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The design of advanced control systems to optimize the byeredormance of parabolic trough collectors solar plamith direct steam generation is today
a high-priority line of research. This paper presents theardavelopment guidelines for dynamic models for use in &tion and control system design
for such plants. The models are based in ThermoFluidthermo-hydraulic modelling framework, developed with Medelica object oriented modelling
language. The paper focusses on the DISS experimental [galat; located at the Plataforma Solar de Almeria-CIEM&Dbth-East Spain). The main
plant operating modes are summarized, as well as the painogmponents modelled and modelling assumptions. Sironlagsults of a representative real
experiment are shown, in which the values predicted by theetrere compared to the real measurements and discussed.
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1. Introduction

Electricity production using solar thermal energy is cotigone of the main research areas in the field of renewable
energies, these systems are characterized by the needatieatontrol systems aimed at maintaining desired
operating conditions in the face of changes in solar raatiativhich is the main source of energy [16], [17], [18].
A new prototype of solar systems with parabolic trough atties (PTC) has been built at the Plataforma Solar de
Almeria (South-East Spain), a division of the CIEMAT (Qerde Investigaciones Energéticas, Medioambientales
y Tecnolbgicas Research Centre for Energy, Environment and Technd)egyependency of the Spanish Ministry
of Science and Education. This solar thermal plant, finahgeelC (European Commission)-Joule contract JOR3-
CT98-0277 (1998-2001), is called the DISS (Dlrect SolaaBtg because its main concern is to research in the
direct steam generation process in the parabolic trougir sollector field under real solar conditions, and is used
in this paper as a test-bed plant for developing dynamic fsadmed at designing automatic control schemes for
optimized overall performance. The system (figure 1) is cosep of one 500-m row of eleven PTCs, working
as a IMW thermal power plant. A joint project between CIEMAT, the \amisity of Almeria (UAL), the National
University of Distance Education (UNED) and the UniversifySeville (US) is being carried out in order to develop
models and control systems to automatically control thisl kif plant.

This paper focusses on thermo-hydraulic PTC modellingeisgaee e.g. [3] for a review of thermo-hydraulic
modelling of power generation processes), where the dpedimodel will be used in the design of hybrid model
predictive control and intelligent control schemes to mite plant performance as an extension of the work pre-
sented in [16], even under start-up and shutdown situatodsin spite of highly variable load disturbances due
to the daily cycle of solar radiation and passing clouds. Ruthe fact that the main phenomenon of interest is
the thermofluid dynamics, the object oriented Modelica laagg [11] has been used to develop these models with
the Dymola tool [4]. Within this modelling language tlbermoFluidlibrary [15], [5] is a framework over which
develop own libraries and final component models ready ta&taintiated as components for simulations.
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Some attempts have been made at the modelling of storagasy/fir solar power plants with distributed col-
lectors, using a heat transfer fluid (HTF) in one-phase (&4}, [7]). The Modelica library DissDyn is developed
in [9] for the study of the two-phase flow transient behavimside the absorber tubes of such plants. This paper
focuses on the use of test signals for disturbances in sodaliation to acquire important information on the fluid
loads in the field separator and drainage system. It is shioatritiese loads can be significantly reduced by adding
feed-forward control schemes.

The work presented in this paper deals with the main linesbjdat-oriented mathematical dynamic model
development of the PTC components in the DISS row. The mé#ereices from [9] are:

e The base component is the control volume (CV), modelled dass én which mass, energy and momentum
conservation equations are taken into account. There arelifferent CVs in which both mass and energy are
conserved, or either momentum. In addition, exist preddfireage rules for connecting them. All the classes
constituting the DISS row are generated from the intercotime of these components, which are developed
based on th&@ hermofluidframework [15].

e The Finite Volume Method [12] is used for the spatial indegesmt variable discretization.

e The thermodynamic properties of the medium used in this vemekthose of the IAPWS-IF97 standard [20],
which is currently the most precise reference for their@alion.

e Several experimental correlations developed at CIEMATeagsed for calculating energy flux to the ambient
[22].

e The results presented are for the DISS row model workiranite-throughmode under real experimental condi-
tions.

Figure 1. DISS facility at Plataforma Solar de Almeria (B@astern Spain).

