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Abstract: This paper describes the main problems of operating parabolic trough solar fields
during days with partial radiation. An optimal control strategy is proposed to solve these
problems and it is assessed against a classical one, which uses a feedforward and a PI controller
with a fixed set point of oil outlet temperature. Some simulations have been made using
MATLAB to demonstrate that using the optimal control strategy better results can be achieved.
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1. INTRODUCTION

The main technologies for converting solar energy into
electricity are photovoltaic (PV) and concentrated solar
thermal (CST). Parabolic trough, solar towers, Fresnel
collector and solar dishes are the most used technolo-
gies for concentrating solar energy. This paper focus on
parabolic trough solar fields, which consist of a collector
field (Fig. 1), a power cycle and auxiliary elements such as
pumps, pipes and valves. The solar collector field collects
solar radiation and focuses it onto a tube in which a heat
transfer fluid, usually synthetic oil, circulates. The oil is
heated up and then used by the power cycle to produce
electricity by means of a turbine.

The main goal of a parabolic trough solar field is to
collect the maximum solar energy in order to produce
as much electrical power as possible. Normally, this is
achieved by keeping the outlet temperature of the field
around the maximum allowable value, that is 400°C, due
to oil degradation. However, in this paper, we will show
that this way to operate the field does not produce the
best results of electrical power generated. This problem
has been studied before in Lippke (1995), where it was
suggested that the optimum strategy is based on adapting
the fluid outlet temperature to the incident solar radiation,
keeping the constant the superheating temperature of the
steam; it was also studied in Montes et al. (2009) where
a constant outlet temperature was used (393°C). Finally,
a more recent study was carried out in Camacho and
Gallego (2013) where it was proposed to change the outlet
temperature set point according to the value of the solar
radiation.
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On the other hand, using a PI with a feedforward controller
that manipulates the oil flow to keep constant the outlet
temperature of the field, like in Camacho et al. (1997)-
Camacho et al. (2012)-Carmona (1985), while a cloud is
passing through the field may provoke temperature peaks
in some loops. This situation is due to the fact that when
the cloud passes the controller will decrease the oil flow in
order to keep the outlet temperature constant, however,
in the loops that are not covered by the cloud, the solar
radiation is not reduced, so that their temperature will
be increased above the security limit. If this situation
happens the collectors are programmed to get out of focus
to prevent oil degradation, but that would involve a loss of
energy and it is not considered in this paper as a possible
solution.

In this paper the effect of the solar radiation on the outlet
temperature was studied with a complete power cycle
model (Fig. 2) reduced to a correlation that relates the
electrical power generated by the condensation turbine
with the mass flow and outlet temperature of the oil. In
Camacho and Gallego (2013) it is used a similar approach
but they use a correlation that only depends on the outlet
temperature, that implies efficiency results higher than the
ones found in the literature Lippke (1995); in addition the
simulations made in this paper were carried out taking
into account a model of the entire field, not assuming
that the behavior of one loop is the same than the other
ones. Therefore, the authors propose that using an optimal
controller with constraints can prevent the appearance of
temperature peaks and also maximize the electrical power
generated by the field depending on the value of solar
radiation.

The paper is organized as follows: Section 2 describes the
models of the solar field, passing clouds and power cycle
used for simulation purposes. Section III describes both
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control strategies tested: the feedforward with a PI control
and the optimum control. Section IV shows the results
obtained by simulations made in MATLAB. Finally, the
paper draws to a close with some concluding remarks.

WATER

Fig. 2. Diagram of the solar field connected with the power
cycle

2. SYSTEM MODELING

The model of each of the parts which have been used to
simulate the operation of a solar field during the days with
partial covering is presented. These parts are: the solar
collector field, the passage of the clouds and the power
cycle.

