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Abstract

For the 30 MWe SEGS VI parabolic trough collector plant, one task of a skilled plant operator is to maintain a
specified set point of the collector outlet temperature by adjusting the volume flow rate of the heat transfer fluid cir-
culating through the collectors. For the development of next generation SEGS plants and in order to obtain a control
algorithm that approximates an operator’s behavior, a linear model predictive controller is developed for use in a plant
model. The plant model is discussed first in this work. The performance of the controller is evaluated for a summer and
a winter day. The influence of the control on the gross output of the plant is examined as well.

© 2003 Published by Elsevier Ltd.
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1. Intreduction

A solar electric generating system (SEGS), shown in
Fig. 1, refers to a class of solar energy systems that use
parabolic troughs in order to produce electricity from
sunlight (Pilkington, 1996). The parabolic troughs are
long parallel rows of curved glass mirrors focusing the
sun’s energy on an absorber pipe located along its focal
line. These collectors track the sun by rotating around a
north-south axis. The heat transfer fluid (HTF), an oil,
is circulated through the pipes. Under normal operation
the heated HTF [eaves the collectors with a specified
collector outlet temperature and is pumped to a central
power plant area. There, the HTF is passed through
several heat exchangers where its energy is transferred to
the power plant’s working fluid, which is water or steam.
The heated steam is used in tum to drive a turbine
generator to produce electricity, The facility discussed in
this paper is the 30 MWe SEGS VI plant, constructed in
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1988 by Luz International Ltd., and is located in the
Mojave desert of southern California.

A skilled operator controls the parabolic trough
collector outlet temperature. One of his tasks is to
maintain a specified set point for the collector outlet
temperature by adjusting the volume flow rate of the
HTF within upper and lower bounds. The collector
outlet temperature is mainly affected by changes in the
sun intensity, by the collector inlet temperature and by
the volume flow rate of the HTF. The ambient temper-
ature and the wind speed also influence the outlet tem-
perature but their influence is small. Knowledge of the
sun’s daily path, observation of clouds and many years
of experience and training give the operator the ability
to accomplish his task. But there are limitations on the
performance of a human controller. Thus, for the
development of next generation SEGS plants, it is rea-
sonable to look at automatic controls. In addition, a
control algorithm that approximates an operator’s
behavior can be included in simulation models of SEGS
plants to better reflect actual performance. The model
needs to accurately match the existing operator control
in order to determine if automatic controls will improve
performance.



188 T. Sruetzle et al. | Solar Energy 76 (2004) 187-193
Nomenclature
A area (m?) Subscripts
c specific heat (J/kg K) ABS absorber
D diameter (m) amb ambient
] heat transfer coefficient (W/m® K) ENV envelope
10} power (W) (usually with a subscript) HTF heat transfer fluid
o penalty function (see Eq. (14)) i tnside
P density (kg/m?) n in
S penalty function (see Eq. (14)) ) outside
T temperature (K) out out
t time (s) wind wind
¥ volume flow rate (m?/s) z distance along absorber

velocity {m/s)
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Fig. 1. Flow diagram of the 30 MWe SEGS VI plant for pure solar mode.

Automatic control of the HTF in a parabolic trough
collector through proportional control has been previ-
ously addressed (Schindwolf, 1980). In this study, a
linear model predictive controller is developed for the
SEGS VI plant. The essential idea behind model pre-

dictive control (MPC) is to optimize forecasts of pro-
cess behavior. The forecasting is accomplished with a
process model. Therefore, the model is the essential
element of a MPC controller (Rawlings, 2000). The
control strategy considers constraints on both the col-



T Stuetzle et al | Solar Energy 76 (2004) 187-193 189

lector outlet temperature and the volume flow rate of
the HTF.

The control performance is evaluated through simu-
lations. Consequently it is very important to obtain an
accurate model of the plant on which the controlier can
be tested. The following section deals with the modeling
of the plant. The control issue is discussed in a later
section.

2. The plant model

In the following the plant is divided into two sub-
systems: the solar collector field and the power plant.
Both are shown schematically in Fig. 1.

2.1. The solar collecior field

The thermal performance model of the SEGS V1
parabolic trough plant is based upon a steady-state
efficiency model for the collector using empirical coeffi-
cients (Lippke, 1995). These coeflicients were obtained
experimentally on a test facility at SANDIA.