2. Basic DISS Facility components and oper ating procedures

This section gives an overview of the basic DISS plant coreptsiand operating procedures. A schematic diagram
in figure 2 shows the most important components.

There are three main different operating configurationshim DISS facility, designed for studying thermo-
hydraulic behaviour and system performance under real mgrgonditions [6], [17]: the once-through, recircu-
lation and injection modes (figure 3). In all of them opemi®based on the concentration of incoming direct solar
radiation onto the absorber tube located in the geometid ime of a parabolic-trough mirror. As the sun position
changes during the day, each PTC has to modify its oriemt&tioeal time tracking the solar radiation vector. The
absorbertube in each PTC acts as an energy exchangerjmgcgilar energy and transferring it to an HTF medium
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in a thermo-hydraulic circuit. The HTF used in conventioR&Cs solar plants is thermal oil, which presents major
drawbacks with respect to the water-steam medium used DIBS facility, as explained in [22].

In the once-through mode, feed water is preheated, evaguhatd converted into superheated steam as it circu-
lates from the inlet to the outlet of the collector row. Thanfiguration requires the lowest investment costs and
engineering complexity, although controllability proivie and instabilities during operation may appear. At nom-
inal operating conditions, the systems works as a disgthoince-through boiler fed with subcooled water at the
inlet, and the fluid at the outlet is superheated steam.

Ininjection mode, water is injected at several differerinpmalong the row of collectors, so the system works as a
once-through evaporator in which an injectors arrangeinelpts control spatial temperature distribution along the
row. Although with this system better controllability are$é instabilities can be obtained, the measurement system
necessary to implement the control scheme designed fomidie did not work properly during experiments [23],
[17], and its complexity and cost would have resulted indipisrating mode being discarded in future developments.
Moreover, this operation mode requires a higher investment

In the recirculation mode, which is the most conservativéhef three, a water-steam separator is installed at
the end of the evaporator section of the collector loop. Meater feeds the evaporator than can be evaporated.
In the intermediate separator the excess water is reciezlta the collector loop inlet, where it is mixed with
preheated water. The excess water in the evaporator sepiemantees good wetting of the absorber tubes and
makes stratification impossible. The steam produced israggzhfrom the water by the separator and fed into the
inlet of the superheating section. This type of system islgigontrollable, but the excess water that must be
recirculated, the intermediate steam separator and tlirewkation pump increase the system parasitic load. The
investment in this system is intermediate between the diveer

Therefore, in addition to the PTCs, the facility is composgthe following components:

Water-steam separator. Used onlyégirculation

Pumps. Feedwater pumps subcool water entering the row andd¢hiculation pump drains saturated water from
water-steam separator.

Injectors. Actuators that control temperature by injetiid subcooled water from the injection line.

e Valves. Allow the system to be configured in any of the threemaeration modes and for control purposes.

Water pre-heating + evaporation Steam superheating
LNy

Special test collector

0°2°47 0PQO4T QRERAR (RES4T (0°2R4°  0RRAR  (0°RR4° (PRl g )

oY oY i iR Y
y i /i

_'\ 5 Y
)1H‘}é;°/ 4}@5%5%}‘% %D!} %}4101{ /
+ Water injection circuit /
[

ﬂ Water/steam |
separator

Recirculation 47
um
( SR S
Feedwater | Water y
valve (40-108 bar) Superheated steam
5 x &) Power Block (30 - 100 bar)

|—§]-| Feedwater

Control pump
valves

Figure 2. Schematic diagram of DISS facility at PSA



March 20, 2007 14:39 Mathematical and Computer ModellinByriamical Systems MCMDS 2007 OO PTC Modelica’ljyyebirepaper

4

o Power Block. This component represents any possible loackegs consuming the regulated outlet of thermal
power from the plant. In this case, to save water during theegments, the current implementation returns the
thermodynamic state of the outlet superheated steam toslgutliquid and pumped back in by feedwater pump.

The Three DSG Basic Options

Feed pump

Solar Collectors

Once Through Boiler
= Lowest Costs

© Least complexity

= Best Performance

§ Controllability ?

< Flow Stability ?