2.1 Solar Collector Field Model

In this subsection, the mathematical model of a parabolic
trough solar field is presented. This model is the same
used in Navas et al. (2016) which is at the same time a
slight modification of the model proposed by Camacho
et al. (1997)-Camacho et al. (2012)-Carmona (1985) for
the ACUREX field (Fig. 1). Basically, this model can be
used to simulate parabolic trough solar fields by selecting
parameters like the number of active (the parts where the
solar radiation reaches the tube) and passive (joints and
other parts not reached by concentrated solar radiation)
zones, length of each zone, or collector aperture. The solar
field simulated in this paper is supposed to be on the
site of the Escuela Superior de Ingenieria de Sevilla. It is
composed of 24 loops and has dimensions of 144x240 m?2.
Each loop is modeled by the following system of partial

differential equations describing the energy balance:

Active zones

T,

m mAmi
pmC ot

= InoG - HlG(Tm — Ta) —
LH\(T,, —Ty) (1)

Fluid element

oT .oT
PfoAfaitf + prfqaij = LH(Tm — Ty) (2)

Passive zones

AT
pinCon A 51 = —Hy (T = T) = LH(Tru = T5)  (3)

where the sub-index m refers to metal and f refers to the
fluid. The model parameters and their units are shown in
table 1.

Table 1. Solar field model parameters descrip-

tion

Symbol  Description Units

t Time S

X Space m

p Density Kg/m?

C Specific heat capacity J/(K kg)

A Cross sectional area m?

T Temperature °C

q Oil flow rate m3 /s

I Solar radiation W/m?

no Optical efficiency Unit-less

G Collector aperture M

T, Ambient Temperature °C

H, Global coefficient of thermal W/(m?2 °C)
losses for active zones

H, Coefficient of heat transmis- W/(m? °C)
sion metal-fluid

H, Global coefficient of thermal W/(m? °C)
losses for passive zones

L Length of pipe line m

The density p, specific heat C and coefficient of thermal
loss H; depend on fluid temperature. The coefficient of
heat transmission H; depends on temperature and oil flow.
The incident solar radiation I depends on hourly angle,
solar hour, declination, Julianne day, local latitude and
collector dimensions Camacho et al. (1997)-Camacho et
al. (2012)-Carmona (1985). In order to solve this system of
partial differential equations, a two stage finite difference
equation has been programmed, considering each segment
of 1 m for the passive zones and of 3 m for the active zones
and solving (1)-(2)-(3).

2.2 Modeling of the Passing Clouds

The modeling of the passing clouds is necessary to know
how the radiation of the sun is distributed throughout
the field. This can be achieved creating a matrix which
represents the whole field extension. Each element of the
matrix is assigned the value of the incident solar radiation
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on that section at each time. The solar field has dimensions
of 144x240 m?2, so if we divide the matrix in elements of 3x3
meters we need a 48x80 matrix. The matrix is then put
over the field in such a way that each element contains
a fraction of an active or passive element. Fig.3 shows
the fraction of the whole matrix that covers one loop of a
generic field.

1

},

Fig. 3. Example of a fraction of the matrix over one loop
of the field

The value of the radiation in each element of the matrix
depends on the following parameters:

e The global incident solar radiation on the field.

e The direction of the route followed by the passing
cloud (the angle formed by this direction and the
direction followed by the thermal fluid, the parallel
being 0).

e The velocity of the passing cloud (determined by the
number of elements of the matrix supposed to be
traveled by the cloud every 39 seconds, which is the
sample time of the field).

e The size of the cloud (a rectangular form is supposed,
defined by the rows and columns that it covers).

e The attenuation factor, which is the value that mul-
tiplies the radiation in the zones where the cloud is
present. This value varies between 0 and 1 depending
on the radiation which the cloud allows to arrive to
the field, being 0 the case in which no radiation arrives
to the field and 1 the case in which all the radiation
arrives to it.

Once these values are set, the program calculates for each
collector the mean value of radiation of every element of
the matrix related with it. This mean value is assigned to
the variable I of (1).

