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~bstrac~. This paper presents an applicati o n of a self-tuning regulator 
to the distributed collec tor field of a s o lar power plant . The 
distributed collector field consists of a series of parabolic mirrors 
that refle c t solar radiati o n on a pipe where o il gets heated while 
cir c ulating. The p urp o se o f the regulator i s to maintain the o il o utlet 
temperature as near as possible t o a desired level. This is a ccompli s hed 
by varying the fl o w o f the f luid thr o ugh the field. The field exhibi t s a 
variable delay time that depends o n the control variable ( flow ) . The 
tran s fer fun c ti o n o f the pr oc ess varies with fa c t o rs suc h a s irradianc e 
level , mirr o rs reflectanc e and o il inlet t empera t ure. The self -t uning 
regulat o r u s e s an identi f i e r with a v ariable f o rg e tting fac t o r and an 
adaptive PI c ontr o ller . The paper also des c ribes the heuri s ti c us e d to 
make the r e gulator wo rk a n the experiences obtaine d at the SSPS so lar 
plant o f Almeria (Spain ). 

~e yw o rds . Adaptive cont r o l; Digital 
control; Self-adjusting systems. 

INTR ODUCTION 

A l o t o f wo rk s showing the advantages of 
adaptive co ntrollers (Astrom 1983, Landau 
1974 ) have appeared in the Literature 
since self-tuning regulat o rs were first 
intr o duc ed by Astr o m and Wittenmark 
( 1973) . Mos t o f these work s are 
theoretical and in spite o f the fa c t that 
adaptive c ontr o l has sho wn advantages when 
applied t o a variety o f pr ocesses 
( Bo ri s s o n 197 6, Bu c hho lf 1979, Kal l strom 
197 9 , Narendra 1980 . Dumo nt 198 2 , Rubi o 
1982, etc.) it is not yet widely a cc epted 
at industrial level. Thi s paper present s 
an applicati o n o f an adaptive r egula to r t o 
c o ntr o l the outlet temperature o f the 
ACUREX distributed co llector field o f the 
SSPS plant o f Tabernas. 

The objec tive of the control system in the 
distributed c o llect o r field is to maintain 
the outlet oil temperature at a desired 
level in spite of disturbances such as 
changes in the solar, irradiance level 
(caused by clouds or the time o f day 
mirrors reflectivity and inlet oil 
temperature. 

The distributed collectors fields is a 
nonlinear system which can be approximated 
by a linear system when considering small 
disturbances. In the design of any 
regulator the operating point of the plant 
must be born in mind. However in a solar 
energy plant the operating point varies 
according to the time of day or 
disturbances caused by clouds, and 
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there for e i t i s n o t p o s s ibl e t o design a 
fixed re g ulat or full y g uarant e ed to wo rk. 
Be c au s e of t his sel f - tunin g regulat o r 
seem s t o be a g oo d solu t i o n t o this 
pr o blem. 

The p lant to be con tr o lled i s de s c ribed in 
s e ction 2 o f t hi s ar t i c le . Se c ti o n 3 gives 
a de sc ripti o n o f the c ontr o l algo rithm 
used, se c ti on 4 co mme nts up o n the results 
o b ta i ne d and s e c ti o n S is ded ic at e d to t he 
con c lus i o ns. 

A DES CRIPTI ON OF THE PLANT 

The s ystem to whi c h th e self-tuning 
co ntr o l referred t o in thi s arti c le has 
been applied is that formed by the 
dist r ibuted co llect o r s field ( ACUREX ) o f 
the so l a r ene rgy plan t o f Tabernas. 

The distribu ted c olle c tors field consists 
mainly o f a pipe line through which o il is 
fl o wing and o n t o which the s uns ray s are 
con c entrated by means o f parabo lic mirr o rs 
in o rder t o heat the o il. I t consists o f 
480 modules arranged in twenty lines which 
form ten parallel l oo ps as shown in fig. 
1. The field is also pr o vided a sun 
seeking mechanism which causes the mirrors 
to revo lve around an axis parallel to that 
of the pipe line. 

On pa s sing thr o ugh the field the o il is 
heated and then introduced into a storage 
tank to be used f o r the generation of 
electrical energy . The cold inlet oil to 
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FIG. SIMPLIFIED DCS PROCESS FLOW DIAGRAM 

the field is extracted from the bottom of 
the storage tank. 

The system is provided with a three way 
valve which allows the oil to be recycled 
in the field until the its outlet 
temperature is adequate to enter in:o :he 
storage tank. A more detailed descrIptIon 
of the field can be found in (Kalt 1982). 

