagram of reversible hydropump-turbine system.

3.2. Motor Configuration of the Asynchronous Machine

In the Figure 2, the asynchronous machine model configured as a motor is presented
as in [15,16,23,24] in the d-q axis so the parameters of time dependence have been rewritten
in direct and quadrature axes. Consequently, the explicit time-dependent variable is
not presented anymore. We recapitulate here the PH modelling approach relative to the
asynchronous machine configured as a motor and generator previously published in [17].
The nonlinear dynamics of the asynchronous motor are described as follows:

Asy = wehs, + Vs, — Reis,, (6)
As, = —weAs, + Vi, — Reis,, 7)
Ary = (We — wy)Ar, + Vi, — Ryiy,, (8)
Ary = =(@e — W) Ary + Vi, — Ry, )
pm = o1y, iy — Ry — T1, (10)

where state variable py; € R [kgm?/s| represents the generalized momentum. The stator
and rotor vector fluxes are given, respectively, by As = col ()\s » /\sq) and A, = col (Ar ” /\,q ) ,

where A; € R2¥! [Wb], A, € R?*! [Wb], and ], is a skew-symmetric matrix such that the
following is the case.

r=11 o) a
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Furthermore, in (6)-(10), we have Vs, V5, V;,, Vi, [V]and is,, isq, irgs irq [A], which are
the stator and rotor voltages and currents for each axis, respectively. Moreover, w, [rad/s],
we [rad/s], and wy, [rad/s| are the rotor, synchronous, and mechanical shaft velocities, re-
spectively. In addition to this, the system’s dissipation factors, i.e., the stator and rotor
resistances and the rotor friction coefficient, are given by passive elements R [Q)], R, [Q)],
and Ry, [kgm’/s|. 7, [Nm] is the torque input to the mechanical shaft. The electrical
domain’s active elements are represented by the stator and rotor self-inductance L; [H]
and L, [H], respectively, and the rotor and stator mutual-inductances L,, [H]. Moreover,
the number of pole pairs of the system is represented by 7,, and a constant rotational
inertia J,,,, [kgm?] from the mechanical domain. Finally, the stator voltage is given by
Vs [V], while V; = 0 [V] represents the rotor’s voltage for a squirrel-cage induction motor.
In Table 1, all key values and physical quantities are provided for simulation purposes.

Table 1. Key parameters of the reversible hydropump-turbine system.

Parameter Symbol Value

IM Stator resistance Rs 1.115 (Q)

IN Rotor resistance Ry 1.083 (1)

IM Stator inductance L 0.20965 (H)
IM Rotor inductance L, 0.20965 (H)
IM Magnetization inductance Ly, 0.2037 (H)

IM Number of pole pairs np 2

IM Rotational inertia T 0.02 (kg mz)
IM Rotor friction coefficient Ry, 0.005752 (kg m*/s)
IM Nominal voltage Vs 460 (Vims)

IM Operating frequency f 60 (Hz)

IM Mechanical speed Wiy 1750 (rpm)
IM Number of phases factor 0 3/2

Pump rotational inertia Jmp 0.008 (kg mz)
Pump friction coefficient Riup 0.005752 (kg m*/s)
Water density 0 998.2 (kg/m?)

Gravitational constant

9.81 (m/s?)

Fluid dynamic viscosity U 0.00089 (Nm/s?)
Pipe length L, 30 (m)
Pipe height hy 30 (m)
Reservoir height hy 5(m)

Pipe crossection area Ap 0.005 (m?)
Reservoir crossection area A, 5 (m?)
Pump Speed-flow constant Kj, 191,000 (rad/m?)
Turbine Speed-flow constant K 91,000 (rad/m?)
Pump Speed-presure constant K, 50 (kg/m)
Turbine Speed-presure constant K, 25 (kg/m)
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Figure 2. In the reference frame of a synchronously rotating asynchronous machine, we can represent
the two phases d-q via an equivalent circuit.

According to [25], the model is extended here with a parameter (constant) that rep-
resents the asynchronous machine” phases defined as § > 0 and shown in (10). In [25],
the phase constant is 6 = {1,3/2} for a two- and a three-phase asynchronous machine,
respectively.