2.8 Power Cycle Model

The power cycle model used in this paper (Fig. 2) consists
of an economizer, a boiler and a super-heater followed by
a turbine. The oil flow heated by the solar radiation con-
centrated by field collectors is firstly introduced into the
super-heated where a steam stream is heated. Afterward,
the oil is used to produce saturated steam in the boiler,
which operates at a floating pressure. Finally the oil is
sent to the economizer to preheat the water stream before
being boiled. The super-heated steam is used to produce
electrical power in a condensation turbine.

This model was simulated using the software Engineering
Equation Solver and then correlated with simulation re-
sults to get equations (4) and (5) in order to calculate
the electrical power generated and the oil temperature

returning to the field respectively. This simplification was
necessary to reduce the simulation time and the error
is around 1%. In addition the dynamic of the cycle was
assumed to be like a first order model with a time constant
of 100 seconds.

W = 8.23¢% — 49.96m,; — 2.70m?,, —
47.15T s + 6.75¢72T2 . + 5.38¢ " moi Tout (4)

out

Tin = 3.40€% + 1.78my; — 1.55e tm?2,, —

oil

Tous +1.07e73T2,, + 2.17¢ %Mo Tous (5)
The net electrical power produced by the field is the result
of subtracting the power consumed by the pump to the
power generated by the turbine. Therefore, to calculate
the consumption of the pump we used the Darcy equa-
tions. Firstly, the Reynolds number and the Barr’s friction
coefficient are computed by (6) and (7) respectively:

prqd
Re = —— 6
A (6)

1
log10(e,/3.7d + 5.74/ Re0-9)?

f=025 (7)

where p is the dynamic viscosity and €, is the relative
rugosity. The Darcy equation for computing the pressure
drop is given by (8):

8fLg”

where L is the loop length and d is the pipe diameter.
The power consumption depends on the pump efficiency,
oil flow and the pressure drop pd (9).

qhpl
77pump

(W) (9)

Woump =

Finally, the net electrical power is calculated by (10).

Wnet =W - WpWﬂp (kW)

1
1000 (10)

3. CONTROL STRATEGIES

In this section two control strategies are presented. The
feedforward with PI control strategy is the traditional
one used in solar fields to keep constant the oil outlet
temperature, whereas the Optimal control strategy is a
new one proposed by the authors in order to maximize the
electrical power generated and prevent the appearance of
temperature peaks.

8.1 Feedforward with PI Control

This control strategy consists of controlling the outlet
temperature of the field by manipulating the total flow
of the oil. This total flow is equally distributed among the
loops. The control scheme can be seen in Fig. 4, where a
series feedforward compensation is used.
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Fig. 4. Series feedforward controller
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The feedforward controller provides compensation for vari-
ations in I and Tj, calculating the desired flow of oil
us using (11), where Tp is the outlet temperature to be
maintained, Pc, is a term that accounts for the product
and quotient of characteristic magnitudes (areas, thermal
capacities, etc. ), S is the effective surface, H; is the global
thermal losses coefficient, and T, is the mean inlet-outlet
temperature. Equation (11) comes from the concentrated
parameters model of the field Camacho et al. (1997)-
Camacho et al. (2012)-Carmona (1985) considering steady
state conditions. This equation can be approximated by
(12), where w is the output of a PI controller (K, = 1.09,
7; = 150.28 s) placed before the feedforward controller in
order to maintain the required steady state outlet temper-
ature Ty due to the fact that exact compensation cannot
be achieved with it.

1
(To — Tyn)us = ——(noSI — Hi(T,r, — To)) (11)
Pc,
157 — 0.204(u — 64.16) — 75.
y, — 31510 04(u T6 6) — 75.87 12)
u— 1y

The radiation I used in (12) is the global incident solar
radiation on the field which is calculated as the mean
value of all elements of the matrix, and the variable Tj,, is
the inlet temperature of the thermal fluid, calculated by
(5). The constants that appear in the equation have been
determined experimentally.