A detailed physical model for the collector is pre-
sented in this work. To derive the appropriate differen-
tial equations, the heat collection element (HCE) in Fig.
2 is considered. The HCE consists of the absorber pipe
in which the HTF flows. A glass envelope covers the
absorber pipe, which is assumed to have no radial
temperature gradients. Partial vacuum exists in the
annulus between the absorber pipe and the glass enve-
lope. A transient energy balance for the HTF leads to
the following partial differential equation for the HTF
temperature:
prrecrredans; ey

HTFCHTFAAARBS § —af
= —pyreenme Vare(f) aTaHf

+ EDABS;ihABS‘H'I'F ( Taps TH‘I‘F) ( ] )

with pyre, care, Tur as the HTF density, specific heat
and temperature. The cross-sectional area of the inside
tube of the absorber is 4az¢; and the inside diameter of

/ Glass envelope

Heat Transfer fiuid

Partial vacuum between
/ Envelope and absorber

Iig. 2. Heat collection element,

the absorber tube is Dapg;. The heat transfer coefficient
determining the heat transmitted between the absorber
and the HTF is Aagsure. The HTF volume flow rate is
Vire. Note that the dwell time varies from approxi-
mately 3 min at the maximum flow rate to 0.5 h at the
minimum flow rate. The distance along the collector is z,
and 7 is the time. The boundary condition for Eq. (1) is

Ture(0,8) = Ty jnie(2) 2)

with Thrrmer 28 the HTF collector field inket tempera-
ture. The initial condition for Eq. (1) is

THTF(Z: 0) = Tutep (3)
The differential equation for the absorber temperature
is given: through

0T aps
PansCansdans or

= Quvsorbed — Cinternat — T ansifans wre(Taps — Tirrr)
4)

With paps, Caps, Zans a8 the absorber density, specific
heat and temperature, The cross-sectional area of the
absorber is 4ags. The absorbed solar energy is Chpsarbed
and ipiema 18 the heat transfer between the abhsorber and
the envelope. The initial condition for Eq. (4) is

Taps{z, 0) = Tapso (5

The glass envelope is assumed to have no radial tem-
perature gradients. The differential equation for the
envelope temperature is given through

ATy
pENVCENVAENV ? - Qintcmal - chlcmal (6)

With peays Cenv, Teny 88 the envelope density, specific
heat and temperature. The heat transfer between the
envelope and the environment 18 Quyerna. The initial
condition for Eq. (6) is

Tenv(z,0) = Tonvo (7)

The heat transfer coefficient, faps e, 18 calculated
through the Dittus-Boelter equation for turbulent flow
in circular tubes. The heat transmitted between the ab-
sorber and the envelope, Oinemar, 18 calculated from free
convection flow in the annular space between long,
horizontal, concentric cylinders and radiation. The heat
transfer between the envelope and the environment,
Oecrernal, 15 estimated through relations for a circular
cylinder in cross flow and radiation.

The absorbed solar energy, Oupsomeas 18 the direct
normal sclar radiation that is absorbed by the absorber
after accounting for optical losses. Because of the north-
south tracking of the collectors, only the direct normal
solar radiation times the cosine of the angle of incidence
18 available as heat energy {Duffie and Beclanan, 1991).
This energy is further reduced through mirror reflectiv-
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Fig. 3. Collector outlet temperature of the solar collector field
for December 14, 1998, The solid line represents the outlet
temperature calculated through the solar collector field model
whereas the dashed line represents measured data.

ity, dirt on the mirrors, transmissivity of the envelope,
absorptivity of the absorber, the mutual shading of the
collectors during the sun rise and the sun set, end losses
and additional losses due to shading by the HCE arms
and bellows. The parameters to calculate these losses
were taken from an experimentally verified steady-state
model developed at SANDIA (Mancini et al., 2001).

The solar collector ficld model predicts the solar
collector field outlet temperature well, especially for
days with good weather conditions, Fig. 3 shows the
predicted and measured solar collector field outlet tem-
perature for December 14, 1998, which was a cloudy
day. Even for a day with bad weather conditions, the
predicted temperature matches the measurement suffi-
ciently.

2.2, The power plant

The power plant, as seen in Fig. 1, is a Rankine cycle
with reheat and feedwater heating. For simplicity, each
heat exchanger network, consisting of preheater (econ-
omizer), steam generator (boiler) and superheater is
treated as a single heat exchanger in the model. In the
same manner, the two high-pressure feedwater heaters
are modeled as one high-pressure feedwater heater and
the three low-pressure feedwater heaters are modeled as
one single low-pressure feedwater heater. The power
plant model is a steady-state model. The effectiveness
and the heat transfer coefficients in the heat exchangers
are functions of the steam/water mass flow rate. The
pump and turbine efficiencies are assumed to be con-
stant, with values taken from Lippke (1995).

3. Linear model predictive control

For the following discussion of the linear model
predictive control concept, it is useful to think of the
plant model as a block with inputs and outputs as it is
shown in Fig. 4.