We follow a PH framework of [15,16]; then, a matrix form can represent a asynchronous
machine configured as a motor. The underlying dynamics (6)-(10) (d-q reference frame)
are shown below. The Hamiltonian (energy) function is described as follows:

- 1 - 17
A, pu) = 5 0my) " Paa+ 5A T L7IA (12)

where an inductance matrix L is defined as follows:

Ls 0 L, O
0 Ly 0 Ly
L, 0 L 0]
0O L, 0 L

L= (13)

and with momenta pj; as in (10), constant §, and the system’s fluxes A € R2%2 jg given by
A = col(Ay, As). Then, the system’s PH framework of the asynchronous machine configured
as a motor (see (6)—(10)) is as follows:

£ = [J(%) - R(9)] V<A(R) + g(0)a
X - (14)
M{y =T (%) VA),
where J (%) is the skew-symmetric matrix:
0 0 0
J(x)=|0 0 Snplars|; (15)

0 dnpAl 0

and the positive semi-definite matrix R(%) is defined as follows.
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R, O 0
Rx=1]0 RI 0 |[. (16)
0 0 ORpy,
Finally, the input matrix is described as follows: (%) is
L —hAs O
§®) =10 —pA 0; (17)
0 0 -1

with (i, ) being the so-called port pair. In (16) and (17), I is a 2 x 2 identity matrix.

3.3. A Reversible Hydropump—-Turbine System

The use of pumps as turbines for hydroelectric generation in small-scale systems has
expanded due to the low implementation costs; see for instance [1-3]. In addition to the
reversibility advantages, the pumped-turbine system shown in Figure 1 allows a single
hydraulic machine to be coupled to an electric machine (e.g., an induction motor), as well
as a single-stage centrifugal pump system. In this work, we use the hydraulic machine’s
model of a centrifugal pump. The hydro-actuated pump as a turbine system provides the
driving torque to the generator (desired configuration of the asynchronous machine. On the
other hand, the motor (second desired configuration of the asynchronous machine) is also
able to actuate the pump system such that a pumping action is delivered. The reversibility
is commanded by a simple switch system to be defined later on.

3.3.1. Hydro-Centrifugal Pump Domain

We first provide the modelling approach of the hydraulic system of Figure 1 configured
as a hydro-centrifugal pump; i.e., the flow of the water proceeds from the lower to the
upper reservoir.

Given the flow of the water in system Q [m°/s| together with the pressure of the
centrifugal pump Ps [Pa], their dynamics are given by the following, respectively:

IhQ:Ps*RhQ*Pghw*Pr/ (18)
. 1
P = thQ, (19)

with 1, (m) being the height of the water in the hydraulic system such that i, = [0, (h, + 1) ],
with 1, (m) being the pipe height, and &, (m) denoting the reservoir height. Further-
more, the water density is given by constant p = 998.2 (kg/m?®), the gravity accelera-
tion constant is ¢ = 9.81 (m/s?), the hydraulic inertance is I, = eLp/A, (kg/m*), the hy-
draulic resistance in the penstock is R, = 87uly/ A2 (k&/ms*), the hydraulic capacitance in
the penstock is C, = Ap/pg (k&/m?s?), and the hydraulic capacitance in the repository is
Cp, = (A/pg) (H(hw — hp)) (k8/m?s?), which exists if hy, > h,. Finally, the total hydraulic
capacitance in the system is given by C;, = Cp + Cj,, (k8/m*s?), with L, (m) denoting the
length of the pipe in the penstock, A, (m?) and A, (m?) denoting the cross-section of the
pipe and the repository, respectively, 1 = 0.00089 (Nm/s?) denoting the dynamic fluid’s
viscosity, and P, (Pa) denoting the pressure in the repository and penstock in the centrifugal
pump outlet.

3.3.2. Mechanical Domain

The dynamics of the rotational momentum of the impeller and the pump shaft are
defined as follows:
Pmp = —Tp — RupWmp + T (20)

where pup = Jup@Wmp, Ty (Nm) is the torque due to hydraulic action, Ty (Nm) is the
asynchronous machine’s torque, R;;, (Nms) is the rotor friction coefficient, wy,, (rad/s)
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is the mechanical angular speed, and [, (k8/m?) is the mechanical inertia of the pump
impeller and shaft.