Injection Process

v Better Controllability

< Flow stability equally good
< More complex

< Higher investment costs

Recirculation Process
< Better Flow Stability

© Better Controllability

< More complex

< Higher investment costs
® Higher parasitics

Feed pump Solar Collectors

Injectors

Feed pump Solar Collectors

Recirculation pump

Figure 3. DISS plant operational modes

The main interest is in recirculation mode, although moseaech must be done on the once-through mode, for
which modelling and simulation tools will be essential. Ihcases, the superheated steam flow temperature at the
outlet must be controlled. Control of the facility has beee of the main CIEMAT efforts [16], although the lack
of robust dynamic models for control is a major obstacle endbvelopment of control systems.

The modelling work presented in this paper focuses on the-timough configuration for two reasons. First,
the process is not observable by means of the sensors dyirestalled in the facility. It is not possible to mea-
sure/estimate specific enthalpy or mass fractions in teatsexperiments in the two-phase sections, which at some
points in operation occupy up to 50% of the its length. Seboiitds in this configuration where there is suppos-
edly the most disagreement between the model and expesahuatd. So any other configuration modelled with
components validated in once-through, should show clageeanent with experimental measurements.

Under nominal operating conditions, in the once-thoughraioey mode, the DISS acts as a 500 m. long evap-
orator with subcooled water at the inlet and superheatearstd the outlet. A local cascade control loop for the
feedwater pump and a controlled outlet valve define the sybtmindary conditions. The final purpose of the model
is to predict the transient behaviour of the thermodynaraitables associated with the thermo-hydraulic output
power of the evaporator (temperature, pressure, spectfiakyy, etc.), when external disturbances (mainly concen-
trated solar radiation, ambient temperature, subcoolgdnialet temperature and subcooled injector inlet water
temperature) and controllable input (subcooled inlet rAilse rate, final injector inlet mass flow rate and outlet
superheated steam pressure) change.

3. Object Oriented Modelling of DISS

This paper will concentrate on modelling the thermo-hyticapart of the system, and will not mention the rest
of the remaining subsystems (pneumatic, mechatroniq,reteded to maintain proper instantaneous orientation of
the PTC group, and assumes a known radiation power inpueialtBorber pipe reflected by the parabolic-trough
mirrors. For a detailed explanation of these subsystemg&¢and [21].

As the main phenomenon of interest is the thermofluid dynantie object oriented Modelica language [11]
was used to develop these models with the Dymola tool [4]gu8ie Modelica¥hermoFluidlibrary [15], [5], a
framework over which own libraries can be developed and fioahponent models are ready to be instantiated
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as simulation components. The authors believe this libisagn important reference in the framework of object-
oriented modelling of thermofluid systems with Modelicad @i existence makes it unnecessary, in most cases, to
develop thermo-hydraulic models from scratch. Insteasntbdels can be designed by inheritance and aggregation
from base classes in tAdermoFIluidiramework. In [14], another different base library, the A€hermo library, is
used for simulating a storage system for solar plants wihritluted collectors using oil as the HTF medium.

The work analyzes each of the components in the thermo-hlidnaater-steam circuit and explains the mod-
elling assumptions, attempting to justify each as they @ented to achieve a DAE system index for the complete
model that is not very high by symbolic manipulation with tBgmola tool to minimize the number of non-
linear algebraic loops. Therefore, all the components ssified, using the modelling derived from the Finite
Volume Method (FVM) [12], in Control Volumes (CV iThermoFluidnomenclature) and Flow Models (FM in
ThermoFluidnomenclature).

In some cases, information about the future control systemitacture to be implemented is introduced in the
modelling phase. Strictly speaking, this methodology ksa# first model sequencing to design the control system
based on this model. But it helps simplify the model desiga @nhances the numerical behaviour of the whole
system modelled in the simulation stage without a signifit@ss of accuracy.

Because the internal implementation of components maydgpgnding on the modelling hypotheses, polymor-
phism and the Modelica language constructs have been @&dbngsed for classes and component parameteriza-
tion and specifically applied in PTC models.

Figure 4 shows the developed Modelica model of the DISSifgeilorking in once-through
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Figure 4. Modelica model of DISS plant @nce-troughconfiguration.

