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Abstract

The design of advanced control systems to optimize the bypendormance of Parabolic Trough
Collectors solar plants with Direct Steam Generation isentty a priority line research at CIEMAT-
PSA. The development of dynamic models for use in simulasiod control of this type of solar
power plant is presented in this article, focused on the DI&8I&r plant. The developed model is
based in the thermohydraulic modelling framework Therrak; within the MODELICA modelling
language. The DISS facility is presented and main modelkedponents are presented as well as
the respective modelling assumptions. A simulation of Aerperiment realized and the predicted
model values are compared with the real measurements.

1 Introduction

This paper presents the current status of the researchrpedowithin the framework of modelling
and simulation of Parabolic Trough Collectors (PTC) in tbee of Solar Power Plants. The work
is mainly oriented to the development of dynamic models ddirsenergy plants to be used in the
design of automatic control systems aimed at optimizingaperformance.

Figure 1: DISS facility at Plataforma Solar de Almeria, im&ria (Spain).



The system used as test-bed plant is the DISS facility, saesfity Actually, it is a row arrange-
ment formed by eleven PTCs with a combined length of ®®orking as a MW solar power plant
belonging to CIEMAT (Centro de Investigaciones EnergitjdMedioambientales y Tecnologicas -
Research Centre for Energy, Environment and Techngldgsearch Centre owned by the Spanish
Ministry of Science and Education. This solar plant is ledaat the Plataforma Solar de Almeria
(PSA), Southeastern Spain. A joint project between CIENPEA, the University of Alimeria (UAL),
the National University of Distance Education (UNED) and thniversity of Seville (US) is being
carried out in order to develop models and control systenautomatically control these type of
plant. The model presented in this paper will be used in tlsggdeof hybrid model predictive con-
trol and intelligent control schemes to optimize plant parfance, even under start-up and shutdown
situations and in spite of highly variable load disturbandae to the daily cycle of solar radiation
and passing clouds.

2 TheParabolic Trough Coallectors Facility DISS

In this section, an overview of the basic components andadipgrprocedures for the DISS plant is
presented. A schematic diagram is shown in figure 2, in whiehntost important components are
depicted.
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Figure 2: Schematic diagram of DISS facility at PSA

There are three main different operational configuratidnBI8S facility. In all of them, the
operation is based on the concentration of incoming direletrsadiation onto the absorber tube
located in the geometrical focal line of a cylindric-parbbenirror. As the sun position changes
during the day, each PTC of the facility has to change itswai#on as the solar radiation vector does.
The absorber tube in each PTC acts as an energy exchang@rimgsolar energy and transferring
it to a thermo-hydraulic circuit with a heat transfer fluidTH) as the medium. Traditionally in
PTCs the HTF used has been thermal oil, which presents maabécks with respect to the water-
steam medium used in the DISS facility, as explained in [If6addition of the PTCs, the facility is
composed by the following components:

e \Water-steam separator. Only usedegirculationoperational mode.

e Pumps: feedwater and recirculation. The former pumps sulbdavater into the row and the
latter drains saturated liquid water from water-steam ggne

e Injectors. Are actuators to control temperature by inttf subcooled water from the injec-
tion line.

e Valves. They let the system be configured in any of the threie operational modes and for
control purposes.



e Power Block. Itis a component representing any possibleé fmacess consuming the regu-
lated outlet of thermal power from the plant. In this case viater conservation during the
experiments, the current implementation returns the tbdgmamical state of the outlet super-
heated steam to subcooled liquid to be pumped by feedwatep pu

Figure 3 shows the three main operational modes, with tlies and cons:
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Figure 3: DISS plant operational modes

e Once-ThroughLowest investment costs and engineering complexitypalii great control-
lability problems and instabilities during operation. T$yestems works as a distributed once-
through boiler fed with subcooled water and superheatedirst outlet, at nominal operating
conditions.

¢ Injection Highest investment costs, although better controlligbélnd less instabilities. The
system works as a once-through evaporator in which, atingstants in space, an injectors
arrangement help to control spatial temperature disiohwtlong the whole row.

e Recirculation Second highest investment costs, with a good controitbih this mode, the
water-steam separator placed in the row decouples twatiefamce-through evaporators: the
first one is a flooded evaporator and the second is a dry-eixjranise.

In all cases, the flow temperature at the outlet superhetgacthamust be controlled. Control of
the facility has been one of the main efforts that CIEMAT hasedoped, see ([12]), although the
lack of robust dynamic models for control is a major obstaclie control system development.