3.3.3. Hydro-Mechanical Coupling Domain
Inspired by [13,14], we assume here a coupling between the mechanical and hydraulic
domains via a linear relation between the hydraulic flow Q and the angular speed wy,,, via
a constant K}, (rad/m?) given by the following.
Wi b
K,=—7f=—=—.
"TQ

For our centrifugal pump, we furthermore assume here that the pump’s output torque
and its angular velocity are connected via a constant: K, (kgm?) such that the following is
the case.

(21)

Ty = Krwy,- (22)

It follows from (21) and (22) that a new constant K, = K;K; (k8/m) represents the
coupling between the pressure and mechanical angular velocity. This means that the
hydraulic pressure can be written as in [6] by:

Ps = Kow}, - (23)

Then, the power conversion between the hydraulic and mechanical domains in Watts
(W)is P = PsQ = t,wm, = Kow%“, Q, resulting in 1, = Kowm,Q, which is the coupling
between hydraulic and mechanical domains. Furthermore, constant Kj, as in (21) allows the
definition of an apparent mass inertia and dissipating elements between the hydraulic and
the mechanical domain. For instance, the coupled mechanical and hydraulic mass inertia
Ja,, and J;, as well as coupled mechanical and hydraulic dissipating element R,,, and R,,
are defined as follows:

Iy
Jaw = Tmp + 175’ (24)
R
Ray = Rup + 5, (25)
K;,
]ﬂ}, = Ih + ]mpK]%/ (26)
Rﬂh = Rh + RmpK]%/ (27)

and they are the equivalent relationships for the hydraulic domain.

3.3.4. Hydropump System
We define the state variables of the hydro pump system of Figure 1 as ¥ = col (157, o} Pip ) ,

and its energy (Hamiltonian) function is as follows:

1 P

2 ] Am ’

N o1 .
H(x) = EchP,2 + Crgphw Py + 5 Ja, @ + (28)

with the dynamics of D, as in (19), Q as in (18), and Pmp as in (20). Given the partial
derivatives of (28):

) Vi H(%) Culy + Chgpha
VeH(¥) = | VoH() | = Q| (29)
VﬁmPH J?) me

we can rewrite the dynamics of (18)—(20) as follows:
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Bt v H(%) (30)
’ Ch]ah Q ’
5 1 “ R, . Kowy, .
Q=———V3sH(X) — -2V sH(%) + EV s, H(X), 31)
Ch]ﬂh Fr ( ) ]gh Q ( ) Illh P P ( )
s Kowmp vy NI
Pmp = — i VQH(X) — Rﬂmvﬁm[,H(x) + ™. (32)
an
which, in turn, are computed and simplified as follows:
1
_ 0 ] 0
») h)ay, v « H
by 1 Ro,  Kowmy | | P
Q= | ¢ 2 . 0
P h]ah ]”h ]ﬂh V . I:I
Pmp Kowimp Pmp
~—— 0 — Rg, | ~———
¥ Jay, VH (%)
p J(¥)-R(¥) (33)
0
+ {0 [TM]
1] =~
-~ "
§(¥)
7=8 (D)VeH(E) = wm,

with (1, ) = (a1, wm, ) being the system’s port pair (input and output, respectively), and
matrices J(¥) and R(¥) satisfying J(¥) = —J(%)7,and R(¥) = R(%)" = 0, respectively.
Clearly, the power balance, H(%) < 0, for (33) holds.

3.3.5. Hydroturbine System

In the case of turbines, the hydraulic flow’s direction is opposite to the hydropump
system (arrow pointing downwards in Figure 1). The rotation of the impeller and shaft
of the hydraulic machine is due to the effects of the hydraulic pressure, contrary to the
actuation of the induction motor when working as a hydropump system. This means that
if we define the Hamiltonian function H(%) as follows:

H(%)=H(P, Q, pmy)
1 . 1 o 14
= EChPf + CrgohwPr + §IahQ2 + 5 (Jan) 2 (34)

the dynamics of the state variables £ = col(ﬁr, Q, ﬁmT) of the system are given by the
following:

5 1 N

P, = VAH(%), 35
' Ch]llh Q ( ) ( )

A 1 A ap, Ao Kome o
= X)) — 5tVaH(X) — Vi, H(%), 36
Q Ch ]gh P, ( ) ]ﬂzh Q ( ) ]ah PmT ( ) ( )
P Kome Ao Ao 7
Pmy T VQH(X) — RumVﬁmTH(X) -+ T, (3 )

h

where wy,; is the angular speed of the pump configured as a turbine. The dynamics (35)-(37)
can be rewritten in the PH framework such that the following is the case:
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. 0 - C1] 0
A h a . '
I‘j\r 1 Rghh Kowmp v VI:I
A Ch]’zh ]ﬂ ]ﬂh N
f Vs H
Pmr Kowmp Pmp
—— 0 _Ram —_———
£ ]ah V)EH()?)
Ir (2)—R(2) (38)
0
+ 10 [TM]
1] >~
~— u
§(®)
7=¢" ()V:H(2) = wm,

with an input-output port pair (1, ) = (Tm, wm, ). We clearly see in (38) that the following
is the case. J(%) = ff(f)—r, and R(%) = f((a?)T > 0. Finally, power balance, (%) < 0,
holds with F(%) as in (34).

Remark 1. The dynamics of (30)—(32) and (35)—(37) represent the pressure in the penstock, and
the flow and speed of the impeller of the system are shown in Figure 1. For instance, the only
difference between the dynamics of Q as in (31) and Q as in (36) is the direction of the flow due to
the reversibility of the hydropump—turbine system.

3.3.6. A Reversible Hydropump-Turbine System (Main Result)

In this section, we propose the modelling approach of the reversible hydro pump-
turbine system connected to the asynchronous machine of Section 3.2. The coupling is
performed via an interconnecting shaft between the hydropump and the asynchronous
machine. It is assumed here that the rotational inertia of the mechanical domain is a
consolidation of both the shaft and the impeller of the pump as well as the shaft and the
rotor of the asynchronous machine. The apparent mass inertia and the dissipating elements
between the hydraulic and the mechanical domain in (24)—(27) are redefined as follows.

I
]am = ]Wlp + ]mM + thz/ (39)
h
R
Rum = Rmp + RmM + %/ (40)
Kh
]ll;, = Ih + (]mp + ]mM)Kzr (41)
Rg, = Ry, + (Rup + Ry, ) K- (42)

Now, given the dynamics of the induction motor X as in (14), the dynamics of the
hydro pump system Xp as in (33), and the dynamics of the hydro turbine system X1 as in
(38), and if we defined the switch S = 1 — 2s, where s = 0 for pump mode and s = 1 for
turbine mode, we are able to rewrite (X1, Xp, and Xr) in one single system with a new
state vector ¥ defined as follows:

X = col (/\ST,/\,T, pm, P, Q), (43)

and a Hamiltonian function H(x) given by the following;:
H(z) = H(%) + H(¥)
1 1
= Echprz + CngphwPr + 5 Ja, Q?
1

1 B
+5A LA+ 5 () Ty (44)
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with H(%) as in (12) and H(%) as in (28); moreover, pys_p is the mechanical momentum of
the motor-pump rotor. The resulting system takes the following form:

= [J(%) = R(D)|VH(X) + &1 ()i + &2(%)iI2, s
PTY _ - SN (o T
7= col(31(%) VA(2), (%) Vi),
where the skew-symmetric matrix J(%) is
[0 0 0 0 0
0 0  énphA O 0
] 0 dnpA[Ja 0 0 _s ;“’"’
J(x) = o (46)
0 0 0 0
K Ch]ﬂh
w
0 0 S+ -§ 0
L ]H;, Ch]uh a
and the positive semi-definite matrix R(%) is
R, 0 0 0
0 RL 0 0
o o R, O
R®=109 0o 0o o 47
R
o o0 o0 —t
]llh
and the following, respectively.
I 0 —hAs 0
0 —onprs —Ar npaAs
51(%) =10 0 ,and $(X) = 0 0o |,
0 0 0 0
0 0 0 0

The inputs vectors of the system (45) result in 71; = col(Vs, wy,) and iy = col(we, wi ).
Furthermore, in (45), we consider that for control purposes, the input matrix should
be g1 because it naturally provides the input-output port pair for the corresponding
input-output, (Vs, is), (Wm, T).

