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Abstract: With the ambition of achieving carbon neutrality worldwide, renewable energy is flourish-
ing. However, due to the inherent uncertainties and intermittence, operation flexibility of controllable
systems is critical to accommodate renewables. Existing studies mainly focus on improving the
flexibility of conventional plants, while no attention has been paid to the flexible operation of concen-
trating solar power with thermal energy storage (CSP-TES) systems. To this end, the ultimate goal
of this work is to investigate the potentiality and realization of CSP-TES systems to flexibly operate
in grid system regulation. With this goal, the dynamic characteristics of a 50 MW parabolic trough
collector CSP plant with molten-salt-based TES is analyzed, and its dominant control characteristics
are concluded to demonstrate the possibility of the ideal. After that, a coordinated control strategy is
proposed. Specifically, a disturbance observer-based feedforward—feedback control scheme and a
feedforward—feedback controller are designed, respectively, for the solar field and the energy storage
subsystems, while the power block subsystem is regulated by a two-input and two-output decoupled
controller. Based on the decentralized structure, three simulation cases are, respectively, performed to
testify the capacity of the CSP-TES system to wide-range load variation tracking, strong disturbance
rejection, or both. The results show that the CSP-TES system can adequately track the grid commands
based on the proposed coordinated control strategy, even under strong fluctuation of irradiation,
demonstrating the flexibility of CSP-TES participating in grid regulation. In the context of continuous
penetration of renewable energy into the grid system, research on the role transition of the CSP-TES
system from its own optimization to grid regulator is of great importance.

Keywords: concentrating solar power plants; flexible operation; control strategy; disturbance rejection

1. Introduction

With worldwide commitment to the ambitious goal of carbon neutrality, the penetra-
tion of renewable energy will inevitably increase [1,2]. However, the electrical grid system,
under high penetration of renewable energy, will face many unavoidable challenges due to
the strong uncertainty of renewable sources, such as security, stability and reliability [3,4].
In order to alleviate the impact of uncertainties on the grid system, exploiting controllable
power generation plants to maintain the quality requirements of grid system is a necessity.
Among them, flexible operation of conventional fossil fuel plants has gained unprece-
dented increasing attention. However, affordable accommodation for renewable energy
of a conventional coal power plant is usually limited at 50% of the rated capacity because
of various physical constraints in energy conversion processes [5]. In addition, the fossil
fuel plants produce a large amount of carbon dioxide, causing their decommission in some
countries [6]. There are many alternative power generation plants. Solar power plants, as a
commercially mature technology, is one such alternative, and has even taken a large market
share in the grid system. For this reason, this paper attempts to investigate the possibility
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of solar power plants, specifically the concentrating solar power plant with thermal energy
storage (CSP-TES) system, to operate flexibly in the regulation of the electrical grid system.

The CSP-TES system has an interesting characteristic of dispatchability, essentially due
to the coordination function of the thermal energy storage subsystem. This characteristic
has been mentioned by several works. For instance, ref. [7] examined the dispatchability
by using two country cases of Morocco and Algeria, and found that cost advantages of CSP
with TES should be highlighted when the gird system is in high renewable penetration.
Ref. [8] also concluded that CSP with TES can provide dispatchable energy and power based
on the operation date of Andasol 3, and such an advantage enables the CSP to have many
attractive functions. Based on the review of CSP plant development and operation market
rules in eight countries, ref. [9] concluded that CSP’s dispatchability and flexibility should
be highly valued and encouraged by markets and policies. The influences of dispatchability
on the CSP system are also investigated in many works [10-12].

However, the dispatchability of CSP-TES is mostly applied to economic dispatch in
existing works, where the basic idea is to firstly establish model constraints according to
equipment characteristics, and then optimize a specific objective function and calculate the
schedule of the CSP-TES via various operation strategies. For instance, a mixed-integer
linear problem was also established by Kost et al. to maximize both the operational profit
and investment annuity of a CSP plant over the planning horizon [13]. Similarly, a mixed-
integer programming model of a CSP-TES plant was proposed in ref. [10]. In addition, a
model predictive control operation strategy was also exploited to minimize the objective
composed of tracking the schedule and generating the optimal schedule for the next day.
Studies of optimal operation strategy of CSP-TES can also be found in many works [14-16].

