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Abstract. A two-component system for control and monitoring of solar power towers with mol-
ten salt receivers is proposed. The control component consists of a model predictive control
application (MPC) with a flexible objective function and on-line tunable weights, which runs on
a Industrial PC and uses a reduced order dynamic model of the receiver’s thermal and flow
dynamics. The second component consists of a service-life monitoring unit, which estimates
the service-life consumption of the absorber tubes depending on the current mode of operation
based on thermal stresses and creep fatigue in the high temperature regime. The calculation
of stresses is done based on a detailed finite element study, in which a digital twin of the
receiver was developed. By parallelising the model solver, the estimation of service-life con-
sumption became capable of real-time operation. The system has been implemented at a test
facility in Julich, Germany, and awaits field experiments. In this paper, the modeling and archi-
tecture are presented along simulation results, which were validated on a hardware-in-the-loop
test bench. The MPC showed good disturbance rejection while respecting process variable
constraints during the simulation studies.
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1. Introduction

Solar power towers with molten salt as heat transfer fluid (HTF) achieve high efficiencies and
enable convenient integration of energy storage into the plant. Commercially used molten salts
and receiver materials are prone to excessive salt decomposition, material corrosion and ther-
mal stresses when exposed to temperatures above a critical limit for a certain amount of time.
Therefore, operation and control strategies for solar power towers must meet complex require-
ments: Firstly, the effects of disturbances (fluctuations) of solar irradiance and other environ-
mental factors on the HTF temperature must be rejected quickly and the plant be kept within
its allowed operating range. Secondly, it is of economic interest to operate the plant close to
the upper critical temperature limit since this maximises the power plant efficiency. Lastly, due
to the natural fluctuation as well as the day-night cycle, the receiver components are exposed
to extreme cyclical thermal stresses. To ensure reliable long-term operation, they must be
inspected regularly and exchanged, if necessary. The uncertainty of maintenance and replace-
ments, however, impedes the goal of maximising efficiency and profitability through stable,
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long-time plant operation. This paper presents an advanced control and monitoring system to
overcome these challenges.

The cyclical load due to thermal stresses in the receiver materials was modelled and
implemented into a monitoring unit, which is presented in Sec. 1. With this, the impact of a
mode of operation on the service life of the receiver components is predicted and can be con-
sidered in the control strategy. Furthermore, an MPC algorithm was implemented to operate
the process close to its admissible limits, to react quickly on measured and predicted fluctua-
tions of irradiation, and to limit temperature gradients within the receiver material. This control
unit is discussed in Sec. 2 along with simulation results.

1.1 System description

A CAD model of the test receiver at the test facility in Jilich, Germany is depicted in Fig. 1 (left)
while the flow path of the HTF is sketched right. There are eight panels, each containing two
absorber tubes, through which the HTF flows in parallel. At the interconnection between two
panels are separated header elements, which mix and redirect the flow from the twotubes. The
absorber tubes are irradiated on one side only, the back side faces an isolating wall. A control
valve is positioned upstream of the receiver, while the outlet feeds, passing through a short

piping system, an outlet tank.

Figure 1. Left: Exemplary representation of the 3D geometry of the absorber tubes, top and bottom
header of the test receiver (cf. [1]), right: sketch of HTF flow path.
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Fig. 2 gives an overview of the control and monitoring systems. The Receiver-PCS
(Process Control System) communicates live measurements from the plant to the control and
service life monitoring units.
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Figure 2. Definition of the software interfaces and the integration within the receiver and heliostat soft-
ware environment.

During receiver operation, the service life monitoring system (SLMS) receives the pre-
sent flux density and receiver inlet conditions from the receiver PCS. With this data, the local
load conditions are determined, and the service life consumption is derived as described in
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Sec. 2. The accumulated service life consumption from creep and fatigue can result in a rec-
ommendation for a service life optimized control strategy. It is up to the operator to decide how
this recommendation is considered in the MPC objective function. Furthermore, live tuning of
the MPC algorithm is also done via the PCS.

2. Service life monitoring system

Cyclic loads and thermal gradients during transient receiver operation challenge the operation
of molten salt central receivers. Therefore, the quality of a control strategy should be assessed
not only in terms of the overall efficiency, but also in terms of its service life consumption.
Correctly estimated stresses in the metal absorber tubes and headers form the basis for mon-
itoring the service life consumption.

