[image: image1]Plantwide Decentralized Controller Design for Hybrid Solar Thermal Power Plant

		ORIGINAL RESEARCH
published: 05 July 2022
doi: 10.3389/fcteg.2022.853625


[image: image2]
Plantwide Decentralized Controller Design for Hybrid Solar Thermal Power Plant
Surender Kannaiyan1, Sharad Bhartiya2 and Mani Bhushan2*
1Department of Electronics and Communication Engineering, Visvesvaraya National Institute of Technology, Nagpur, India
2Department of Chemical Engineering, Indian Institute of Technology Bombay, Mumbai, India
Edited by:
Fernando V. Lima, West Virginia University, United States
Reviewed by:
Damir Vrancic, Institut Jožef Stefan, Slovenia
Helen Durand, Wayne State University, United States
* Correspondence: Mani Bhushan, mbhushan@iitb.ac.in
Specialty section: This article was submitted to Control and Automation Systems, a section of the journal Frontiers in Control Engineering
Received: 12 January 2022
Accepted: 19 May 2022
Published: 05 July 2022
Citation: Kannaiyan S, Bhartiya S and Bhushan M (2022) Plantwide Decentralized Controller Design for Hybrid Solar Thermal Power Plant. Front. Control. Eng. 3:853625. doi: 10.3389/fcteg.2022.853625

Solar Thermal Power (STP) plants are promising avenues for solar energy assisted power generation. However, they face operational challenges due to diurnal and seasonal variations in available solar radiation, and varying atmospheric conditions in terms of cloud cover, dust levels, etc. Thus, to operate an STP plant at high efficiency and to meet the electricity demand, optimization and control strategies are critical. This paper focuses on designing decentralized controllers to ensure the safe and efficient operation of a hybrid STP which was designed and commissioned a few years ago (Nayak et al., Current Science, 2015, 109, 1445–1457). The STP is hybrid as it uses two different technologies for solar power collection, namely Parabolic Trough Collector (PTC) for heating oil and a Linear Fresnel Reflector (LFR) for generating direct steam. Superheated steam, generated using heat exchangers, subsequently drives the turbine generator block to generate electricity. In the current work, we develop decentralized controllers which ensure safe operation while meeting the production target of the hybrid STP. Towards this end, key control loops in the plant are identified. Continuous transfer function models are identified for these control loops using step tests. PID controllers are then obtained for these loops based on the resulting transfer function models. Wherever relevant, the feedback action of PID controllers is supplemented by a feedforward control action that reacts to the disturbances. Override control action is also implemented to ensure safe operation. The utility of the proposed plantwide decentralized control scheme is demonstrated via simulation studies by comparing the performance of the hybrid STP under open-loop and closed-loop in presence of disturbances and significant dynamic variability in the plant operation via two case studies. Results indicate significantly superior performance of closed-loop operation across various performance metrics.
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1 INTRODUCTION
Solar energy based electric power generation sources are key to harnessing renewable energy to ensure a sustainable future. A Solar Thermal Power plant (STP) utilizes various Concentrating Solar Power (CSP) techniques for converting solar radiation into electrical energy and have been of interest in various sunlight rich regions of the world (Nayak et al., 2015). To be commercially viable, an STP must generate required amount of electricity to meet customer demands even in face of variability/uncertainty in solar radiation, and be able to successfully operate in a dynamic environment with daily startup and shutdown. Moreover, uncertainties related to climatic conditions such as cloud cover and dust accumulation on solar collectors add to the challenges in operating the STP. Thus, a robust, plantwide control system is imperative for successfully operating the STP. The control objectives include delivering the target electrical power demand, ensuring a state driven logical control that ensures component safety, and minimizing shutdown episodes during the daytime.
Recently, under the sponsorship of the ministry of new and renewable energy of the Government of India, a 1 MWe CSP plant was set up by Indian Institute of Technology Bombay, India at Gurgaon near Delhi in India (Nayak et al., 2015). The plant is a Hybrid Solar Thermal Power plant (HSTP) as it integrates two different solar collector fields, namely a heating-oil based parabolic trough collector (PTC) field and a direct steam generating Linear Fresnel Reflector (LFR) field, with thermal capacities of 3 and 2 MW respectively (Nayak et al., 2015). One of the aims of setting up the 1 MWe Gurgaon plant was to ensure that it catalyzes research in the solar thermal power area by acting as a test facility for different ideas/components, and also providing a platform for demonstration of advanced control and optimization ideas along with facilitating manpower training. The two technologies used in this hybrid STP represent a trade-off between reliability and cost. The implementation and operating costs of PTC are high compared to LFR (Nixon et al., 2010), whereas PTC has less variation in thermal variables caused by disturbances in solar radiation as compared to LFR, and hence is more likely to give reliable performance.