CIEMAT is currently interested in these two configurations:

1. Recirculation It offers the trade-off between investment costs and gantrollability. This
configuration will be preferred for experimental applicats.

2. Once-through Spurred by the lowest investment costs, theoretical warktreolve controlla-
bility and instabilities through the development of int&lgeontrol systems for this configura-
tion.

The modelling work presented in this paper will focus amce-throughconfiguration for two
reasons. First, the process is not observable by means aictbial sensors in the facility; it is
not possible to measure/estimate specific enthalpy or nnasgadns in transient experiments in the
two-phase sections, which in some operational points ael58% of the whole length. Second, it
is supposed the greatest disagreement between the modekpedmental data should appear in
this configuration. So any other configuration modelled witmponents validated ionce-though
should show a closer agreement with experimental measmteme



In once-thougloperation mode the DISS acts agrece-throughevaporator of 500 m length with
subcooled water at the inlet and superheated steam at tle¢, tuhominal operating conditions. A
cascade local control loop for the feedwater pump and areadintrolled valve define boundary
conditions for the system. The final objective of the moddbipredict the transient behavior of
the thermodynamic variables associated with the thermuyeulic output power of the evaporator
(temperature, pressure, specific enthalpy, etc.), wheaxtegnal disturbances (mainly concentrated
solar radiation, ambient temperature, inlet subcoole@mamperature and inlet subcooled injector
water temperature) and controllable inputs (inlet subedahass flow rate, inlet final injector mass
flow rate and outlet superheated steam pressure) change.

3 Object Oriented Modelling of DISS

In this paper we will concentrate in the modelling of the therhydraulic part of the system, skipping
the rest the remaining subsystems (pneumatic, mechatretti) needed to maintain the proper
instantaneous orientation of the PTC group, and assumingoaik input radiation power in the
absorber pipe, as a consequence of the radiation reflecteé iylindric-parabolic mirrors. For a
detailed explanation of this subsystems read [16] and [15].

Due to the fact that the main phenomena of interest is thentbitwid dynamics, the object ori-
ented Modelica language ([8]) has been used to develop thedels with the Dymola tool ([4]).
Within this modelling language the ThermoFluid library X[15]) is a framework over which de-
velop own libraries and final component models ready to bemtigted as components for simula-
tions. The authors believe this library is an importantrefee in the framework of object oriented
modelling of thermofluid systems with Modelica and its exigte makes it unnecessary, in most
cases, to develop thermo-hydraulic models from scratchtesd, the models can be designed by
inheritance and aggregation from base classes in the Thdunddramework.

The work analyzes each of the components of the thermo-biidmaater-steam circuit and ex-
plains the modelling assumptions, trying to justify eack as they are oriented to get - by means of
the symbolic manipulations that Dymola tool performs - almigh index DAE system for the com-
plete model, in which the number of nonlinear algebraic ®Epminimized. For this purpose, all
the components are classified, following the modelling métthogy derived from the Finite Volume
Method (FVM) [9], in Control Volumes (CV in ThermoFluid nomelature) and Flow Models (FM
in ThermoFluid nomenclature).

In some cases information about the future control systerhitecture to be implemented is
introduced in the modelling phase. This methodology, frastriat point view, breaks the sequencing
work of first model and then design the control system basdiisrmodel. But it helps to simplify
the design of the models and enhances the numerical belwdtioe whole modelled system in the
simulation execution phase, without a significant loss cfiaacy.

Due to the existence of components whose internal implestientmay vary depending on the
modelling hypotheses, the polymorphism and the Modeliecguage constructs for classes and com-
ponents parameterization has been extensively used acificgéy applied in PTCs models.

Figure 4 shows the developed Modelica model of the DISSifaeilorking in once-through

3.1 ThermoFluid usage

The dynamic behavior expected to be predicted by the maslalainly the thermal one, so the steady
state formulation for the momentum balance is selectedhiewtilized ThermoFluid base classes.
The selected time scales for the thermal dynamics are fdraatesign and simulation purposes.

The thermo-hydraulic interface for all the models is fornmwdconnectors from thénterface
package, for single component media and steady-state momdyalance statement.

The modelling methodology adopted from the beginning fer design of the classes waif:
there exists any class in ThermoFluid that implements thesiphl phenomenon to model, use it
with the corresponding parameterization. If not, desiga thasses using inheritance from the high
level partial classes from ThermoFluid; in other cases thisa proper ThermoFluid interfaces and
base classes and develop the class with the lacking behexjwessed in differential and algebraic
equations from first principles
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Figure 4: Modelica model of DISS plant ance-troughconfiguration.