After compiling the model of figure 4 using Dymola tool, a sehonlinear differential equations parameterized
as shown in equation 1 are obtained

where:

(1)
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o p = (ff,00,01,02,N01,N1,...No11,NM11)7T IS the vector with 26 parameters that are not completelyraeted
from first principles and are subjected to uncertainty.

o X=(pi,hi,Tm)T, i=1...Ney, Nev = z}jlni. Is the vector of state variables of dimensiim(x) = 3Ncy,
whereNcy is the number of CVs in the complete model of the DISS row. ¢oigstituted by the pressurpsand
specific enthalpiek; of each volume, and the temperature of each section of adstuteT,,; in thermo contact
with each CV.

o U= (Pe, Te, |, Tamb, Piny, Tiny, Mtm, Miny, Ps) 7. IS the vector of boundary conditions constituted by: ropuinpres-
sure, temperature of the water at the row inlet, direct s@diation normal to the PTC, ambient temperature,
pressure and temperature at the entrance of the injectas fltav at the field inlet, mass flow at the injector
input and outlet steam pressure. From the control viewpthietmass flows are manipulated variables to control
the outlet temperature of the last collector and the outktgure is a controlled variable.

¢ V. Is the vector of output variables of the models, some of Whie assigned to the output connectors of the
model in figure 4.

3.1. ThermoFluidusage

The thermodynamics behaviour is mainly expected to be giediby the models, so thEhermoFluid base class
for steady state formulation of the momentum balance is.Udeeltime scales selected for the thermodynamics are
for control design and simulation purposes.

The thermo-hydraulic interface for all the models is fornhgdconnectors from thimterfacepackage, for single
component media and the steady-state momentum balanemst#t The modelling methodology used for class
design wasif there is any class in ThermoFluid that implements the miaypphenomenon to be modelled, use
it with the corresponding parameterization. If not, destbe classes using inheritance from the partial higher
level classes in ThermoFluid; otherwise use ThermoFluielfaces and base classes and develop them expressing
missing behaviour in differential and algebraic equatidmen first principles

3.2. Designed Classes

In the following subsections, the most important compos@fhtthe models are described and the modelling hy-
potheses are explained and justified.

3.2.1. Pumpsand Injectors. For this kind of active FM [15], the authors decided to makargtifying assumption
based on their experience in PTC control with thermal oilheesrhedium, as in the case of the CIEMAT Acurex
field [2], and water-steam as the medium in the DISS faci®®][ [16], [18]. This assumption is that the water
pumps are controlled by a cascade control scheme [1] witlta ontrol loop with much faster dynamics than
the rest of the thermo-hydraulic system. This assumpti@leen experimentally validated in blowers and water
pumps, and helps simplify these component models untiltheybe modelled as steady-state quasi-ideal mass flow
rate generators. This approximation avoids the time-cmirsgiwork of fitting the nonlinear multivariate pump and
injector curves. So the algebraic equation for these compisrism = M, Whereme; is the setpoint of the local
pump/injector control loop assigned to the model by a cotureas shown in Figure 4.

3.2.2. Parabolic Trough Collectors. The PTC is the most important component in the facility. ltadtion is to
direct the beam solar irradiance incident on the mirror ®adhsorber tube, for which the manufacturing process
makes use of advanced material sciences and technologminitnize the power loss on the absorber tube. [8]
and [22], analyse the solar energy flows into the absorber.

Figure 5 shows the main components of a PTC, enumeratingltiogv/ing:

Parabolic-trough mirror surface: Reflects the direct s@dration incident on the focal line of the mirror.
Metal absorber pipe: Absorbs most of the energy reflectetidyrtirror.

Energy loss to the environment by conduction-convectiahradiation.

HTF medium model: In the case in hand, this medium is watsarat
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¢ Distributed CV, with discretization levelin which mass, energy and momentum are conserved.

For modelling purposes, this component could be considereeat exchanger with only one pipe with water
and/or steam as the media fluid, and a circular wall for théerahange with the fluid. This heat exchanger is
fed by solar energy entering through the outer perimetenefaall and, at the same time, some energy flow leave
through this outer perimeter by conduction-convection@uiation.

The water/steam pipe is 50 m long, and under normal operatinditions, the inlet/outlet flow may be in any
of the three states water, two-phase mix of saturated lign@lvapour, or superheated steam. This depends on the
position of the PTC in the row as well as the incident solaratiah on it.