In this paper, the design of a plantwide decentralized control system for the 1 MWe HSTP is proposed. The performance of HSTP is determined by individual performances and interaction of the PTC field, the LFR field, along with the heat transfer and electricity generation blocks (boiler and turbine). The proposed control system design identifies and controls key variables in the process while ensuring safe operation. A detailed dynamic model of the HSTP, and the simulation of the HSTP in Open-Loop (OL) operation for two case studies using the dynamic model has been discussed in our prior work (Kannaiyan et al., 2019). In the current work, the plant operation is extended with overall decentralized control system design to ensure improved performance in Closed-Loop (CL) by reducing the effects of disturbances and significant variability in available solar radiation.
In literature, several control studies for the individual components of an STP are available. In particular, for PTC oil temperature control, a first order model is identified using step test and subsequently a PI controller is designed in Camacho et al. (1992). It has also been reported that conventional feedback controller with FeedForward (FF) controller in presence of measurable disturbances has the potential to provide improved performance for PTC (Camacho et al., 2007; Barcia et al., 2015). Several other control techniques are also implemented for control of PTC oil temperature such as Generalized Predictive Controller (GPC) (Camacho and Berenguel, 1994), Adaptive pole placement controller (Silva et al., 2003), Gain scheduling controller (Johansen et al., 2000), and Model Predictive Control (MPC) (Gallego and Camacho, 2012).
Some efforts for control of LFR have also been reported. Valenzuela et al. (2005) identified a linear model of LFR through a step test and implemented controller with PI tuning. Steam Drum (SD) is also modeled as an integrating system in their work (Valenzuela et al., 2005). A brief review of control methods implemented for Direct Steam Generation (DSG) is presented in Aurousseau et al. (2016). Using PTC as a solar collector, steam outlet temperature and water level in the steam separator are controlled using a generalized predictive control scheme (Guo et al., 2017). In Kannaiyan et al. (2020), PTC and LFR individual control is presented using Predictive Functional Control (PFC) and PI controllers, but the control of DSG is considered without including dynamics of steam drum.
In Heat Exchanger (HX), system parameters are affected severely due to the increase in temperature of oil and mass flow rate of steam. In literature, for kettle type heat exchanger, water level is controlled by a PI controller by manipulating water flow rate into HX and by manipulating the steam flow rate into the turbine, while generating the necessary electric power (Li et al., 2019).
From this literature survey, it is seen that while control of individual components of a hybrid STP has been widely discussed, controller design and its performance analysis for combined overall HSTP has not been considered. The aim of the current work is to fill this gap by designing a plantwide decentralized control scheme for the 1 MWe HSTP and analysing its performance in presence of disturbances and significant dynamic variability.
To operate the HSTP in a safe and economically viable manner, a carefully designed plantwide control system with appropriate overrides/interlocks is an essential requirement. Apart from meeting the target power generation requirements, such a system should also minimize intermittent startups and shutdowns which reduce the working life of the equipment. The control solution proposed in the current work uses conventional PID controllers along with feedforward controllers and override control strategies to achieve these goals.
The rest of the paper is organized as follows: In section 2, plantwide control of HSTP is discussed, followed by discussion of control objectives of HSTP in section 3, and control relevant modelling of HSTP in section 4. Controller design for HSTP is presented in section 5 and is followed by plantwide control case study-1 with quadratic type solar radiation in section 6. In section 7, case study-2 corresponding to 2 days of operation is discussed. Finally, the work is concluded in section 8.
2 PLANTWIDE CONTROL OF HYBRID SOLAR THERMAL POWER PLANT
A schematic of the 1 MWe Hybrid Solar Thermal Power Plant (HSTP) operating at Gurgaon, India is presented in Figure 1. The HSTP consists of PTC and LFR fields. It uses a Rankine cycle to convert thermal energy into electrical energy. The CSP technology is used to concentrate the solar energy and transfer the heat to the working fluid flowing through the concentrator focus. In particular, PTC uses Therminol oil as the working fluid to accumulate heat. The oil flows through the hot storage tank, where it can be stored and allowed to flow into the Heat Exchanger (HX) assembly. In HX, heat is transferred from oil to water/steam without any direct physical contact. In particular, the heat is transferred from high temperature oil to water, and the water is converted into steam in the HX. This is achieved in three different parts of the HX, namely the PreHeater (PH), Steam Generator (SG), and Super Heater (SH). In the PH, water flows as a cold stream and oil as a hot stream; no steam is generated in this section. In the SG, water is converted to steam. In the SH, steam is super-heated to a high temperature and subsequently allowed to flow into the turbine. Linear Fresnel Reflector (LFR) is used to generate steam directly without using heat exchangers. Depending on the radiation level, water can be converted into steam or two-phase mixtures. A Steam Drum (SD), located at the end of the LFR is used to separate water and steam. The separated steam is channelized through the SH, where it can further be heated to increase its temperature and then made to flow in turbine and generator block for electric power production. To ensure the economic viability of an HSTP, it is essential to 1) maximize the duration of daily operation without intermittent shutdowns, and 2) to generate power at levels as specified in the contractual power agreements. These goals have to be achieved in a safe manner. In the current work, a plantwide control system has been designed to meet these objectives. The proposed plantwide control system consists of feedback and feedforward controllers along with override strategies.