2.1 Thermomechanical components and receiver model

The first step is the development of a 1D-model for the molten salt test receiver. The individual
components are modelled using the finite element method, considering radiation exchange
with the environment and the neighbouring tubes, convection and a model for the mechanical
boundary conditions. These 1D-component models are validated by a comparison with the
equivalent stress o, mq, Obtained from a detailed 3D-CFD model. The comparison between
the 1D- and 3D-model is undertaken for five representative stationary load cases with varying
inlet bulk velocities, inlet temperatures and flux densities. The absorber tube and header mod-
els are connected sequentially and in parallel to assemble a digital twin of the entire receiver.
With the validated 1D-model, load conditions and resulting local equivalent elastic stresses
aeefl (x,t) and strains eeefl (x,t) are calculated for a predefined state space that covers the rele-
vant range of expected flux densities, HTF inlet temperatures and mass flows.

2.2 Service life estimation procedure

In a second step, the service life consumption is estimated based on the determined stress
conditions. In this determination, thermo-cyclic loads as well as creep-fatigue in the high tem-
perature regime are considered. During the operation of the receiver, the equivalent elastic
stresses aee}, (x, t) are determined via a multiple linear regression from the pre-calculated state
space for each time step based on the measured quantities.

Furthermore, the rainflow analysis approach [2] is applied on the calculated strain time
series (aee}, (x,t)) in order to derive the number of load cycles, acting upper and lower stresses,
holding times and reference temperatures within each cycle [. For each load cycle the elastic
values are further modified in order to consider plastic effects depending on the operational
regime in accordance with e.g. [3], which gives the equivalent stresses a,4(x, At;) and strains
Aggq(x, Aty).

Based on those results, for each load cycle the local creep and fatigue damage
D.(x,t;), Ds(x,t;) are determined from the linear damage rule in accordance with the proce-
dure by [4]. The times to rupture at upper (0) and lower (u) stress level t., andt., are deter-
mined from stress-to-rupture curves depending on the reference temperature during the load
cycle and the equivalent stress. The local creep damage D, is then derived from the linear
damage rule as in

At} At}
D = SR (— 2k + =l (1)

c,0 tc,u

with the dwell times at each cycle at upper (o) and lower (u) stress level At} , .- and At} ¢
and the local safety factors SF,(x).
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Regarding the fatigue damage Dy, the number of allowable cycles to fatigue N¢(x, At;)

are determined from design fatigue curves (cf. [5]) and the fatigue damage is derived from the
linear damage rule as in

N,
Dy = SF () (2)
f
with N, cycles within each load cycle and the safety factors SFy(x).

The local absolute damage from creep and fatigue during each load cycle is finally
derived from an interaction model and linearly accumulated over each cycle in order to deter-
mine the combined creep-fatigue damage, which is compared to the damage limit D; of the
material to estimate the service life consumption.

3. Model predictive control unit

The MPC was designed to control the receiver outlet temperature and respect process con-
straints. In the following sections, the dynamic model — from which the MPC prediction model
is derived — and the MPC algorithm are presented.

3.1 Dynamic model of the central tower receiver

Employing a model predictive control unit requires a dynamic model that can predict the states
of the desired control variables. While accuracy is a concern, increasing the model complexity
beyond a certain point diminishes the suitability of the model for MPC, because the predictions
become increasingly computationally expensive. Since the MPC unit runs on a designated
hardware in the actual plant in real-time, computational resources are limited. Hence the model
must make a trade-off between model accuracy and simplicity (or low computational effort).
The dynamic model consists of two parts: Firstly, a thermal model of the absorber tube tem-
peratures and fluid temperatures, and secondly, a simplified dynamic model of the volumetric
flow that is manipulated with a control valve.

~~e [rradiance
— Conduction
i Foreed conveetion

== Free convection

Figure 3. Cross-sectional view of the two-shell discretisation showing the considered heat transfers.