In fact, the optimal schedules of CSP-TES have to be delivered to controllers of subsys-
tems. In existing works, the controllers are designed mainly from a subsystem level in a
decoupling way, as the coupling effects among subsystems are considered in the scheduling
layer. Extensive works based on the decoupling way have been reported. For instance, a
nonlinear model-based adaptive control strategy has been proposed to control the outlet
temperature of a parabolic trough plant [17]. An optimal model predictive control with
lump disturbance to maintain the outlet temperature has been proposed [18]. A linear
quadratic regulator was designed to regulate the output oil enthalpy of the thermal storage
subsystem in ref. [19]. This idea of controller design can be found in many studies [20,21].

However, whether optimal dispatch or controller design of the studies as previously
mentioned, they are all carried out without considering CSP participation in the regulation
of the grid system. Therein, CSP can calculate the best performance itself through optimal
operation strategies, and then approach this self-optimization by tracking the optimized
instructions, without considering the contribution to the performance of the grid system.

In contrast, the work here studies the flexible operation of CSP-TES and investigates
its potential function in grid regulation, based on its dispatchable capability. Different
from the traditional approach, when the CSP-TES participates in the grid regulation, the
power instruction is not obtained from its own optimization, but delivered from the grid
operator. This indicates that the role of the CSP-TES transfers from independent optimal
operation to a clean regulator of the grid system. Regarding the capability of the role
transition of CSP-TES, it has been claimed by [8] that CSP can offer similar operational
attributes as conventional power plants, and can also support regulation and frequency
response. However, the similarities and differences between CSP and conventional plants,
and how to realize the flexible regulation of CSP-TES, have not yet been studied. To this
end, dynamic characteristics of the CSP-TES system is investigated based on the dynamic
model in ref. [22], and a coordinated control strategy is further proposed to realize the
flexible operation of CSP-TES. To the authors’ best knowledge, research on CSP-TES from
this perspective has not yet been conducted.

This work is a further extension of our previous work [22], and organized as follows.
Section 2 examines the dynamic characteristics of CSP-TES in ref. [22], and analyzes its
control-oriented characteristics for flexible operation. Afterwards, a coordinated control
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strategy is designed in Section 3. Section 4 testifies the capacity of CSP-TES to operate
flexibly in grid regulation by case studies even under wide-range operation and subjected
to strong uncertain irradiation. Finally, conclusions are drawn in Section 5.

2. Dynamic Simulation and Control Characteristic Analysis

An in-depth understanding of the controlled system is critical to controller design.
Figure 1 shows the schematic diagram of a parabolic trough CSP with TES, where it consists
of solar field (SF), TES and power block (PB) subsystems. In control practice, the SF outlet
temperature of heat transfer fluid (HTF) and its efficiency are dominated by the HTF
flowrate of SF; electricity generation and main steam pressure of PB are controlled by HTF
flowrate and the opening valve of the PB subsystem; the thermal charging/discharging of
TES is manipulated by the MS flowrate of TES; and solar irradiation is the energy input
of the CSP system. Consequently, typical step change in process control engineering is
performed to evaluate the control characteristics of the CSP-TES system. In this work, the
CSP-TES is assumed on a sunny day where the TES subsystem is under charging state.
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Figure 1. Schematic diagram and energy flows of a parabolic trough concentrating solar power (CSP)
plant [22].

For this system, we have established a system-level analytical model in the form of
the ordinary differential equations in ref. [22], whose accuracy has been verified by the
steady-state and dynamic tests. Therefore, it can be reliably applied to design controllers
of CSP plants. Then, based on the analytical model and with the given stable operating
parameters in Table 1, the system step response is analyzed as follows.
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Table 1. Operating parameters under steady-state operation condition.