[image: Figure 1]FIGURE 1 | Plant subsystems representation of overall feedback control structure of HSTP.
From a control perspective, the plant can be thought of as consisting of three subsystems, namely the PTC field, the LFR field, and the heat-exchanger and turbine assembly. The ability to meet the power demand depends on the performance of each of these three subsystems. We now discuss the control aspects of each of these subsystems:
1. Parabolic Trough Collector (PTC) field: From a control and operations perspective, the Low Temperature tank (LT) (Figure 1) is considered to be part of the PTC field. The aim of the PTC field is to supply oil at suitably high temperature to the heat exchanger assembly. The relevant control problem for the PTC field is thus to heat the oil exiting the PTC field to the desired setpoint. The temperature of this outlet oil can be controlled by manipulating the flow rate of the oil passing through the PTC tubes. The input-output structure for the PTC field is depicted in Figure 1. To account for the variation in the solar radiation and the temperature of the inlet oil, the feedback control can be augmented with a feedforward element.
2. Linear Fresnel Reflector (LFR) field: The LFR field uses flat mirrors and hence requires a lower capital expenditure relative to the PTC. In the HSTP under consideration, the LFR along with the Steam Drum (SD) is used for Direct Steam Generation (DSG). As shown in Figure 1, liquid water from SD enters the LFR receiver tubes, where flow boiling occurs. The steam-water mixture returns to the SD, which is designed to accumulate sufficient steam. The steam thus accumulated in the SD is directly added to the steam generated by the oil-driven Steam Generator (SG), while makeup water from the deaerator is admitted to the SD. Here, the quality of steam exiting the receiver tubes is controlled by suitably manipulating the water flow rate from the SD. Similarly, the water level in the SD is regulated by manipulating the freshwater inlet. The pressure in the SD is auto-regulated since after sufficient pressurization of the SD, a non-return check valve opens to allow steam to flow into the Super Heater (SH). Thus, the SD pressure is not actively controlled.
3. Heat Exchanger (HX) and turbine assembly: The HXs use the thermal inventory produced by PTC and LFR to regulate the superheated steam flow to the turbine assembly, thereby directly determining the electrical power output. In this work, we consider the High Temperature tank (HT), which is the hot oil inventory, as part of the HX section. The flow rate of the oil from the HT is used to regulate the electrical power demand. However, if the level of oil reaches an upper or lower limit, the interlock logic will initiate the shutdown of the STP. To avoid such an issue, an override control strategy is used, where the oil flow rate is used for HT level control. This ensures that the HSTP can continue operating without necessitating a shutdown. Another key variable is the water level in the SG tank, which is regulated by manipulating the flow rate of water from the deaerator through PH.
Based on the preceding discussion, the details of the various controlled, manipulated and disturbance variables are identified. A summary of these variables is provided in Table 1. The corresponding detailed process and instrumentation diagram is shown in Figure 1, which depicts all individual loops consisting of feedback controller and static feedforward controller. The key steps of controller design involve use of step-tests to identify control-relevant models in transfer function form and subsequent use of tuning rules to obtain the controller parameters based on the identified model transfer function. The feedforward controller design is based on the use of conservation equations relating the manipulated variable to the measured disturbance variables. Additionally, an override control strategy is designed to ensure safe operation when constraints on certain variables become active. Override control involves reconfiguring the control structure (change of variable pairing) as presented in Table 1. The various steps involved in control design are discussed in subsequent sections.
TABLE 1 | Summary of controlled, manipulated and measured disturbance variables and override controller for HSTP.
[image: Table 1]3 CONTROL OBJECTIVES OF HYBRID SOLAR THERMAL POWER PLANT
The control objectives of the three subsystems of the HSTP are discussed in this section. The specific objectives for PTC are as follows:
• Oil temperature at outlet of PTC (T(o,o,PTC−500m)) should be at a desired setpoint, irrespective of disturbances such as variations in the wind speed, temperature of oil at the inlet, and the incident solar radiation. Such regulation of heat gain of oil in PTC at a certain level helps avoid thermal stresses and oil leakage.
The control objectives of LFR based Direct Steam Generation (DSG) field are as:
• For DSG, the primary task is to regulate the quality of the water-steam mixture flowing out of LFR (Q(st,o,LFR)) by manipulating the inlet water flow [image: image] through LFR, irrespective of variations in the solar radiation and input conditions.
• Control of water level in SD is needed to avoid overflow or emptying out of the SD vessel. This water level is maintained by manipulating the makeup freshwater flow into SD [image: image].