The temperature in the field can be given 
by the following equations: 

where the subindex m refers to the metal 
and f to the fluid and: 

oil density 
field capacity 
transversal area 
outlet temperature 
irradiance 
optical efficiency 
overall thermal loss coefficient 
mirrors width 

coefficient 
transmission 

of metal fluid 

exterior diameter of the pipe line 
inner diameter of the pipe line 
oil flow rate 

These equations are only applicable to the 
active zones of the field. That is, those 
parts of the pipe line where solar 
radiations are collected. Parts of the 
field, passive zones, exists where it is 
not possible to collect solar energy due 
to geometrical conditions as is the case 
of the joints between the modules. These 

zones constitute a considerable part of 
the field and they are characterized by 
having nil irradiance and different loss 
constants. 

The above equations were used to simUlate 
the system in a computer dividing one of 
the loops into a 100 pieces and using a 
model of concentrated parameters for each 
piece. The model was contrasted against 
the real data obtained from the field. The 
parameter of the model were adjusted so 
that it reproduced the behaviour of the 
system (Camacho 1977). 

The outlet temperature of the sixth loop 
is used to control the field as if acts as 
the pilot loop, in this way the total 
outlet temperature is maintained within an 
acceptable range. 

THE CONTROL ALGORITHM 

Because of the variability of 
characteristics as has been 
mentioned an adaptive control 
has been chosen. 

the plants 
previously 
algorithm 

The adaptive control structure used 
corresponds to that of a self-tuning 
regulator (STR) (fig. 2), which, in brief, 
consists in calculating the parameters of 
the regulator supposing that the fields 
parameters are those given by means of an 
identification algorithm. In this case 
recursive least square a identification 
algorithm has been used. 

In each sampling period the self-tuning 
regulator consists of the following steps: 

1) An estimation of the parameters of a 
linear model by measuring the inlet and 
outlet values of the process. 

2) The adjustment of the parameters of the 
regulator. 

3) The calculation of the control signal. 
4) The supervision of the correct working 

of the control. 
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The regulator is composed of two parts, 
(fig.3), a P.I. in the feedback loop and a 
feedforward regulator calculated using the 
available information on the field. 

We presume that the system can be modelled 
as a stable process, invariant in time and 
that can be linealized with just one input 
and one output, so that it can be 
described by the following linear 
difference equation: 

y(k) + a 1 y(k-l) + .•.. + an y(k-n) = bl 

u(k-d-l) + b Z u(k-d-Z) + b n u(k-d-n) +v(k) 

and also by the vectorial form: 

y(k) = xT(k) p + v(k) 

where 

(-y(k-l),-y(k-Z) .. -y(k-n) 
u(k-d-l),u(k-d-Z) .. u(k-d-n» 

pT = (a 1 ' aZ ' 

u(k) 
y(l<.) 

U(k) and 

U(k) Uoo 
Y(k) - Yref 

Y(k) are the input and output 
values of the system at the instant k, Uoo 
is the average value of the input signal, 
Yoo is the value of the reference and v(k) 
is a noise 
independent and 
The z transfer 
be written as: 

y(z) 

where, 

A(z-l) 1 + a 1 

B(z-l) b 1 

The first 

signal statistically 
stationary of zero mean. 

function of this system can 

z-d u(z) + 

-1 + a Z 
-2 z z 

-1 + b Z 
-2 z z 

quotient 

-------- v(z) 
A(z-l) 

+ + a -n 
n z 

+ + bn z-n 

B(z-I)/A(z-l) 
represents thI model of the field, and the 
second l/A(z-) represents the model of 
the disturbances. 

Feedforward Control. 

In a concentrated representation of the 
plant the internal energy variation of the 
field can be given by: 

C 
dT 

dt 
N 

o 

Fig. 2 Self-tuning regulator 

FIElD 

Fig. 3 Basic control layout. 

In the permanent regime we have that: 

v 
p Cp ( Tr - Ti ) 

This last equation can be approximated as: 

v 

where, 

Reference temperature. 
Inlet temperature. 
Reflectance. 
Irradiance. 

This equation gives the flow as a function 
of the reference temperature, inlet 
temperature, and the irradiance. The 
constants Kl and KZ' have been determined 
experimentally, having the values of K1 = 
0.93 and KZ = 155 (Carmona, 1983). 