The plant model inputs not used for control are the
cooling water inlet temperature at the condenser, the
steam or water mass flow ratc in the power plant, #geam,
and environmental data as the solar radiation, S, the
ambient temperature, T,,p, and the wind speed, voig.
The input that is used to control the collector outlet
temperature, Ty, is the HTTF volume flow rate, Fryre.
The MPC controller measures the collector outlet tem-
perature and calculates the HTF volume flow rate,
which is then injected into the plant model. The envi-
ronmental data, the steam mass flow rate and the heat
exchanger water inlet temperature, T, are treated as
measured disturbances and are known by the controller
as well,

States of the collector modsl, T, are given through
the differential equations (1), {4) and (6). Discretization
in the z direction transforms the partial differential
equations into a set of nonlinear ordinary differential
equations
dr

— = H(Vure, ) + g(S, Ty Byina) (8)

with initial conditions

I{0) = Iy )
The outlet temperature measurement is given by

Tow = ﬁ(Z) (10)
The set of ODEs given by Eq. (8) is linearized and
transformed into a time discrete form

AT,y = 44T, + BAVire s + Gudd, (1)
at time k, An additional linear differential equation for
the collector inlet temperature with respect to the col-
lector outlet temperature, the steam mass flow rate and
the heat exchanger water inlet temperature was added to

Eq. (11). Hence the disturbance vector, Ad,, is of the
form

A8,
AT, amb,k
Ad, = | Avwindx (12)
Amsteam
AT, water.k

The initial condition for Eq. {11) is 47, and the mea-
surement is

ATy = CAT,, (13) -
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flow rate as the input, Virrse, and for the states, i
For the linearized model, these set points become
ATgutsets AVHTE et and AT .

A structure of a MPC controller is shown in Fig. 5
(Rawlings, 2000). It consists of the receding horizon
regulator, the state estimator and the target calculation.

3.1. Receding horizon regulator

The receding horizon regulator is based on the min-
imization of the following obiective function at time k&
(Rawlings and Muske, 1993)
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Fig. 5. MPC controller.

ﬂuTF =0

where () is a penalty parameter on the difference between
the actual collector outlet temperature and the set point
temperature. The parameter § is a penalty parameter on
the rate of change of the HTF volume flow rate as the
input in which AA VHTFJ.—H' =4 VH’}‘FJ:+} - A VH”[‘I*“kJrj—l .
Penalizing the rate of change of the input can be useful
for a better attenuation of possible oscillations, which
might oceur in the controlled collector outlet tempera-
ture. The vector AV ;m;‘ contains N future optimal open-

loop control moves where the first input value in gﬁw,
AVyrpg, is injected into the power plant model. In
addition, constraints on the collector outlet temperature,
on the HTF volume flow rate and on the rate of change
of the HTF volume flow rate can be considered.

3.2, State estimator

The state estimator is a linear observer that estimates
the states of the system from the input (the HTF volume
flow rate), the measured disturbances (environmentai
data, steam mass flow rate, heat exchanger water inlet
temperature), and the measurement of the collector
outlet temperature. ldeally the linear model should
predict the same states as the actual process (in this case
the nonlinear detailed plant model); in general this is not
possible. The differences between the collector outlet
temperatures as predicted by the lincar model and the
detailed model are multiplied by an observer gain and
fed back to the lirear model to minimize the difference.
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The ohserver gain is calculated as the discrete steady-
state Kalman filter gain with the intention to minimize
the mean-square error of the state estimate.

The regulator with the estimator described above
would not be able to control the collector outlet tem-
perature to the set point without exhibiting an offset.
That’s why integral action in the controller is very often
desirable. As part of the integral action implementation,
it is assumed, that the difference between the collector
outlet temperature prediction of the estimator and the
measurement is caused by an input step disturbance,
which in turn is estimated as well. In some cases, integral
action in the control can decrease stability due to
increasing differences in the dynamic between the linear
model used in the controller and the nonlinear plant
model on which the controller acts.

3.3 Target caleulation

For offset-free control, the set point used in the
receding horizon regulator has to be updated with re-
spect to the measured disturbance and the estimated
difference between the collector outlet temperature pre-
diction and the measurement. The latter represents the
second part of the integral action implementation. The
target calculation is formulated as a mathematical pro-
gram to determine the new set point.

3.4. Results

The performance of the controller is shown in Figs.
6-8, Two different days are considered. Fig. 6 shows the
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Fig. 6. Collector outlet temperatures and HTI volume flow
rates for June 20, 1998. The collector outlet temperature is
simulated. For the HTF volume flow rate, the dashed line
represents the measured input for a human controller on that
day and the solid line represents the input generated through
automatic control,
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Fig. 7. Collector outlet temperatures and HTF volume flow
rates for December 16, 1998. The collector cutlet temperature is
simulated. For the HTF volume flow rate, the dashed line
represents the measured input for a human controller on that
day and the solid line represents the input generated through
automatic control.
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Fig. 8. Gross output, calculated through the power plant
model. The left figure shows the gross cutput for June 20, 1998
and the right figure shows the gross output for December 16,
1998. The small-dashed line represents the gross cutput with
human control. The solid line represents the gross output with
automatic control. The long-dashed line shows the useful en-
ergy (see text).