The control objectives for the HX subsystem are as follows:
• The flow rate and conditions of the steam generated by the HX train are functions of the heat exchanged with the oil (incase of PTC) or the heat received from the reflector (in case of LFR). With increase in oil flow rate to HX [image: image], rate of steam generation [image: image] is increased in SG. Also, the combined exit flow of steam from SG and SD is made to flow through SH, where there is a rise in temperature of steam due to increased oil flow rate. The steam from the SH goes to the turbine and generator assembly for electric power generation. The power generated is a function of the steam flow and its properties as stated by Willan’s line equation (Desai et al., 2014; Kannaiyan et al., 2019). The main aim of the HX subsystem is to ensure the production of desired amount of power. In the current work, this is accomplished by choosing oil flow through HX [image: image] as manipulated variable and electric power (POWele) generated as the controlled variable. The control system should be able to deliver the desired power level in face of various disturbances. In particular, disturbances such as the temperature of oil and water flowing into the HX have a significant bearing on the control loop performance.
• The inventory of water in the SG must be controlled to ensure that the tube bundle carrying the hot oil is always immersed in water to prevent damage to the tubes. Also, controlling the water inventory in SG helps avoid possibility of steam generation in PH itself.
The control objectives for the HT with override control are as follows:
• The HSTP has been designed for daily startup and shutdown, ideally corresponding to sunrise and sunset, respectively. The presence of uncertainties such as cloud cover, coupled with a relatively small thermal storage can result in an unexpected plant shutdown even during the daytime. A well designed control system should minimize such shutdowns and also ensure that the plant fully utilizes the thermal energy before shutdown. Towards this end, the control configuration needs to be changed using an override structure when certain conditions are met.
4 CONTROL RELEVANT MODELING OF HYBRID SOLAR THERMAL POWER PLANT
A first principles based dynamic model of the HSTP is available in literature (Kannaiyan et al., 2019). However, it is too detailed for the design of a regulatory control system. Typically, control relevant, linear time invariant models in the form of transfer functions that serve as a proxy for the plant are first identified from plant data. Towards this end, in the current work, we treat the first principles literature model (Kannaiyan et al., 2019) as the plant and hence the source of measurements. Each manipulated input (see Table 1) is given step perturbations to obtain the classical process reaction curve of the corresponding controlled variables. During this exercise, the various disturbances listed in Supplementary Table S1 are kept constant. Based on the resulting input-output data, appropriate transfer functions are obtained around the operating point. The list of these candidate transfer functions considered in this work are given in Table 2.
TABLE 2 | Candidate transfer functions for HSTP.
[image: Table 2]The parameters of the transfer function under consideration were obtained using the system identification toolbox in MATLAB 2012a. The best fit model is obtained by minimizing the error between predicted and measured value from the plant. The corresponding percentage fit of a transfer function is obtained by Eq. 1 (Wibowo et al., 2009).
[image: image]
In the above equation [image: image] represents the predicted (fitted) model output at time instant i. [image: image] represents output measured from plant at time instant i and the mean value of measured output respectively. The data is collected for tp instants with sampling interval of 1 s. The transfer functions identified for various subsystems and the corresponding fit errors (Eq. (1)) are listed in Table 3. It can be seen from this Table that transfer functions fit the data quite well for most of the subsystems. Figure 2 depicts the step response of the fitted transfer functions and the plant for the various control loops under consideration. These two curves visually show a good match for the various control loops.
TABLE 3 | System identification of HSTP subsystems.
[image: Table 3][image: Figure 2]FIGURE 2 | System identification of HSTP (A) PTC (B) LFR (C) SD (D) HX-SG level (E) Electric power.
5 CONTROLLER DESIGN FOR HYBRID SOLAR THERMAL POWER PLANT
Based on the identified control relevant models as summarized in Table 3, conventional PI and PID-type controllers are now designed to ensure disturbance rejection as well as setpoint tracking for the various controlled variable-manipulated variable pairings. The PID controller form, feedback controller tuning, and feedforward controller design used in the HSTP are discussed next.
5.1 Digital PID Controller Design
The velocity form of the PID controller has been used in this work. The velocity form of PID controller has an advantage of no integral windup problems. Moreover, the controller output stays at its previous value in case of failure in the hardware device (Stephanopoulos, 1984). The velocity form of PID controller is obtained by elaborating the difference equation, Δu(k) = u(k) − u (k − 1), where u(k) is the manipulated variable value at the kth sampling instant with sampling interval being To as (Stephanopoulos, 1984):
[image: image]
with e(k) = ysp(k) − y(k) being the set-point tracking error at instant k, and Kc, τi, τd are the proportional gain, integral time constant, and derivative time constant, respectively.
5.2 Controller Tuning
Several tuning algorithms are available for control system design and are based on the form of the transfer function used to approximate the plant behaviour. In the current work, Internal Model Control (IMC) is employed for the HSTP, since it explicitly uses the desired closed-loop response and the specific form of the transfer function model used to approximate the plant, in order to obtain the controller parameters. The corresponding tuning rules to obtain controller parameters, namely Kc, τi, and τd, depending on the form of the transfer function used for the components of the HSTP, are outlined in Supplementary Table S2 in SI (Rivera, 1999; Bequette, 2003). The numerical values of the various tuning parameters for the PID controllers, which represent the designed controllers for the HSTP, are summarized in Table 4. For the sake of simplicity, the SD controller tuning was obtained by ignoring the left half pole of the process transfer function. The process and instrumentation diagram depicting these feedback controllers for the HSTP is shown in Figure 1. The manipulated variables in each subsystem have saturation limits and these values used for HSTP are shown in Supplementary Table S3 in SI.