Parameters Value Parameters Value
- Heat transfer fluid (HTF) flowrate to
2
Irradiation 700 W/m: thermal energy storage (TES) 700 kg/s
Solar field (SF) HTF flowrate 90 kg/s HTF flowrate to power block (PB) 500 kg/s
SF HTF outlet temperature 390.6 °C Power generation 41.8 MW
Hot molten salt (MS) 380.8 °C Opening of main valve 0.9
temperature
Cold MS temperature 25°C Pressure of turbine inlet 9.43 MPa

2.1. System Response to Step Change of HTF Flowrate of SF

Figure 2 shows the system response to step change of HTF flowrate of SF. As can be
seen, the HTF flowrate of SF has a strong effect on the controlled variables of the system.
When the HTF flowrate increases, the SF outlet temperature decreases gradually as the
input solar energy remains. The decrease of SF outlet temperature further leads to the
reduction in electricity and main steam pressure. Because the HTF flowrate to PB remains
at 500 kg/s, the lower HTF temperature to PB weakens the heat transfer of heat exchangers,
which causes less energy to be transferred to steam. Conversely, the MS temperature
increases first as the HTF flowrate of SF steps. This increase is attributed to more HTF
flowrate delivered to the TES subsystem. However, as the SF outlet HTF temperature
further decreases, the heat transfer efficiency of the HTF-MS heat exchanger degrades,
which leads to the decline of MS temperature. However, the responses are not monotonous,
as all the chosen variables climb again after about 900 s. Such behaviors maybe be due to
the increase in inlet HTF temperature of SE, and this increase contributes to the increases
in SF outlet HTF temperature. With the SF outlet HTF temperature increasing, the MS
outlet temperature, the electricity and the main steam pressure climb smoothly to new
steady states.
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Figure 2. System response to step change of HTF flowrate of SF.

2.2. System Response to Step Change of HTF Flowrate of PB

As the inlet HTF flowrate of PB increases, more steam is generated because the heat
transfer capacity in the heat exchanger train is enhanced, thereby resulting in a monotonous
increase in the electricity, together with the steam pressure. These indicate that the response
characteristics of CSP with TES are similar to conventional plants. Meanwhile, the change
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of inlet HTF flowrate of PB also affects the SF outlet HTF temperature and MS temperature,
as proven in Figure 3. However, the MS outlet temperature responds quickly, while the HTF
temperature changes later, with a time delay of about 500 s. This is because the decrease
of the HTF flowrate of TES subsystem leads to the increase of the HTF flowrate of PB,
under the constant total HTF flowrate. Such a decrease leads to the drop in the MS outlet
temperature in the TES. For SF outlet HTF temperature, although the total HTF flowrate in
the SF is the same, the flowrate redistribution changes the SF inlet HTF temperature, and
ultimately affects the SF outlet HTF temperature after a transport delay.
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Figure 3. System response to step change of HTF flowrate of PB.

2.3. System Response to Step Change of Main Valve Opening

Figure 4 illustrates the system response to main valve opening steps. As can be seen,
an increase in the opening of the main valve will instantly lead to an increase in electricity
and a decrease in steam pressure, which is similar to conventional plants. However, the
influence on MS temperature and SF outlet HTF temperature are not revealed because the
changes of the main valve have a minor direct influence on the SF inlet HTF temperature,
and indirect impact on the outlet temperature of SF and MS; nevertheless, the influence is
very limited.

2.4. System Response to Step Change of MS Flowrate of TES

The step change of MS flowrate of TES also has an impact on system dynamics, as
illustrated in Figure 5. When the MS flowrate steps, the MS temperature will drop instantly;
however, the SF outlet HTF temperature decreases after a certain time delay. The reason is
similar to that of system step response to HTF flowrate of PB; the two cases both reduce SF
inlet HTF temperature directly, and ultimately reduce the SF outlet HTF temperature after
a certain transport delay. The changes in SF outlet HTF temperature further impact on the
performance of the PB subsystem, despite the impact being limited.