A modelling of the reversible hydropump-turbine system Xpr has been presented,
as shown in (45). It follows the design and implementation of numerical simulations to
validate the performance of our system in an open-loop setting. Control actions in order
to optimize the efficiency of the energy extraction and energy generation of the reversible
system are out of the scope of this paper.

4. Results of Simulations

The system presented in this paper has been simulated in order to obtain validation
data. Table 1 shows the main parameters for pump-turbine components. The initial
conditions are as follows.

col()\sd,/\sq,/\rd,)\rq, P P) = ¢0l(0,0,0,0,0). (48)

We have chosen three different scenarios where the initial conditions for the pressure
P,(0) and flow Q(0) are defined accordingly. Furthermore, we assume that Q > 0 and
wp > 0 for all scenarios even though the direction (sign) changes in a real system for the
pump or the turbine mode.

First, the system is operated as a hydropump system, i.e., s = 0 in (45). The initial
conditions for the flow and the water height are Q(0) = 0.0 (m°/s), P,(0) = 0.0 (Pa), and
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hy = 0.0 (m). Figure 3 shows the resulting dynamics of rotor speed w,, hydraulic flow Q,
hydraulic pressure P,, and water height h;, in the penstock and the reservoir. The water
increases its pressure and height in the pipeline at ¢ < 70 [s]. Then, the reservoir begins to
be filled at t > 70 [s] and due to the cross-section area; i.e., A; > A (see Table 1) both P,
and hy, have a lower increasing rate. We finally see in the first scenario how the hydraulic
flow grows faster during the first seconds, and later on, such an acceleration rate decreases
(12 < t < 75)(s) due to the impulse pressure and the accumulated pressure in the system.

The second scenario simulates the hydroturbine system, i.e., s = 1 in (45). The
simulation results are shown in Figure 4. The initial conditions for the simulation are
Q(0) = 0.0 (m*/s), P,(0) = 3.4275 x 10° (Pa), and h, = 35 (m), which means that the
upper reservoir is full of water. The asynchronous machine starts its operation as a motor
in0 <t <10 (s). Then, valve v}, is opened such that the hydro turbine system is engaged
at t > 10 [s]. The rotor speed increases above the synchronous speed, which means that the
asynchronous machine delivers electricity to the power grid (Figure 1). In Figure 5, we see
how the hydraulic flow reaches a stable value while the pressure in the upper reservoir
decreases together with the water head of the system.

Finally, the operation of the reversible hydropump—-turbine system corresponds to
the third simulated scenario. The simulation results are shown in Figure 5. The initial
conditions are Q(0) = 0.0 (m*/s), P,(0) = 3.1825 x 10° (Pa), and hy, = 32.5 (m). The
system operates first as a hydropump system at + < 10 (s) when the asynchronous machine
configured as a motor is powered by the electrical network. The water level rises with the
pressure in the upper reservoir, which is initially half-loaded. Then, the pumping action is
switched off, and the hydraulic valve v}, in the penstock is closed at f = 85 (s). Both actions
co-occur. Similarly to the second scenario, the asynchronous machine starts its operation
as a motor in 100 < t < 115 (s). The hydraulic valve vj, opens at t = 115 (s). It follows
that the hydroturbine system configuration begins it operation at t = 115 (s). The action
over the hydro pump as a turbine system increases the velocity of the rotor w;, above the
synchronous speed, creating a negative slip in the motor that induces a reverse current
in the asynchronous machine’s stator. Consequently, the machine ultimately powers the
electrical network since it is configured as a generator. It is commonly known that the
electrical network regulates the voltage and frequency of the induction generators, which
means that a bank of capacitors is unnecessary.