TABLE 4 | HSTP control loop tuning values.
[image: Table 4]In order to account for the measured disturbances the feedback PID controllers are combined with Static Feed Forward controllers (SFF). Setpoint tracking is handled by feedback controller in a better manner and disturbance rejection is handled by SFF once the disturbance measurement are obtained. Combination of feedback and feedforward control on HSTP components helps to ultimately achieve the electrical demand target. The feedforward controllers based on steady-state balances for the various control loops of the HSTP and their integration with feedback control is discussed next.
5.3 Controller Design for Parabolic Trough Collector
The control problem for the PTC subsystem consists of controlling the outlet oil temperature by manipulating the oil flow rate through the PTC. The feedback block diagram for the PTC is shown in Figure 3A.
[image: Figure 3]FIGURE 3 | Control structures of HSTP (A) PTC (B) LFR (C) LFR + SD (D) HX- SG level (E) Override and electric power.
Feedforward control design for PTC: Availability of measurements of disturbance variables such as solar radiation (I) and inlet temperature of oil (T(o,i,PTC)) enables implementation of feedforward control in addition to the feedback controller. A steady-state energy balance relates the oil flow rate to solar radiation and inlet oil temperature (equivalently enthalpy) as follows:
[image: image]
where SP(h,o,PTC) is the enthalpy of the oil exiting the PTC corresponding to the temperature setpoint SP(T,o,PTC) of PTC. The Static FeedForward controller (SFF) calculation block as depicted in Figure 3A uses Eq. 3 as the feedforward law. The oil flow rate computed by the feedforward law is then added to the flow rate computed by the feedback component to determine the net oil inlet flow rate through the PTC receiver tubes.
5.4 Controller Design for Direct Steam Generation
In the HSTP reported in this work, direct steam generation is based on LFR receiver tubes and the steam drum. LFR control involves controlling the quality of steam flowing out of LFR (Q(st,o,LFR)) by manipulating the water flow [image: image] through LFR. Quality of steam inherently represents the mass flow rate of steam out of LFR [image: image], as well as mass flow rate of water out of LFR [image: image]. The feedback block diagrams for LFR, and LFR + SD are shown in Figures 3B,C, respectively.
Feedforward control design for LFR: Measurements of disturbances such as solar radiation, temperature (or equivalently, enthalpy) of water flowing into LFR and water and steam exiting LFR (I, h(w,i,LFR), h(w,o,LFR), h(st,o,LFR)), can be used to obtain a feedforward control law. This is based on steady-state energy balance as follows,
[image: image]
In above, SP(Q,st,LFR) represents the setpoint of LFR. The SFF calculation block in Figure 3B is based on Eq. 4, which is then combined with the output of the feedback PID controller to obtain the resultant manipulated variable for control of LFR steam quality.
5.5 Controller Design for Heat Exchanger and Turbine Assembly
Maintaining height of water level in SG (he(w,SG)) is essential to maintain its operating pressure to facilitate electric power generation. Water level control of SG is obtained by manipulating water flow rate flowing into the PH [image: image], since it is same as water flow rate entering SG [image: image]. In the beginning, in both open-loop and closed-loop operations, the generated steam is accumulated till pressure of SG (PSG) rise to its rated pressure (40 bar in the current work). Once pressure of SG reaches or is greater than the rated operating pressure, closed-loop control operation starts by manipulating variable [image: image] for keeping he(w,SG) constant. Since the flow rate of steam generation and flow rate of water flow into SG are not equal, minor variations (of 0.5 bar i.e. 39.5–40.0 bar) in pressure values are considered acceptable for allowing mass flow rate of steam to exit SG. The feedback control for height of water level control of SG and its block diagram is shown in Figure 3D. The steam generated in SG varies due to variations in temperature and flow rate of oil entering the HX assembly. This in turn affects water level. So, the feedback action is augmented with feedforward control to facilitate meeting the electric demand.
Feedforward control element for heat exchanger: A static feedfoward control for HX was designed to compensate for disturbance variables such as enthalpy of water flowing in and enthalpy of oil flowing into HX (h(w,i,HX), h(o,i,HX)). The computation of mass flow rate of oil into HX [image: image] needed to generate the target electric power consists of two steps. First, mass flow rate of steam exiting the steam generator [image: image] for a given power level is computed using Willan’s line equation (Desai et al., 2014) as:
[image: image]
where [image: image] is the total flow rate of the steam exiting the super heater, and XP, XT represent the correction factors for steam pressure and steam temperature respectively (Desai et al., 2014). Substituting for [image: image] in Eq. (5), and replacing POWact,ele with the power setpoint (SP(power)), we get the flow rate of steam exiting the steam generator computed by feedforward control action to be:
[image: image]
As a second step, the mass flow rate of oil [image: image] into the HX is computed as follows:
[image: image]
In the above equation the steam generated by SD has not been considered. Thus, h(st,o,HX) represents the enthalpy at the exit of superheater of the steam generated only by the SG. Further, it is assumed that the level of water in SG is maintained constant i.e. [image: image]. Eq. (7) is implemented using the SFF calculation block as shown in the block diagram in Figure 3E. The feedforward controller computed oil flow rate is added to the PI controller output to obtain the net hot oil flow rate to be sent to the HX.