2.5. System Response to Step Change of Solar Irradiation

Solar irradiation is the input energy to CSP and has the features of uncertainty and un-
controllability. To this end, dynamic response of the CSP system to irradiation is examined
in Figure 6. It can be seen from Figure 6 that step change of irradiation has a significant
impact on the overall CSP system. With about 7.1% increase of solar irradiation, the SF
outlet temperature and MS temperature both increase by around 8 °C, and the electricity
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and main steam pressure increase by 7.1% and 3.8%, respectively. Since solar energy is
intermittent and fluctuates strongly, the dynamic responses indicate the importance of
disturbance rejection control. Moreover, solar energy has a very broad influence on system
performance, as its increase leads to an increase in the SF outlet HTF temperature, and as a
result, the performance of the downstream subsystem changes greatly. The slow decrease
also suggests the large inertia of the CSP system.
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Figure 4. System response to step change of main valve opening.
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Figure 5. System response to step change of MS flowrate of TES.
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Figure 6. System response to step change of solar irradiation.

Based on the analysis above, it can be seen that there are many similarities between the
dynamic characteristics of the CSP-TES and conventional fossil fuel plant. For instance, they
are both a multivariable system with large thermal inertia and certain time delays. These
similarities, to some degree, demonstrate the potential of CSP-TES to flexible operation.
Nevertheless, there are also differences between CSP-TES and conventional plants.

(1) The CSP-TES system is a weak coupling system. Although the CSP-TES system
comprises three subsystems, the dispatchability of the TES subsystem depresses the
coupling degree between subsystems. The connection between SF and PB subsystems
is dominantly the HTF temperature, as the HTF flowrate is determined automatically
when HTF flowrate of SF and PB is controlled. Once the HTF temperature between SF
and PB is controlled well, the SF and PB can be considered to be almost decoupled.

(2) The CSP-TES system is characterized by switch nonlinearity. The nonlinear behavior
is determined by HTF flowrate of TES, which depends on the charging/discharging
states of TES, while the states of TES are restricted by HTF flowrate between SF and
PB. Under the assumption that TES is in charging state, the HTF flowrate of TES is
equal to the HTF flowrate of SF minus the flowrate of PB, indicating that the flexible
operation capacity of CSP system varies from that of conventional plants significantly.

(38) The CSP system is an uncertainty-dominated system. The largest uncertainty stems
from the intermittence of solar energy, and the large variation in solar energy fur-
ther deduces model mismatches and parameter variation, making the CSP system
have strong uncertainties. Thus, from the perspective of disturbance rejection, it is
necessary to attenuate the disturbance quickly from where it occurs to prevent solar
energy fluctuations affecting the downstream subsystems. Consequently, disturbance
rejection control of the CSP system should be a top priority.

3. Coordinated Control Strategy of CSP-TES System

According to the aforementioned control characteristics, and with the aim of flexi-
ble operation of the CSP-TES system, a coordinated control strategy was proposed, as
shown in Figure 7. Since the CSP-TES system is a weak coupling system, decentralized
proportional-integral-derivative (PID) controllers are designed, providing that the con-
trollers can maximize the potential engineering application due to their simple structure
and high maturity. As for uncertainty alleviation, a disturbance observer-based (DOB)
feedforward—feedback scheme is designed and applied to the SF subsystem to reject the dis-
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turbance of solar energy rapidly. For the PB subsystem, a decoupling controller is designed
to decouple the electricity generation and main steam pressure, providing the similarities
between the PB subsystem and traditional plants. The difference of HTF flowrate of SF and
PB are fed forward to the TES, together with SF outlet HTF temperature, to compensate the
switch nonlinearity. In addition, a feedback controller is designed to manipulate the MS
flowrate of TES to control the MS temperature. Details of the control scheme are as follows.
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Figure 7. Schematic diagram of the coordinated control strategy for the CSP-TES system.