3.2 Optimal Control

This control strategy is based on using an MPC controller,
which uses models of the field and the power cycle, so
that the controller could calculate the optimum value of oil
outlet temperature which maximizes the electrical power
generated, taking into account temperature and oil flow
constraints. The control scheme can be seen in Fig.5.The
dynamic optimization procedure may be expressed as the
following algorithm:

e All the variables needed by the field model are mea-
sured.

e A simplified solar collector field model (1)-(2), which
assumes that the pipe is only divided in 6 parts of 80
meters instead of the divisions of 1 meter for passive
zones and 3 meters for the active zones in the model
used for simulating the solar field, is used to calculate
the outlet oil temperature of the field. The oil flow is
the independent variable used by the optimizer.

e With the calculated values of oil outlet temperature
and mass oil flow, equations (4) and (5) are used to
know the electrical power generated by the turbine
and the inlet oil temperature.

e Finally, with equations (6), (7), (8), (9) and (10) the
net electrical power is calculated.

Therefore, the MPC has to maximize the value of net
electrical power subject to restrictions in oil temperature
(T'<400°C) and oil flow (0.000133 m?/s<q<0.00158 m?/s)
for each loop. The prediction and control horizons are
equal to one, however, in future works, it is planned to
increase these horizons incorporating predictions of the
passing clouds. The optimization is carried out for each
integration step by the function fmincon in MATLAB.
The optimum value of oil flow would be then sent as the
new set point of the flow controller, which manipulates
the variable frequency drive, but in this simulation we are
assuming that the flow is instantly changed.

Tn I

L I .
fl v e ]

Fig. 5. MPC controller

4. SIMULATION RESULTS

This section shows the results obtained by simulations of
both strategies explained in Section 3. These simulations
have been carried out with the solar radiation curve shown
in (Fig. 6) and using the models described in section 2. If
we compared the feedforward with PI strategy with a fixed
set point of 393°C against the optimal one, we can see that
the feedforward with PI strategy presents the problem of
temperature peaks in some loops (Fig. 7) whereas in the
optimal strategy this situation does not happen (Fig. 8).
The oscillations observed in Fig. 7 are due to use of a
static feedforward with unmodelled dynamics; a problem
that does not occur when the optimal controller is used
(Fig. 8). In terms of electrical power (Fig. 9), it seems
that during the central part of the day the feedforward
strategy produces more than the optimal one, but at the
cost of having temperature peaks. However, during the
last part of the day, when the value of the incident solar
radiation is low, the optimal strategy produces much more
electrical power. Considering the entire operating day, the
improvement achieved by the optimal strategy is around
2.15%.

m?)

n (W/

Solar Radiatios

Time (5) x10

Fig. 6. Incident solar radiation
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Fig. 7. Oil outlet temperature of the loops with a feedfor-
ward controller and a set point of 393°C
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Fig. 8. Oil outlet temperature of the loops with an optimal

controller
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Fig. 9. Electrical power generated by the optimal strategy
and the feedforward strategy with a set point of 393°C

After seeing that with the feedforward with PI strategy
with a set point of 393°C we could not avoid the problem of
the appearance of temperature peaks, we tested the same
strategy but with a lower set point equal to 380°C. Figure
10 shows that with this set point the temperature peaks do
not appear, however, in terms of electrical power this new
set point has worse results than the previous one (Fig. 11).
Specifically, in this case the improvement achieved when
compared with the optimal strategy is around 2.95%.

Temperature (°C)

Fig. 10. Oil outlet temperature of the loops with a feed-
forward controller and a set point of 380°C
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Fig. 11. Electrical power generated by the optimal strategy
and the feedforward strategy with a set point of 380°C

5. CONCLUSION

The main conclusion of this paper is, that to operate the
field during a day with partial radiation at a constant oil
outlet temperature is not the optimum way to do it and
also can lead to the temperature peaks problem. Using
the feedforward with PI strategy the only way to avoid
this problem is to lower the oil outlet temperature set
point, but in doing so, it also reduces the total amount
of electrical power generated. For that reason the authors
propose the use of the optimal strategy, which can prevent
the temperature peaks problem and also maximizes the
electrical power production, not only when there are
passing clouds, but also when the value of the incident
solar radiation is low.
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