It is to be noted that power computed by Willan’s equation (Eq. (5)) can be negative since coefficient a is negative (refer to Supplementary Table S4 in SI). To avoid negative power computation, the power generated by the turbine is computed as:
[image: image]
Further details about Willan’s equation and generation of electric power are presented in Section 3 in SI.
5.6 Override Control Strategy
The HSTP has been designed for daily startup and shutdown, ideally corresponding to sunrise and sunset, respectively. Presence of uncertainties such as cloud cover and the relatively small thermal storage can result in unexpected plant shutdown. Thus, the control system must ensure that the plant fully utilizes the thermal energy before shutdown. To this end, the control configuration needs to be changed using an override structure when certain conditions are met. In the proposed override control strategy, oil flow rate from HT tank [image: image] is set by the controller controlling the power level when the volume of oil in HT is within certain limits (low and high).
The sequence of operation for override control action between the HX and HT subsystems is as shown in Figure 4 and Table 5. In this operation the control signal for the hot oil flow rate could be obtained in three different ways: 1) Manipulated Variable (MV) from PI control (Ufb) 2) High flow rate of oil flow out of HT [image: image] to prevent further increase in oil volume, when the HT is close to being full, and 3) Low flow rate of oil flow out of HT [image: image] to prevent further decrease in oil volume, when the HT is close to being empty. Depending upon the region of volume of oil in HT as well as the trend of oil level change, these options of flow rates are triggered as follows (refer Figure 4).
• Region A to B: Volume of oil in this region is high, and hence the flow rate of oil exiting the HT tank is kept at the maximum value. This value depends on the mass flow rate of oil into HT [image: image] and maximum allowed oil flow rate out of HT [image: image].
• Region B to C: Volume of oil in this region is adequate, so PI controller (Ufb) of the electric power control loop decides the flow rate of oil flowing out of HT.
• Region C to D: Volume of oil in this region is low but still, PI controller (Ufb) decides the flow rate of oil flowing out of HT.
• Region D to E: Volume of oil is approaching adequate volume region. However, to ensure sufficient oil accumulates, the flow rate of oil flow through HX is minimum of the minimum (lowest possible) oil flow rate out of HT tank [image: image] and flow rate demanded by feedback controller (Ufb).
• Region E to F: Volume of oil in this region is adequate and hence PI controller decides the flow rate of oil flow out of HT.
• Region F to G: Volume of oil is approaching high volume region but still PI controller decides the flow rate of oil flow out of HT.
[image: Figure 4]FIGURE 4 | Block diagram for override control action for HX.
TABLE 5 | Override control operation.
[image: Table 5]Different decision making for flow rate in regions A to B, and F to G, has been designed to reduce chattering of the oil flow rate near the high threshold volume (B or F). Similar is the case for the lower volume band (region C to D, and D to E). If the volume of oil is on higher side of region A, maximum of [image: image] is activated, whereas if the volume of oil becomes lower than value D, minimum of [image: image] action is activated.
The feedback controllers, along with the feedforward elements and the override control constitute the proposed regulatory control layer for closed-loop operation of the HSTP. We next present two case studies demonstrating the utility of the proposed closed-loop operation vis-a-vis open-loop operation.
6 CASE STUDY I: PLANTWIDE CONTROL CASE STUDY OF HYBRID SOLAR THERMAL POWER PLANT
In this section, we present a simulation case study to demonstrate the utility of the control layer. This case study has a quadratic solar radiation profile with cloud cover as shown in Figure 5. The Open-Loop (OL) simulation with similar solar radiation and the corresponding HSTP performance has been discussed in detail in our earlier work (Kannaiyan et al., 2019). The performance in OL is shown using dotted lines in Figures 7–18. The solar radiation profile for this case study is shown in Figure 5. It can be seen that in this profile, maximum solar radiation of approximately 800 W/m2 is obtained at 2 h 45 min. Further, apart from varying significantly throughout the day, the solar radiation also has a significant drop for about 15 minutes after around 4 hours, corresponding to a cloud cover scenario. In particular, the solar radiation drops from 690 to 300 W/m2 for about 900 s and then again rises from 300 to 620 W/m2 as shown in Figure 5. During field operations, such scenarios can occur frequently, and it is of interest to assess the ability of the control system to ensure continuous electric power generation in presence of such variations. In this closed-loop controller implementation case study, initial conditions for HSTP are similar to open–loop simulation of a cold startup as given in Table 6 (Kannaiyan et al., 2019).