3.1. DOB-Based Feedforward—Feedback Control Scheme of SF

Disturbance rejection is a common issue that exists in almost all control practices. In
general, disturbance is categorized into internal disturbance, such as model mismatch and
parameter perturbation, and external disturbance. Measurable external disturbance can
usually be compensated by a feedforward strategy. However, the unmeasurable external
and internal disturbance are challenging to fully eliminate. The CSP-TES system is a solar-
driven system, which means there is unavoidable large external disturbance. Moreover,
large variation in solar irradiation causes off-design operation conditions, resulting in
certain internal disturbance. The large external and internal disturbances together put
great challenges on the control of the CSP system. To solve the problem, a disturbance
observer-based feedback-feedforward control strategy is proposed for the SF of the CSP
system, of which the block diagram is illustrated in Figure 8.

Irradiation

»  Gors
L SF,ir

THTF,ref

- 7]

Figure 8. Block diagram of disturbance observer-based feedforward—feedback control scheme of the
SF subsystem.
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As can be seen, measurable solar radiation is compensated by the feedforward method
to reduce its influence in time. However, the feedforward approach can only reject the
measurable disturbance. In order to reduce the influence of unmeasurable disturbance, a
disturbance observer is designed to obtain the equivalent disturbance. The disturbance
estimated by the observer is then sent to the input as an additional control signal to
compensate for the estimated disturbance. Finally, the outlet HTF temperature is fed back
to the feedback controller to further boost the performance of disturbance attenuation.

Transfer functions Ggg;, and Gsgy can be easily identified from the single-input single-
output step response of the CSP-TES system under the open loop condition, accordingly.
The issue is the design of the controllers FF; and PI;, and the filter Q.

From the dynamic analysis, we found that Gsg;, and Gsgy are relatively simple and
can be identified as the first order process. In this way, the feedforward controller can be
designed according to the invariance principle, namely

G(S)SF,ir

FR(s) =~ G(S)SP,fl

@
where Gg ;, is the transfer function from irradiation to outlet HTF temperature, and Gggg is
the transfer function from HTF flowrate to outlet HTF temperature of SF. G~ is the inverse
of Gsgp. FFy is the feedforward controller, Py is the feedback controller, and Q is a filter.
Filter Q is the core of the disturbance observer and determines the robustness and

anti-interference of control performance. To guarantee physical realizability, its relative
order must not be lower than Gggp. In this work, the filter is designed in the following form:

1
1+ Bs

Q= @)
where f is designed according to ref. [23].

Since the block diagram is established based on a linear system, the disturbance
estimator and the feedback controller can be designed, respectively, according to the
principle of superposition. Therefore, PI; is designed based on the identified transfer
function Ggr and tuned manually. With this control scheme, the disturbance on the SF
outlet HTF temperature can be attenuated rapidly.

3.2. Decoupling Control Scheme of PB

Flexible operation of the CSP-TES system directly depends on the flexible response
of PB to grid commands. As PB has similar characteristics to conventional plants, the
coordination idea is stimulated where the HTF flowrate majorly contributes to the electricity
tracking, while the main valve largely controls the main steam pressure. To achieve the
control purpose, a decoupling control scheme is proposed here, as demonstrated in Figure 9,
where G is the transfer function matrix, D is the decoupling matrix, and PI3 and Pl4 are
the controllers.

D G
* Dy Gy S
P[3 » L4 E »
E
g b Ds; Gy
Prcf 1 Gl P
Pl » > —>
+ 4 Dy Gx

Figure 9. Block diagram of decoupling control scheme of the PB subsystem.
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Elements of the transfer function matrix can be identified from the step response of
control variables, respectively, and also based on the open loop simulation of the simplified
dynamic model in ref. [22]. Note that the inlet HTF temperature of PB is set as a constant
during the identification simulation. In this way, the relationship between control and
controlled variables is expressed as below:

[E} _ [Gn (s) GlZ(S):| {Ml] 3)
p Goi(s)  Gaa(s)] u2

where 17 and u; are the HTF flowrate and opening of the main valve, respectively; and E
and P are the electricity generation and steam pressure, respectively.