With the goal of keeping the model complexity low, the symmetry of the parallel flow
paths is exploited and, thus, only one absorber tube is modelled per panel. Because of the
one-sided irradiation, the absorber tube is divided into an outer and inner shell (see Fig. 3).
With this modelling approach and such a coarse discretization, the predicted temperature is a
caloric mean temperature for the element. It is obvious, that peak temperatures will be much
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higher. However, they are only supposed to approximate dynamics of the thermal behaviour
to the MPC. The energy balance for the outer shell reads

MsheliCshell 7'Wo = Q7 - Qz - Q4 - Qs - Qs (3)
and for the inner shell it is

MsheliCshell Ti = Qz - Q1 - Qs- (4)
Finally, the energy balance for the fluid element inside the absorber tube must be

, a; rA; a, rA; ) 5
mﬂuid Cf Tf = UZC L (Tl - Tf) + 02f - (TO - Tf) —m Cfluid (Tf - Tf,in)- ( )
The respective heat flow rates are
. a; A . y
Q1 = =22 (T; = Tamp) ©) Os == 5- 0 & (T3 = Timp) (10)
. T, —T; . a A
Q=4 AconOA—rl (7) Q6 = %bo (To — Tamp) (11)
. a; rA; ) — ]
0; = “5 (T - Tf) (8) Q7 = q Aproj (12)
. a, rA;
Q=== (T, ~Ty) ®)

with the inner tube shell area 4;, the outer tube shell area 4,, the contact area between the
inner and outer shell halves A.,,, the projection area A,,,; = d, Ax and the angle y for incom-
ing irradiation that excludes radiation exchange with neighbouring absorber tubes. The heat
transfer coefficients a; ¢, @, ; are calculated for turbulent flow in tubes, while free convection
effects are covered by the coefficients a; g,;mp, and @, gmp-

To model the inertia of the HTF mass in the system and incorporate the pressure
losses, the hydraulic model of the receiver consists of a resistance element R and an inertia
element |, which are connected in series (see Fig. 4).

P3
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[ |
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Figure 4. Simplified hydraulic model: The inlet tank pressure p, is upstream of the control valve. The
receiver induces a transient (l) pressure loss as well as a pressure loss due to flow resistance (R).

The pressure loss across each element is considered. By summing up the individual
pressure losses (across the valve, due to unsteady changes in the volumetric flow rate and
due to resistance/viscosity effects) to retain the total pressure loss p, — p3, a differential
equation describing the transient flow dynamics results:

i D2
oV prL V'\ lbarps .
A LU 4 _y2R, (13)
ot A Po Ps <Kv> 103£

m3

3.2 Model predictive control algorithm

The predictive control algorithm is based upon linearised and time-discretised state space pre-
diction models of the aforementioned dynamic model and its formulation is generally adopted
from [6], [7]. The controller minimises a cost function consisting of two terms representing con-
trol errors and actuator movement:
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Hp Hu
argmin ] =" 0 [Tougserp(0) = Tout,prea (I* + Y R+ [Mu(iO)? (14)
u(k), k=1..Hu =1 =1

The squared control error of the predicted receiver HTF outlet temperature Ty preq With re-
spect to the set point Ty, serp IS SUMmMed up over the prediction horizon Hp and weighted by
a tuning factor Q. To be able to slow down the control action, the cost J also increases with the
future squared actuator movement Au(k) = u(k) —u(k — 1), weighted by R summed over the
control horizon Hu. The quadratic cost function is subject to constraints. Firstly, the prediction
model must be satisfied:

x(k) = A-x(k—1)+B-u(k) + E-d(k),  y(k) = Toueprea () = C - x(k) + z(k) ¥k. (19

The model matrices A, B, C and E are obtained from the linearised Simulink model of the sys-
tem. Since the linearised model is of high order ~ 100, we applied order reduction to 25 states
using balanced truncation. The state vector x is estimated by a time-discrete linear Kalman
filter, d is the vector of the measured disturbances and comprises of measured flux density,
receiver HTF inlet temperature, upstream and downstream pressures of the receiver and the
ambient temperature.

While updated after each sample time Teycie = 250 ms, vector d is considered to remain
constant over Hp during every simulation run of the MPC. Unmeasured disturbances z are
considered to prevent steady state errors, these are also estimated by the Kalman filter. Due
to strongly nonlinear behavior of the underlying dynamic model that is mainly caused by vary-
ing system time constants at different mass flow rates, we use five different linearised models
representing different operating points. The MPC algorithm selects the respective prediction
model based on the measured HTF flow rate, where the selection mechanism is implemented
with hysteresis to avoid spurious switching.