[image: Figure 5]FIGURE 5 | Quadratic solar radiation profile.
TABLE 6 | Case study I and Case study II: Initial conditions, parameters and input variables.
[image: Table 6]Before presenting the results, we first discuss a few operational details related to both open and closed-loop operation:
• Before starting the HSTP, the initial conditions for the plant are specified as discussed in Table 6. Once the pressure in SG or SD attains the required operating pressure, steam is allowed to flow from SG and SD through SH to the turbine for electric power generation. Electric power generation after sufficient pressure build-up in SD starts at about 1 h 57 min while the plant is being operated in open-loop mode. Closed-loop control operation is activated for overall HSTP at about 2 h 45 min once the pressure in SG attains 40 bar. Thus, the plant is under closed-loop control operation from 2 h 45 min to 6 h 02 min for quadratic solar radiation. Shutdown of HSTP is triggered if the temperature of the oil from PTC or HT is less than 300 °C for 5 min continuously, or when volume of oil in HT (V(o,HT)) reduces to less than 1.5 m3 (lower threshold volume of oil at HT as shown in Figure 4) for 10 min continuously. From Figure 6, it can be seen that the shutdown in the open-loop and closed-loop operation is triggered at different times based on volume of oil in HT and temperature of oil out of PTC. The closed-loop operation was simulated in MATLAB version 2018A running on windows operating system on a computer with 32 GB RAM and Intel-core i7 processor.
• Setpoints: Overall control structure of HSTP is summarized in Figure 1 and it consists of five control loops. Setpoint computation for closed-loop control of PTC, LFR, SG, SD, and electric power generation as shown in Table 7 is discussed below:
1. PTC field: Temperature rise of oil at PTC exit was maintained within the range of 100 °C so as to minimize heat losses to the atmosphere. This is similar to strategies followed in literature (80 °C in Camacho and Gallego, (2013) and 110 °C in Wittmann et al. (2009)). The PTC oil outlet temperature setpoint is computed and updated every 30 min as shown in Table 7.
2. LFR: Based on an aperture area of 7,020 m2, the steam quality setpoint in LFR is maintained at 35%. This ensures safe operation and minimizes heat loss (Desai et al., 2014; Nayak et al., 2015).
3. SD: By maintaining the mass of water at 50% in SD, the level of water is maintained at 0.9 m. This condition enables us to drive DSG with sufficient thermal energy and mass inventory (Eck and Hirsch, 2007). The level of water is controlled in the steam drum, since maintenance of the level ensures required pressure in SD along with ensuring that the thermal variables are maintained within the limits.
4. SG: Level setpoint is set at 0.4 m based on the dimension of SG as shown in Table 7.
5. Electric Power: The setpoint is set to 60% of the maximum capacity (1 MWe) of electric power generation of the HSTP.
[image: Figure 6]FIGURE 6 | Open-loop and closed-loop operating strategies for HSTP.
TABLE 7 | Setpoints for closed-loop control operation of HSTP.
[image: Table 7]The controller settings are given in Table 4. Details of tuning rules and manipulated variables limits are shown in SI (Supplementary Table S3).
6.1 PTC
The performance of PTC for open and closed-loop operations is shown in Figure 7. The startup implementation is discussed in Kannaiyan et al. (2019). When the pressure in the SG reaches 39.5 bar, the condition for transfer to automatic control is met and the plant is subsequently operated in closed-loop. The time of this transfer depends on the prevailing solar radiation and was found to be at 2 h 45 min after startup. As can be seen from Figure 7 (top panel), heat gain by oil is more during this period, and this time also corresponds to peak solar radiation. The mass flow rate of oil entering the PTC [image: image] is the manipulated variable used to track the target oil temperature setpoint. The initial increase in oil flow rate as determined by the PI controller results in the saturation of oil flow rate and a drop in the temperature from 350 to 304 °C is observed. From 4 to 4 h 12 min, solar radiation drops due to the onset of the cloud cover episode. The temperature of oil exiting the PTC (T(o,o,PTC−500m)) rises by about 3.6% while mass flow rate of oil flowing out of PTC [image: image] reduces from 3 to 0.5 kg/s which is the lower saturation limit. During the solar radiation rise period when the cloud cover episode ends, T(o,o,PTC−500m) drops from 341 to 309 °C while [image: image] increases from 0.5 to 6.95 kg/s. PTC receives oil from LT tank. As the oil outlet temperature of LT tank (T(o,o,LT)) varies, so does the oil temperature of the inlet flow to PTC (T(o,i,PTC)). Hence setpoint is updated every 30 min for PTC as mentioned in Table 7 and shown in Figure 7. Maximum setpoint change occurs at 3 h 15 min where it decreases by 6.6%. Other setpoint variations are of less than 1.5% magnitude. It can be noted from Figure 7 (top panel) that the controller is able to significantly reduce the effect of disturbance in the solar radiation by manipulating the oil flow rate (bottom panel). However, the PTC outlet temperature in the open-loop operation (top panel in Figure 7) drops significantly after the onset of cloud cover and the plant is subsequently shutdown due to the triggering of shutdown conditions. The oil flow rate through PTC is maintained constant at 3 kg/s (bottom panel in Figure 7) in the open-loop operation.