The non-diagonal elements indicate the coupling effect between the controlled vari-
ables. To eliminate the non-diagonal effect, a compensation method is applied. This
approach treats the coupling effects as the feedforward signal, and compensates it by
choosing a proper decoupling compensation matrix, as shown in the block diagram of the

control structure given in Figure 9. Here, the coupling effect is fully eliminated by setting
D11 and Dy, as 1, and

Drals) = ~ @20, D (9) =~ 21 @

~—

Having deigned the decoupling matrix, the original coupled controlled issue is de-
graded to two independent single-input single-output problems, where the PI3 and PI4 can
be designed conveniently.

3.3. Feedforward-Feedback Control Scheme of TES

From the CSP overall control strategy diagram, it can be seen that the HTF flowrate
of the PB subsystem is responsible for power tracking, while the HTF flowrate of the SF
is responsible for regulating SF outlet HTF temperature. The difference between the two
flowrates are then delivered into the TES subsystem. Therefore, for the TES subsystem, the
HTF flowrate is not controllable but depends on system operation conditions. Consequently,
itis treated as a feedforward signal for the controller of TES. In order to ensure the efficiency
of the TES subsystem, it must control the MS flowrate to compensate the influence of
varying HTF flowrate. In addition, the measurable HTF temperature also serves as a
feedforward signal to improve control performance of the TES subsystem. Finally, the block
diagram of the feedback—feedforward control scheme of the TES subsystem is shown in
Figure 10.

T HTFE

qHTF |

FF; FF, Gres GTES em

T MS, ref TMS
4?— Pl @, GrEs i g —>

Figure 10. Feedback-feedforward control scheme of the TES subsystem.

According to the block diagram, disturbance of HTF flowrate and HTF temperature
can be eliminated theoretically based on the invariance principle. By proper identification,
the feedforward compensator can be designed as

GrEs,f1(8)
GrEs ()

_ Grestem(s)

FE = —
GrEShx(S)

,FF3 = @)
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where Grgg j,y is the transfer function from MS inlet flowrate to MS outlet temperature,
Gres is the transfer function from HTF flowrate to HTF outlet temperature, and Gres tem
is the transfer function of SF outlet HTF temperature to MS outlet temperature. FF, and
FF; are feedforward compensators for HTF temperature and flowrate, respectively. PI; is
the feedback controller.

Similar to the feedback controller of SE, PI; is designed and tuned on the basis of Grgg -

4. Simulation Results

In order to prove the rationality of the proposed control strategy, it was applied to the
simplified dynamic model in ref. [22]. Apart from the steady-state operating parameters, as
shown in Table 1, Table 2 gives the tuned parameters of the designed controllers. Simulation
results of the CSP-TES system with a control period equal to 10 s are analyzed as follows.

Table 2. Parameters of the designed controllers.

Controller Forms Value
P Ky + % Kp = —24.243, K; = —0.088
PI, K, + 5% Kp = —60, K; = —0.78
PI; K, + & Kp =0, K; = 0.249
Pl Kp + % Kp =0.524, K; = 0.011
rr bio+bus byg = 1.394, b11 = 0.010;
1 a+ans ayp = 1.394, a1 = 0.006
FF byg+bas bzo = —19.70, b21 = —0.0592;
2 ax+azs agg = —16.943, ap; = —0.0625
FF bso+bsis b30 = 6150, b31 = 0.1112;
3 a30+as1s azo =1, a3 =0.0105
Q H}ﬁs 13250

4.1. Wide-Range Load Variation Tracking

The first case is used to illustrate that the coordinated control strategy proposed in
this paper can realize flexible operation of the CSP-TES system under a wide range of
load variation. As shown in Figure 11a, the electricity generation setting steps up from
41.8 MW to 42.8 MW at 1000 s. At 3000 s, the electricity generation and the main steam
pressure increase from 42.8 MW to 50.8 MW at a rate of 0.4 MW /min, and from 9.4 MPa at
a 0.045 MPa/min rate to 10.3 MPa, respectively, and then remain at 50.8 MW and 10.3 MPa
accordingly. Meanwhile, the settings of MS outlet temperature and SF outlet temperature
remain unchanged. Under such wide range load variation, simulation results of the
manipulated variables and controlled variables are plotted in Figure 11. It can be seen that
the actual electricity generation can track the step change with a slight overshoot, and the
rise time is only about 150 s. The main steam pressure also has a good tracking performance
with respect to step change. However, given a ramp change, the decoupling controller
of the PB subsystem cannot realize the offset free control; the maximum deviations of
the electricity and pressure during the ramp change are about 0.4 MW and 0.088 Mpa,
respectively. Moreover, the overshoot of both after the ramp change are within 1%. More
importantly, the maximum errors of the SF outlet temperature and the MS temperature are
only within 0.5 °C, even under such a wide range of load variation, suggesting that the
DOB works very well to reject disturbance.
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Figure 11. Simulation of wide-range load variation tracking: (a) the controlled variables; (b) the
manipulated variables.