3.2 Designed Classes

In the next subsections the most important components madilbe detailed and the modelling
hypotheses will be explained and justified.

3.21 Pumpsand Injectors

In this kind of active FM [11], the authors decided to make rapifying assumption based on
the gained experience in control of Parabolic Trough Figlith thermal oil as medium, case of
Acurex field of CIEMAT-PSA [2], [3], and water-steam as mediin DISS facility [16], [12]. This
assumption consists that the water pumps are controlledas@ade scheme [1] with a local control
loop whose dynamics is much faster than the rest of the theydraulic system. This assumption
has been experimentally validated in blowers and water guam helps simplify these components
models until the possibility of modelling them as steaddtesjuasi-ideal mass flow rate generators.
This approximation avoids the time-consuming work of fggtihe nonlinear multivariate curves of
the pumps and injectors. So, the algebraic equation foetb@sponents ig1 = e, wherenes is

the setpoint of the local pump/injector control loop andiagsigned in a connector to the model, as
can be seen in figure 4.

3.2.2 Parabalic Trough Colectors

The PTC is the most important component in the facility. lts & to carry most of the part of the
solar direct incident irradiance in the mirror to the absortube. To achieve this aim, the manu-
facturing process uses advanced material sciences amibtegies to minimize the power loss in
direction to absorber tube. In [6] and [16], an analysis ef¢hergy flows into the absorber from the

sun is developed.
In the figure 5, the main components of a PTC are shown, anderatied in the following:

e Cylindric-Parabolic mirror surface. It reflects the incompidirect solar radiation to the focal
line of the mirror.

e Absorber metal pipe. It absorbs the major part of the enesfigated by the mirror.

e Energy loss to the environment by conduction-convectiahradiation.



e Medium model, that is, the HTF. In the case of this work, wateam is the selected medium.

e Distributed CV, with a discretization level ofin which mass, energy and momentum is con-
served.

For modelling effects, this component could be considesaal laeat exchanger composed of one
pipe with water and/or steam as media fluid, and a circulal awing thermal interaction with
the fluid. This hex is fed by solar energy through the extepesimeter of the circular wall and, at
the same time, some energy flow is leaving through this eat@erimeter by conduction-convection
and radiation processes.

The length of the water/steam pipe is 50 m. and under norneabdipg conditions the inlet/outlet
flow could be in any of the three states: liquid water, twogghiaix of saturated liquid and vapor, or
superheated steam. This depends on the position of the P iow, in addition to the incident
solar radiation in the row.

Thus the dynamic behavior of each PTC will vary along the Di@8 depending on the thermo-
dynamic and transport state of the water/steam in each PTi8.tllé configuration shown in figure
5, the PTC is fully discretized in CVs in the major length direction, in which mass, energy, and
momentum balances are stated. Momentum conservationesl stestaggered CVs with respect to
those ones in which mass and energy balance is stated; s€E3]¥nd [11]. The humber of CVs,
is a trade off between accuracy and computing cost, so thecfioae is the minimunm that models
dominant dynamics for control purposes. Currently we arekimg with values in the intervdPR, 5]
per PTC. The wall is discretized with the same discretizeiéwel.

To solve the PDE system stated from balance equations, Teuid provides partial classes
[11] in which the discretization with the Finite Volume Meith (FVM) ([9]) is applied. One of
these classes iBhermoFluid.PartialComponents...Volume2Portps which implements this mass,
energy and static momentum conservation equations in gestad grid formed by subvolumes.
For the solid media, there exists final use classes that mgieenergy conservation in distributed
solids, ThermoFluid.Components.HeatFlow.Walls

To close the system of equations, it is mandatory to intredlue heat transfer coefficient between
the water-steam flow and the solid media. This coefficienteddp of heat transfer correlations
using adimensional fluid numbers (Reynold, Prandtl, Péck)e geometry of the contact surface
and thermodynamic and transport properties of the fluid {ager-steam ). Some of the correlation
parameters strongly depend on the experimentation andngseaadjusting phase of the modelling
work. See [10].