Feedback control 

Using a closed loop regulator is necessary 
to compensate for any error which may be 
produced in the flow calculation by the 
feedforward controller. Given that this 
flow is a good estimation of the permanent 
regime flow, the value of the control 
signal becomes satured at + ZO% of the 
open loop value, with this, greater 
stability is obtained in the transients, 
as the regulation band is reduced. 

The plant under consideration presents a 
long delay (between 2 and 8 minutes) that 
varies with the inlet flow. For this type 
of system where the delay is much greater 
than the order of the system, the 
controller described below can be used 
(Isermann, 1981). 

Supposing that the plant is modelled using 
the equation y(k) = b u(k-d), where d is 
the delay in sampling periods and b the 
system gain, the minimum settling time 
controller can be expressed by: 

u (k) u(k-d) + elk) / b (1) 

If instead of directly using this 
controller we approximate a P.I. regulator 
so that it has the same behaviour, we 
obtain: 

u(k) = u(k-I) + qo elk) + qi e(k-l) 

where 
/ ( 2 b (2 ) 

qo (d Z) / d 
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It can be shown that this regulator is 
less sensitive to the error in the 
accuracy of the delay (Isermann, 1981), 
and therefore it is more advisable to use 
it rather than the controller (1), given 
the characteristics of the process. 
Therefore a P.I. has been used in the 
feedback loop. It should also be 
remembered that when an error occurs in 
the determination of the delay it is 
better to consider it as greater than the 
estimated, in order to ensure the 
stability. 

The parameters identifier is a very 
important part of the self-tuning 
controllers. It should be recursive, as if 
must work in real time with the process 
and therefore it will a greatly influence 
the minimum sampling time we can obtain 
for the control system. In the same way, 
the stability of the system depends 
largely on the estimator convergence. 
There are various types of identifiers 
which are dealt with in the relative 
literature. Generally, the most used 
methods is the recursive least squares 
are, because of its simplicity and its 
good convergence charac teristics. The 
algorithm is performed by the following 
steps: 

1. §elect the initial values of P(k) and 
p(k). 

2. Read the new values of y(k+1) and 
u(k+1). 

3. Calculate the a priori error: 

e(k+1) = y(k+1) - XT(k+1 ) P ( k ) 

4. Calculate 
expression: 

L(k+l) 

L(k+1) given 

P(k) X(k+1) 

by 

c(k) + XT (k+1) P(k) X(k+1) 

the 

5. Calculate the new parameter estimated 
given by: 

P(k+1) = P(k) + L(k+1) e(k+1) 

6. Actualize the covariance matrix. 

P(k) 
P(k+1) (I - L(k+1) XT (k+1) 

c(k) 

7. Calculate the new forgetting factor 
c(k+1). 

c(k+1) 1-(1-XT (k+1) L(k+1» 
So 

If c(k+1) < c min Then c(k+1) = cmin 

8. Actualize the measurements vector 
X(k+2). 

9. Make k = k+1 and return to step 2. 

Sampling an~ delay time 

The sampling time used has been set to ten 
seconds. This time is reasonable in 
respect to the time constant of the 
system, being in the range: 

T95 : Time 
slgnal. 

taken 

T m : Sampling time. 

to reach 95% of the 

The parameter (d) in the model under 
consideration is an integer which 
represents the delay of the system. In 
this process it is variable with the flow, 
and can be calculated as a function of the 
physical dimensions of the plant and of 
the flow, resulting that: 

80 + 187.5 " 5.3 
d ----------- -------- + 1.5 

v " T m 

The previ o us values of the control signal 
are stored in a vector, in which they 
shift. Because the delay is variable the 
first idea was to shift the information 
within this vector at a constant rate and 
to take as the output the component of 
this vector corresponding to the delay. 
This metho d causes problems in the 
identifier. To avoid this problem a large 
vect o r in which the input enter in one 
end, and g o out of the other varying their 
shifting rate ac c ording to the delay was 
used. This method reproduces what really 
happens in the system because an element 
o f fluid is displaced al o ng the tube at a 
speed whi c h varies according to the flow 
at a gi v en me mento In this way 
satisfact o ry behaviour of the identifier 
has been a c hieved. 