These performances are realized by proper adjustment of the manipulated variables,
which is given in Figure 11b. As can be seen, HTF flowrate to PB is in line with the changing
trend of electricity generation as more energy is needed for PB. Similarly, the trend of the
opening valve agrees with that of the main steam pressure. For the MS outlet temperature,
more HTF flowrate to PB leads to less flowrate to TES; consequently, the MS flowrate is
regulated to maintain the MS outlet temperature. Varying operation conditions and the
redistribution of HTF flowrate to PB and TES together cause various disturbance, especially
the changes in SF inlet temperature. To reject these disturbances, the disturbance observer
of SF estimates and compensates for them, causing changes in the total HTF flowrate
and SF outlet HTF temperature. These manipulated variables are all in smooth variation,
indicating the quality of the proposed control strategy.

4.2. Disturbance Rejection Performance

The biggest difference between CSP-TES systems and conventional plants is that
energy input of CSP is uncontrollable and subject to strong uncertainty. Therefore, the
proposed control strategy must meet the disturbance rejection performance, which is the
purpose of the second case. Specifically, at 500 s, 2000 s and 3500 s, the step, ramp and
sinusoidal changes of irradiation disturbance are simulated as illustrated in Figure 12. It
can be seen that the electricity generation and main steam pressure can still maintain the set-
point tightly with a minor error for the step and ramp disturbance, as shown in Figure 13a.
However, the sinusoidal disturbance cannot be rejected completely. Nevertheless, this dis-
turbance can be suppressed greatly with the maximum error of about 0.4 MW and 0.06 MPa
accordingly, even under the maximum amplitude increment of 50 W/ m?2. In addition, the
maximum deviation of both SF outlet temperature and MS temperature are about 1 °C,
demonstrating that the control strategy has good disturbance rejection performance.

Due to the decentralized control structure, the task of disturbance rejection is mainly
undertaken by SF and TES subsystems. As a measurable disturbance, the change in solar
irradiation is fed forward to the SF inlet HTF flowrate rapidly. The feedforward compen-
sation makes the trend of total HTF flowrate consistent with that of solar irradiation, as
proven in Figure 13b. For the TES subsystem, as the electricity generation remains almost
a constant, the uncontrollable surplus HTF flowrate is delivered to the TES subsystem,
which explains why MS flowrate has a similar trend with total HTF flowrate. Despite
disturbance observer and feedforward compensation, such strong external disturbance
inevitably causes much more complicated lump disturbance, leaving SF outlet HTF temper-
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ature and MS temperature fluctuating around the set-point. Nevertheless, all the control
performances are satisfying in engineering practice. This demonstrates that the CSP-TES
system can guarantee tracking performance under the proposed control strategy, even
subject to strong disturbance.
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Figure 12. Profile of the step, ramp and sinusoidal disturbance of solar irradiation performance.
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Figure 13. Simulation of disturbance rejection performance: (a) the controlled variables; (b) the
manipulated variables.