In the development of experimental correlations classeshi® heat transfer coefficienssid-
ing modeshave appeared with some frequency around the phase boasdénvater/steam CVs.
Those phenomena are manifested with more frequency whenp@s4 from subcooled (region 1
in IAPWS-IF97 standard for water/steam properties, [1d]$aturated (region 4 in IAPWS-IF97),
due to two reasons: first, is the existence of discontiraitiethe heat transfer coefficients in the

Figure 5: PTC Modelica model.



limit boundary between water and walls; second, is the oppgsadients in the state velocity vec-
tors present around the phase change boundaries. To awsiel thses in whicbhatteringcauses
troubles in the simulation, another polymorphic evaparatodel has been developed, in which the
subcooled and saturated regions of water/steam pipe dexegfby an equivalent Moving Boundary
Model (MBM) [7]. Figure 6 shows this mixed discretized and MBnodel for the complete DISS
plant, where the MBM component has been designed with Thelurinterfaces to be connected
with the rest of components.

Although the mixed model lowers the likelihood of findidlgatteringin the integration process, it
is theoretically less accurate; and experimentally it islbato find consistent DAE initial conditions
and the validity range of the model is more limited than tHahe fully discretized one.
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Figure 6: Mixed Moving Boundary and Discretized model of &S facility.

With the help ofreplaceable/redeclareonstructs and thehoices annotation§8], [4]), switch-
ing between fully discretized and mixed MBM-discretizeddats at instantiation time simplifies the
modelling work.

3.2.3 Thermo-Hydraulic boundary conditions

When the FVM is applied in thermo-hydraulic modelling, campnts to define boundary conditions
(b.c.) to the original PDE formulated are necessary to dlseystem of equations. This boundary
conditions are implemented in ThermoFluid library by meahseservoirs components, in package
ThermoFluid.PartialComponents.Reservoirs

The boundary conditions are defined by reservoirs compernbkat represent pressure, specific
enthalpy and temperature b.c. In cases of one-phase fledgipre, temperature) pair is selected, and
in two-phase fluid the (pressure, specific enthalpy) paieliscied.

4 Simulation and Experimental Validation

In this section the results of a simulation are shown and @etbwith the corresponding experi-
mental values for some of the variables measured in thelgdtard. The experiment was conducted
on 1 of April of 2001, starting 9:00 AM and lasting 6 hours ar@minutes (24000 s.). At which
point the DISS plant was forced to the next boundary conuitghown in the top two graphs, shown
in figure 7.

In the top graph, the boundary conditions for inlet mass flates for the row (mdain) and for
the injector for the PTC number 11 (mdioij_C11) are represented. In the next graph, the bound-
ary condition direct solar irradiance (SaRadiation) is shown. From the third to fifth graphs, the
measured (MeasuredToutCXX) and simulated (Simulated™$X) outlet temperatures from PTCs
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Figure 7: Simulation results for the experiment realizexldhy 01 of April of 2001. The model is forced
to the boundary conditions measured from the experiments.

nine, ten and eleven are shown. The measured variablesgictatbin dashed lines as the simulated
in continuous lines.

It can be observed that there is a visible difference in th€ PDutlet between the experimental
and simulated data when superheating appears. This disagnt is augmented due to the fact that
a minimum energy difference for the fluid in the twophaseeshpating boundary is reflected in a
major temperature differences.

In the case of outlet temperature in PTC 10 and 11, a betteeaggnt between experimental and
simulated values can be observed. Although in the timevatelin which superheating appears at
the outlet of both PTCs a major difference between simutadiod experiment can be observed, the
dynamic response is similar in both cases. Then, for coptigboses the models can be regarded
as valid, although a better calibration would be wellcomer $simulation purposes, the calibration
work must be refined in the future.

5 Concluding remarksand Ongoing work

This article shows the development of a dynamic model foHeMAT’s DISS facility using object
oriented modelling methodology. The major part of the comgris are based in the ThermoFluid
framework for thermo-hydraulic modelling. The DISS compnts and main operation principles
have been described. For the main components, the modejlpaheses and the composition Mod-
elica diagrams developed with the Dymola tool have beereptes. References to the underlying
physical phenomena have been made in these compositioradiagwithout entering into detail
of quantitatively describing them through differentialdaalgebraic equations; instead, the basic
bibliography and the ThermoFluid classes that implememsthave been referenced. Finally, a
simulation of the system is executed with the boundary d@rdi of a experiment. Some tempera-
ture results of the model simulation are represented witctirresponding experimental measured
values. The graphs show that the differences between therimgnts results and predicted values



from the model are relatively small.

The ongoing work to develop consists in refining the main nwogarameter calibration based
on the experimental results of the actual plant. In this witr& validation of empirical correlations
for heat transfer and pressure loss will be an importaneissu

The final aim is to develop control and automatic operatiagteyns that would help this type of
plants operate in the most autonomous way and in spite of ldisgurbances. Automatic start-up
and shutdowns of the plants is one of the main objectivessdihection.
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