5
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2 1800
& =
= 1500 £
=2
- Ay
< 1000 .
(5] (]
g, =}
7 ol
)
5 500 &
3
~
0 0
Q@’&%Q@%QQQ/\Q%QQQNQQ QNQ,]/Q,BQVQ%Q%Q,\Q%QQQ@Q
Time (s) Time (s)
3
3 x10 30
_ E)
wn
=~ 5
'ﬁg 2 < 20
— k<)
< 5
5 E=
E 1 5 10
= =
=
0 0
CPP DRSSO SLP CHPR RSSO PSS
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Figure 3. First scenario: operation of the hydro pump system, i.e., s = 0. The initial conditions
are Q(0) = 0.0 (m’/s), P,(0) = 0.0 (Pa), and hy = 0.0 (m), which is the minimum capacity of the
penstock and the upper reservoir system.
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Figure 4. Second scenario: operation of the hydro turbine system, i.e., s = 1. The initial conditions
are Q(0) = 0.0 (m*/s), P,(0) = 3.4275 x 10° (Pa), and hy = 35 (m), which is the maximum capacity

of the penstock and the upper reservoir system.
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Figure 5. Third scenario: operation of the reversible hydropump-turbine system with s = 0 at
t <85(s),and s = 1att > 100 (s). Both hydraulic and electromechanical systems are switched off
between 85 < t < 100 (s). The asynchronous machine and the hydraulic system are switched
on at t+ = 100 (s) and t = 115 (s), respectively. The initial conditions are Q(0) = 0.0 (m*/s),
P,(0) = 3.1825 x 10° (Pa), and hyy = 32.5 (m).

We also show the electrical and hydraulic power generation for the third scenario in
Figure 6. As expected, the electrical power is more significant than the hydraulic power
for the hydropump system’s operation. During the hydroturbine system’s operation, the
opposite occurs, meaning that the hydraulic power is greater than the electric power. The



Appl. Sci. 2022, 12, 9086

14 of 16

differences in magnitude between electrical and hydraulic power are due to dissipating
elements in the system. The change in direction of the electrical power is because it
is generated by power and delivered to the grid. Finally, notice the peaks of power at
t = (0,100) (s) produced by the start of the asynchronous machine configured as a motor
similar to the second scenario.

T T T T T T T T

1500 | ]

1000 | ]

500 | 1

Power, [W]
o

-500 | .

-1000 1

Hydraulic Power
Electric Power

-1500 C 1 1 1 1 1 1 1 1 1 ]
Q

O © & P & O © O N O
'LVQ)Q)Q,;L%\@)@%Q

Figure 6. Power transformation of third scenario: The system works in pumping mode at t < 85 (s)
taking energy from the electric network, which is converted into mechanical (hydraulic) energy. Both
hydraulic and electromechanical systems are switched off between 85 < t < 100 (s). At f = 100 (s),
the asynchronous machine is switched on again in the motor mode, taking energy from the electric
network. Then, at ¢+ = 115 (s), the hydraulic system is also switched on, inducing the system to
start its operation in the generator-turbine mode. Subsequently, mechanical energy is converted into
electrical energy, which is supplied to the power grid. The initial conditions are Q(0) = 0.0 (m*/s),
P,(0) = 3.1825 x 10° (Pa), and hyp = 32.5 (m).

5. Conclusions

A PH approach to the reversible hydro pump-turbine system has been presented,
which is meant to store energy and generate electrical power depending on the user’s
desired application. It is clear how the multi-domain characteristic of our model allows a
clear interpretation of energy (and power) flow and dissipation thanks to the energy-based
approach. The system is reversible thanks to a switch that allows the operation mode to
change. The switch naturally falls into the interconnection matrix of the PH modelling
approach. Our numerical simulations have confirmed the system’s operation for both
modes: pump and turbine. It is clear how the system’s internal energy is contained in the
Hamiltonian function. Such Hamiltonian could be shaped with control strategies in order to
reach a desired operating point. Then, the new operation point could be attained with key
control strategies. For future work, a physical implementation is key in order to validate our
model and to test its operation in a real-life system. These validation tests will be performed
on a hydraulic and electromechanical test bench that is being prepared for implementation
at the time of writing this manuscript. Furthermore, our long-term research objective is to
design and implement passivity-based and trajectory-tracking control strategies. Such a
closed-loop system would exploit the PH structure for the reversible pump-turbine system.
The control objectives will be focused on the power point tracking of the efficiency curves
of the asynchronous machine and the centrifugal pump.
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