4.3. Wide-Range Load Variation Subject to Disturbance

In order to simulate actual operating conditions, the third example studies the wide
range load variation under the profile of the solar irradiation disturbance in Figure 14
and the setting profile of electricity generation and main steam pressure in Figure 15a.
As already analyzed above, CSP-TES is a weak coupling system, and TES plays a critical
role in decoupling SF and PB subsystems. With an elaborate control scheme of TES, the
disturbance rejection performance is mainly confined by the SF subsystem, while the
tracking task largely relies on the coordination control of the PB subsystem. Consequently,
the overall system control performance will be similar to that of the two cases above, even
when the set-point tracking and disturbance rejection tasks both exist. This is proven
in the simulation results in Figure 15. As can be seen, the electricity generation and the
pressure can track the set-points very well, although with minor perturbation around the
set-points, which is similar to the first case. At the same time, the total HTF flowrate is
adjusted frequently to compensate for solar irradiation change. However, as analyzed in
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the second case, the influence of uncertainty and the large variation of solar energy mostly
affects the SF outlet HTF temperature and MS temperature. Moreover, the magnitude of the
fluctuation can be well attenuated, even under such strong disturbance, as the maximum
error of the SF outlet HTF temperature and MS temperature are both within 3 °C, which is
quite acceptable in engineering practice. There are also differences, as the fluctuation degree
of the third case is more intense than that in the second case. Because the power tracking
task causes a change of SF inlet HTF temperature, this means additional disturbances have
to be estimated by the DOB compared with the second case, which burdens the disturbance
observer. Nevertheless, the step and ramp changes of the electricity can be well tracked
tightly and steadily, demonstrating the capacity of the proposed control strategy to achieve
flexible operation of the CSP-TES system.
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Figure 14. Profile of the simulated solar irradiation disturbance.

394 SF outlet temperatyure 384 MS temperature 1300 HTF flowrate of SF 650 HTF flowrate of PB
— — —Set point — — —Set point 12
392 00 600
o o 382 S 1100 &
> 4 ~ ~ 550
390 1000
900
388 378 450
0 1 2 0 1 2 0 1 2 0 1 2
Time (second) 104 Time (second) »10* Time (second) x 104 Time (second) x 104
~ MS flowrate of TES 096 Opening valve
50 102 1000 owrate o pening
10 0.94
z & 98 @2
S5 Z 96 o 800 0.92
- 94 [
Electricity - Pressure
40 — — —Set point 9.2 — — —Set point 600 0.9
0 1 2 0 1 2 0 1 2 1 2
Time (second) 104 Time (second) . 10* Time (second) 1% Time (second) 104
(a) (b)

Figure 15. Simulation of wide-range load variation tracking subject to disturbance: (a) the controlled
variables; (b) the manipulated variables.

5. Conclusions

Different from existing research of CSP-TES systems, investigating the potential of
CSP-TES systems to flexibly operate in grid system regulation is the core purpose of this
research. To achieve this goal, this work first analyzed the dynamic characteristics of a
CSP-TES system; specifically, step response of the HTF flowrate, HTF temperature of PB,
opening of main valve and solar irradiation were studied. The results show that CSP
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and conventional plants both have a multiple variable control problem with large inertial
time, but the control problem of the CSP-TES system is more complex because of strong
uncertainties and switch nonlinearity, despite its weak coupling. This indicates that the
control tasks are not only the well-known disturbance rejection, but also the coordination
of different subsystems to the flexible operation of the CSP system.

Afterwards, a decentralized coordinated control strategy was designed to realize the
flexible operation of the CSP system. Specifically, a DOB-based feedforward and feedback
control strategy was designed for SF, a feedforward-feedback scheme for TES, and de-
coupling control for PB. These control schemes were then implemented on a system-level
analytical dynamic system. The simulation results demonstrate that the proposed control
strategy had good disturbance rejection performance, and could realize the flexible opera-
tion of the CSP-TES system even under wide-range load variation or strong disturbance,
or both.

However, with the transition of conventional economic operation from independent
to flexible participation in grid regulation, the role transfer of the CSP-TES system will face
many challenges. For instance, how to design advanced control strategies to realize the
deep variable working operation of CSP-TES; how to optimize the configuration and fully
tape the flexible potential of energy storage devices; and how the semi-controllable CSP
system collaborates with uncontrollable renewable energy sources, such as wind power
and photovoltaics, remains uncertain. These all require further in-depth study in the future.
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