The following constraints regarding the manipulated and controlled variables are im-
plemented:

Au(k)

Umin < u(k) < Umaxs umin < umax' Tout,pred(k) < Tout,max vk, (16)

Tcycle

where the first and second constraint limit the valve opening in its feasible positions and ve-
locities and the third constraint limits the HTF temperature to a maximum admissible value to
avoid HTF decomposition. The MPC algorithm is programmed in C++, the optimisation prob-
lem arising from the MPC formulation is solved by the open source QP solver qpOASES [8].
The MPC is implemented on an industrial computer (Siemens IPC 627 E) running with a real-
time Linux OS (Debian w/ Preempt-RT patch) interfacing with the plant distributed control sys-
tem (DCS) via Profinet (see Fig. 2).

3.3 MPC Simulation Scenarios

To evaluate the proposed MPC concept we carried out simulation studies using the developed
control algorithm on the IPC target platform. Since the real-world molten salt receiver has not
yet been ready for testing, we used hardware-in-the-loop simulations using a dSPACE system
to execute the original nonlinear simulation model instead. MPC behavior is compared to a
classic Pl-controller which was tuned to a moderate fast behavior with an appropriate integral
time constant T; = 2.5 - 2 m/wym = 5sec, with wg, denoting the phase-crossover frequency,
and a controller gain of K. = 1.1 to achieve a phase margin of 70° providing sufficient robust-
ness. The MPC was set to a sampling time of T,, ., = 250 ms, a prediction horizon of Hp =
200, a control horizon of Hu = 10, leading to a simulation of the immediate 50 seconds. In the
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scenario (Fig. 5), a set point step down and step up were simulated (ATyytsetp = F10 Kt =
50 sec,t = 100 sec), followed by a harsh “passing-cloud” event where the flux density changes
step-wise by AS = 200 kW /m? (t = 150 sec,t = 200 sec). At t = 250 sec and t = 300 sec we
simulated a disturbance at the receiver inlet temperature of AT;, = +10 K. While the MPC
handles step point changes faster, also the disturbance rejection of the MPC is faster and with
less over- or undershooting compared to the PI controller.

The MPC’s ability to cope with hardly predictable changes in flux density is the most
important performance gain over the Pl controlled system. This is crucial for both, the service
life of the receiver and the stability of the HTF as such events produce strong overshoots in
receiver material (differential) temperatures (Fig. 6) and HTF temperatures (Fig. 5), which can
be mitigated substantially by quick controller response. The key factor here is to measure the
flux density and to use it as disturbance input to the prediction model. It should be noted that
the Pl-controller performance could be increased as well to some extent by using additional
disturbance feed-forward control. Another important feature of the MPC solution is its ability to
account for constraints of the controlled variables, i.e. receiver outlet temperature, even on
occurrence of disturbances. If that constraint (16.3) is activated, the controller will prevent
violating the temperature limit as long as the latitude of the manipulated variables allow for that
and thus supports mitigating HTF decomposition.
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Figure 5. Outlet temperature control scenario with MPC and PID controllers compared. Top: Outlet
temperatures and set point, middle: disturbances flux density and inlet temperature, bottom: valve
travel (controller outputs. The MPC was tuned to Q=6 and R=5.
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Figure 6. Receiver material differential temperatures during the "passing-cloud" scenario.

4. Conclusion and Outlook

In this paper we proposed a combined monitoring and control system for a solar tower receiver
which aims to minimize the service life consumption during volatile operation resulting mainly
from fluctuating irradiation. While the long-term operation is monitored and evaluated by the
SLMS, the MPC covers fast fluctuations and avoids HTF and receiver material temperature
peaks. Furthermore, the SLMS will be able to modify the MPC’s cost function to find the best
compromise between minimum service life consumption and exploiting admissible tempera-
ture limits to increase plant efficiency. Simulations in HiL-experiments show promising results;
however, these shall be validated by measurement campaigns in the real plant in the near
future.
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