Thus the dynamic behaviour of each PTC varies along the Dé8Sdepending on the thermodynamics and
transport state of the water/steam in each PTC. With the gurafiion shown in Figure 5, most of the length of
the PTC is fully discretized im CVs, in which mass, energy, and momentum balances are dgiementum
conservation is stated in CVs staggered with regard to nmassergy balance CVs (see [12], [19] and [15]). The
number of CVsn, is a trade-off between accuracy and computing cost, sodiatral purposes, the final choice is
the minimumn that models dominant dynamics. The current values used éine interval2, 5] for each PTC. The
wall discretization level is the same.

To solve the PDE system stated from balance equatidhgrmoFluid provides partial classes [15] in
which the discretization with the Finite Volume Method (FYNIL2] is applied. One of these classes is
ThermoFluid.PartialComponents...\Volume2Portp5 which implements these mass, energy and static mo-
mentum conservation equations in a staggered grid formedn lsubvolumes. Final use classeBher-
moFluid.Components.HeatFlow.Walisplement energy conservation in distributed solids.

To close the equation system, the heat transfer coeffickerthé water-steam flow and the solid media must be
entered. This coefficient depends on heat transfer caoetatising adimensional fluid numbers (Reynolds, Prandtl,
Pecklet,...), geometry of the contact surface and thermahyc and transport properties of the fluid (i.e. water-
steam ). Some of the correlation parameters strongly departtie experimentation and parameter adjustment
stage of modelling [13].

In developing experimental correlation classes for the beasfer coefficientssliding modeshave appeared
with some frequency around the water/steam-CV phase boesdarhose phenomena are more frequent when
CVs go from subcooled (Region 1 in IAPWS-IF97 standard fotewateam properties, [20])) to saturated (Region
4 in IAPWS-IF97), for two reasons: First, the existence afcdntinuities in the heat transfer coefficients on the
boundary between water and walls, and second, the oppaeadegts in the state velocity vectors present around
the phase-change boundaries. To avoid chattering in theladion, another polymorphic evaporator model has
been developed, in which the subcooled and saturated egidhe water/steam pipe are replaced by an equivalent
Moving Boundary Model (MBM) [10]. Figure 6 shows this mixedcdretized and MBM model for the complete
DISS plant, where the MBM component was designed using ToElmd interfaces for connection to the rest of
the components.

Although the mixed model reduces the likelihood of findet@tteringduring integration, it is theoretically less

HeatTransfer Mirror <L_|

Figure 5. PTC Modelica model.
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accurate, it is harder to find consistent initial DAE corali experimentally and the model’s range of validity is
more limited than that of the fully discretized one.

Contr. o ot

T

PipeDS1 PipeDS2 PipeDS3 A "a

Figure 6. Mixed Moving Boundary and Discretized model of &S facility.

With the help ofreplaceable/redeclareonstructs and thehoices annotationgl 1], [4], switching between fully
discretized and mixed MBM-discretized models at instdiatietime simplifies the modelling work.

3.2.3. Thermo-Hydraulic boundary conditions. When the FVM is applied in thermo-hydraulic modelling, camp
nents defining the original PDE boundary conditions are &gy to close the system of equations. These boundary
conditions are implemented in tAgermoFluidlibrary by means of reservoir components, in PatialCompo-
nents.Reservoirsubpackage.

The boundary conditions are defined by reservoir comporfentgressure, specific enthalpy and temperature
boundary conditions. For one-phase flow, the (pressurepdeature) pair is selected, and in two-phase flow the
(pressure, specific enthalpy) pair is selected.

4, Simulation and Experimental Validation

In this section the results of a representative simulatiershown and compared to the corresponding experimental
values for some of the variables measured in the actual.pléwet experiment was performed on April 1, 2001,
starting 9:00 AM and lasting 6 hours and 40 minutes (240Q0~som that time the DISS plant was forced to the
next boundary conditions shown in the top two graphs in figure

To arrive at the results presented in this section, a nunftessumptions were made such that the initial number
of parameters in Equation (1) would be reduced from 26 to &masnerated in Table 1, containing the model
parameters resulting from the simplification.