Given the fact that the plant is a 
n o nlinear system and that it is 
continuo usly being identified as a linear 
system, the parameter of the linear model 
vary with time. In order to reduce the 
memory of the identifier we use a variable 
f o rgetting fact o r ( c ) (Fortescou 1981), as 
has been des c ribed previously. Notice that 
for c 1 we have the least squares 
identifier with infinite memory and the 
matrix P(k) decreases monot o nously so the 
estimator gain can rea c h zero. As the 
s y stem mu s t f o llow the parameter 
variati o ns a forgetting factor (c < 1 ) 
must be u sed. On the other hand if the 
working point does n o t change, the product 
P ( k ) X(k ) can b e zero and therefore 

P ( k+1 ) = P(k )/c. If c < 1, P ( k ) can grow 
greatly, making the identifier very 
sensitive t o any c hange. To avoid this a 
variable f o rgetting factor is used. This 
fact o r is made to equal 1 if the trace of 
P ( k ) is g r eater than a certain value. At 
the same time, the trace of P ( k ) is not 
allowed to go below a prefixed value by 
adding a matrix R to P(k+l). 

Supervision. 

A basic requirement for the adaptive 
control algorithm to be stable is that the 
estimated parameters converge on certain 
values. Certain conditions are necessary 
in order to 
and these 
disturbances 

guarantee this convergence, 
depend on the type of 
and whether the input is 

persistently exciting. 

A great improvement in the behaviour of 
the closed loop system can be achieved in 
many cases by using a level of supervision 
which can check things such as: 

- The estimated parameters. 
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The control variable. 
The evolution of the identifier. 

In the concrete case of 
plant the following steps 

the solar energy 
are taken: 

a) With regards to the plant 
identification we know that the system 
gain is negative and inferior to a 
certain value. Because of this the 
identified gain is filtered before 
being considered valid, in order to 
avoid a mistaken identification. This 
can be produced in cases where the 
irradiance decreases suddenly. The 
identifier works using the variations 
in the temperature and flow with 
respect to the values of the permanent 
regime. These values are given by the 
reference temperature and by the flow 
calculated by the feed forward 
controller. 

b) The trace of the covariance matrix of 
the identifier is continuously checked, 
taking the steps considered previously 

c) The control variable is saturated at + 
20% of the value of the flow calculated 
by the feedforward controller. 
Furthermore a cautions control is used 
in the beginning modifying the 
expression (2) as follows: 

qo = 1 / ( 2 * b + trace(P(k» * b ) 

RESULTS. 

Before applying the regulator to the 
process a series of tests were carried out 
by simulation in order to validate and 
proof its usefullness. These test were 
aimed at analysing the behaviour of the 
regulator when faced with changes in 
reference and all types of disturbances. 
Different working points have been 
considered and the system has been 
subjected to small changes of reference 
and small disturbances as well as sudden 
disturbances. 

A model of distributed parameters has been 
used to simulate the process, which has 
been validated and identified with real 
data from the solar energy plant. 

Fig. 4 shows the behaviour of the 
regulator when faced with a slow variation 
of the irradiance, keeping the temperature 
reference at 280 degrees. Fig. 5 shows the 
system reaction to reference changes of 
between 280 and 290 degrees behaving well 
after the first reference change, which 
belongs to the first phase of adaption. 

300 
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Figure 4. Irradiance changes 
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Fig ure 6 Regulators comp. 
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Figure 7. Set point changes 

Cloud perturbation 

Fig. 6 shows the behaviour of the self 
tuning regulator and of a fixed regulator 
when the irradiance change suddenly and 
randomly. It has been proved that the mean 
square error of the output in the case of 
the self tuning regulator is half that of 
the corresponding one of the fixed 
regulator. 

Fig. 7 to 10 correspond to tests done in 
the SSPS plant of Almerla. Fig. 7 shows 
the outlet oil temperature when the 
reference is changed from 290 to 280 
degrees, a slow variation in the 
irradiance and sharp change in this due to 
a small cloud passing, can be seen. 

Fig. 8 corresponds to the starting-up 
phase of the process and regulator. The 
reference temperature was set at 280 
degrees. The evolution of the identified 
parameter b can be seen in this figure. 
Notice that the outlet oil temperature has 
a small overshoot. 
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Fig. 9 shows the response of the plant 
when the oil inside the pipe line has been 
cool down by getting the mirrors out of 
focus. It can be seen that the outlet oil 
temperature reaches the set point (280 
degrees) satisfactorily. 

The response of the system when the set 
point is changed from 280 to 290 degrees 
and the irradiance is decreasing slowly 
can be seen in fig. 10. 

CONCLUSIONS 

An adaptive regulator to control the field 
of collectors in a solar energy plant is 
presented in this paper. This regulator 
has been successfully tried out under 
various working conditions in the ACUREX 
field of the solar energy plant SSPS of 
Almeria. In the same way other types of 
self-tuning regulators are being tested, 
one of which being the design of a 
regulator using the pole assignment 
method. 
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