collector outlet temperature and the HTF volume flow
rate for June 20, 1998, For the HTF volume flow rate,
the dashed line represents the adjustment made by the
human controller on that day. The related cotlector
outlet temperature, calculated through simulation with
the discussed plant model, is the dashed line in the left
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figure. The HTF volume flow rate shown as solid line
represents the input calculated through model predictive
control, The solid line in the left figure is the corre-
sponding collector outlet temperature. The automatic
controller is turmed on at 8.00 h in the moming and
turned off at 18.8 h. The start up and shut down is as-
sumed to be done by a human. The automatic controbler
obtaing the ability to hold the collector outlet tempera-
fure at a constant set point (653.9 K) for a long time
throughout the day. Its performance is better than the
performance of the human controller. The occurrence of
oscillations when starting the automatic contrel and
before this controller is turned off are due to increasing
differences between the linear model used in the con-
troller and the nonlinear model as the controlled plant
when reaching the transient.

In Fig. 7, the collector outlet temperature and the
HTF volume flow rate are shown for December 16,
1998. Apgain, dashed lines represent human control and
solid lines represent automatic control. During winter
days, when the energy in the system is relatively low, the
model behavior tends to become more nonkinear. That's
why integral action is excluded on that day in the
automatic controller. The linear model used to control
on a winter day 1s different from the linear model used
for the control on a summer day. The automatic con-
troller is turned on at 9.00 h and turned off at 16.00 h.
Although a small offset between the automatically con-
trolled collector outlet temperature and the set point
(597.3 K) can be scen, the automatic control action re-
sults in a collector outlet temperature much closer to the
set point compared to the human controlled one.

The left hand figure in Fig. 8 shows the calculated
gross ouiput for June 20, 1998, The small-dashed line
represents the gross output for human control. The solid
line represents the gross output for automatic control.
As can be seen from the two plots, the fact that the
automatic controller shows a better performance than
the human controller in generating a constant set point
collector outlet temperature, does not improve the gross
output remarkably. As an illustration of efficiency, the
useful energy is plotted i the graph as well,

The right hand figure in Fig. 8 shows the calculated
gross output for December 16, 1998. Also in this case,
there is no remarkable improvement in the gross cutput
through automatic control.

4. Conclusions
A nonlinear model of the 30 MWe SEGS VI para-

bolic trough plant has been established. The model
consists of a dynamic model for the collector field and a

steady-state model for the power plant. It was used to
examine the linear model predictive control strategy for
maintaining a specified constant collector outlet tem-
perature on a summer day and a winter day when the
power plant was operating in pure solar mode. The
implemented MPC controller showed the capability to
hold the collector outlet temperature close around the
specified set point for a long time during a day. The
automatic controller demonstrated a better control of
the collector outlet temperature than the human control.
However, the improvement in the predicted gross output
of the power plant due to the better control of the col-
lector outlet temperature is small.

Further studies should include the model predictive
control strategy with the objective to maximize the gross
output. Controlling both, the HTF volume flow rate and
the steam mass flow rate in the power plant could help
improving the daily gross output of the parabolic trough
plant.

Acknowledgements

Sandia National Laboratories is a multi-program
laboratory operated by Sandia Corporation, a Lockheed
Martin Company, for the United States Department
of Energy under contract DE-AC04-94A185000. The
assistance of Scott Jones of Sandia National Laboratory
is greatly appreciated. The advice of Professor James
Rawlings of the University of Wisconsin Chemical
Engineering Department made this work possible.

References

Duffie, J.A., Beckman, W.A., 1991. Solar Engineering of
Thermal Process. John Wiley & Sons Inc., New York.

Rawlings, 1.B., 2000. Tutorial overview of model predictive
control. IEEE Control Systems Magazine, 38-52.

Rawlings, J.B., Muske, K.R,, 1993, Model predictive control
with linear models. AIChE Journal 39 (2), 262-287.

Lippke, F., 1995. Simulation of the part-load behavior of a 30
MWe SEGS plant. In: SAND95-1293, Sandia National
Laboratoeries, Albuguerque, NM.

Mancini, T., Sloan, M., Kearney, D., Appel, F., Mahoney, K.,
Cordeire, P, 2001, LUZ heat collection eclement heat
transfer analysis model, Sandia National Laboratory.,

Pitkington, 1996. Status Report on Selar Thermal Power
Plants, Pilkington Solar International GmbH, Cologne,
Germany.

Schindwolf, R., 1980. Fluid temperature control of parabolic
trough solar collectors. In: Joint Automatic Centrol Con-
ference, San Francisco, CA, August 13-15, 1980,