These simplifying assumptions are:

e A constant numben of CVs per collector is considered, independent of the state

e Assuming the same peak optical efficiency for all the collectvith fluid in the same thermodynamical state:
water o,sc), two-phaserfosa) and superheatedsn).

e The same constant friction factéy is assigned to all the PTCs.

¢ A uniqgue absorber tube to fluid heat transfer coefficient &mhethermodynamical state: water), two-phase
(a1) and superheated§).

The parameter calibration process was done in two steps:



March 20, 2007 14:39 Mathematical and Computer ModellinByriamical Systems MCMDS 2007 OO PTC Modelica’ljyyebirepaper

9
| Parametef] Meaning | Sl units |
n Number of CV per PTC of 50m length -]
No,sc Peak optical efficiency of PTC 1 and 2 -]
No,sat Peak optical efficiency of PTC 3t0 9 -]
No,sh Peak optical efficiency of PTC 10 to 11 -]
fs Moody friction factor -]
Op Heat transfer coefficient for water W /7K
(o} Heat transfer coefficient for two-phase flow W /n?K
o> Heat transfer coefficient for superheated floW /n?K

Table 1. Parameters of the model.

(i) Estimation of the starting values of the parametersnfgrevious work in the facility and knowledge of physics
[22].
(i) Application of multicriteria optimization identifidgon techniques using experimental data, [4].
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Figure 7. Simulation results for the experiment performedipril 01, 2001. The model is forced to the boundary condiioneasured from the
experiments.

The top graph shows the boundary conditions for row inletaflasy rates (mdatn) and PTC injector number
11 (mdotinj_C11). The second graph shows the boundary conditions fectdsolar irradiance (Sold&Radiation).
The third to fifth graphs show the measured (Measured TouflG¥) simulated (SimulatedToutCXX) outlet tem-
peratures in PTCs nine, ten and eleven. Dashed lines irditatmeasured variables and continuous lines are the
simulated values.

It may be observed how during operation start-up, all the BUIitl=t temperatures are close to the experimental
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data. There is a kind of unmodelled transport delay in whightime it takes for the saturation state to be reached
at the outlet of each PTC depends on its position in the row. Jdturation temperature of each one can easily
be identified. Once the PTCs are saturated, modelling em@due to the differences between the saturation
temperatures calculated using the standard IAPWS-IF9/7aj2@ the measured pressures and temperatures.

From left to right on the abscissa, Collectors 11 and 10 ré¢laetsuperheating state, as well as Collector 9 at
several different time intervals. The difference betweenutated and real data is widest for Collector 9, because
of small internal energy differences in a control volumerrtea boundary of the phase-change between saturation
and superheating, where the temperature differencesgtne hi

It may be seen how the errors increase during superheatihglang the collector row, because the collectors
are connected in series and the errors accumulate as a censeqf having used the state variables calculated
for each collector as boundary conditions for the followP§C. To decrease these modelling errors, during the
identification stage, calibration was sequentially guifteth the first PTC to the last. Once the initial estimation of
the parameters was achieved, a final optimization was peeduntil arriving at the results presented.

5. Concluding remarks and ongoing wor k

This article describes the development of a dynamic modehf®CIEMAT DISS facility using the object oriented
modelling methodology. Most of the components are basedi@mhiermoFluidframework for thermo-hydraulic
modelling. The DISS components and main operating priasiphve been described. For the main components, the
modelling hypotheses and Modelica composition diagrameldped with the Dymola tool have been presented.
References to the underlying physical phenomena have bada m differential and algebraic equations in these
composition diagrams, without entering into the detailgwédntitative description. Instead, the basic bibliogsaph
and theThermoFluidclasses that implement them have been referenced. Fittadlysystem is simulated with
the experimental boundary conditions. Some model sinaragmperatures are shown with the corresponding
experimental measurements. The graphs show that theatiffes between the experiment results and predicted
values from the model are relatively small.

Future work to be developed consists of refining the main pal@meter calibration based on the experimental
results of the actual plant. In this work, the empirical dation of heat transfer and pressure loss correlations will
be an important issue.

The final aim is to develop control and automatic operatirgiesys that would help this type of plant operate as
autonomously as possible in spite of significant disturbanéutomatic plant start-up and shutdown is one of the
main targets in this direction.
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