[image: Figure 7]FIGURE 7 | PTC control: Closed-loop and open-loop profile of PTC.
The average thermal efficiency (as shown in Eq. (9)) obtained for PTC is 0.80 for 6 h 02 min of overall plant operation for the closed-loop based on setpoint update mechanism, while in open-loop it was 0.81 but only for 4 h 17 min operation.
6.2 HT
High Temperature Tank (HT) serves as the hot oil inventory which can be used to operate the plant, providing constant electricity, even in presence of events such as a passing cloud cover or fluctuating solar radiation. However, for safety and equipment integrity, the volume of oil present in the HT (V(o,HT)) has to be maintained within the specified limits (1.5–8 m3). Since the HXs do not provide for the accumulation of oil, the mass flow rate of oil through the train of HXs (SH, SG, PH) is at the same value as the mass flow rate of oil flow out of HT [image: image]. The profile of mass and enthalpy of oil in the HT can be seen in Figure 8. This figure also shows the profiles of these variables for the LT tank. The corresponding volume of oil in the HT is shown in Figure 9. It can be seen from Figure 8 (upper panel) that the mass of the oil in the HT increases after the start of control operation. The corresponding volume of oil stored in HT also increases (bottom panel, Figure 9). This is due to the higher flow rate of oil from PTC (Figure 7) due to high solar radiation, compared to the oil flow rate exiting the HT. Once the volume of oil is in ranges 8 to 7 m3 or 1.5 to 2.5 m3, the override controller takes over. The subsequent fluctuations (between 4 and 5 h 26 min) in the amount of oil volume inventory are caused by the override control strategy. During the cloud cover episode, the disturbance of solar radiation causes relatively lower variation in oil temperature of HT, namely that it rises from 328 to 336°C and drops from 336 to 316°C respectively as shown in Figure 17.
[image: Figure 8]FIGURE 8 | Closed-loop and open-loop profile of mass and enthalpy of oil in HT and LT. In the top panel, the dashed blue line corresponding to mass of oil in HT tank in open-loop overlaps with the dashed green line which corresponds to mass of oil in LT tank in open-loop.
[image: Figure 9]FIGURE 9 | Electric power generation of STP in closed-loop and open-loop operation.
It can be further seen that at the onset of cloud cover (at around 4 h), the mass of oil in the HT starts dropping since the oil flow rate coming from the PTC field has dropped while the amount of oil being sent to HX assembly is constant in accordance with the override strategy in Table 5 (middle panel, Figure 9). Volume of oil in HT increases above 8 m3 at 2 h 47 min and 3 h 16 min of closed-loop operation, and during this time [image: image] is greater than [image: image] even though the outlet flow rate is set at maximum of 12 kg/s for HT. Once the cloud cover episode ends, the mass of oil again increases from 1066 to 2,736 kg (at around 4.2 h), and then it oscillates in a range from 1919 to 1176 kg (4 h 25 min to 5 h 30 min). During shutdown of plant, it reaches the lower mass of 909 kg. Compared to the closed-loop, the mass of oil in the HT does not change in the open-loop operation since the flow rate of oil exiting the HT is the same as the flow rate of oil entering the HT. The variation in the mass of oil in the closed-loop in turn allows power to be produced even during the cloud cover episode as discussed in the next section.
6.3 Power Generation
The HSTP generated electric power profile is shown in Figure 9 (top panel). It can be seen that power is produced for much longer duration for the closed-loop case than for the open-loop case. In particular, the plant is able to generate power even during the cloud cover episode in closed-loop operation. The profile of the manipulated variable for the power loop, namely the oil flow rate exiting the HT is also shown in Figure 9 (middle panel). This flow rate is maintained within the upper and lower limits of 12 and 2 kg/s respectively. The flow rate hits the maximum value at the start of the control operation due to activation of override control since the volume in the HT increases rapidly due to high inlet flow rate from the PTC field because of high solar radiation. The subsequent oscillations in the oil flow rate from about 4 to 5 h 26 min (middle panel, Figure 9) are a manifestation of the interplay between the override action and the PI controller controlling the power output. Based on the override operating strategy as shown in Figure 4, when the volume of oil is varying from C (LthrV = 2.5 m3 in Figure 9) to D (LoV = 1.5 m3 in Figure 9), the [image: image] value is determined by the power control loop and is set at 12 kg/s. However, the moment the level hits the threshold D, the [image: image] value is set by the override action to be equal to 2 kg/s which causes the level to increase. Once the level reaches threshold E, again the same cycle repeats. When volume of oil is in range from 7 to 2.5 m3 (during 3.5–4 h), electric power generation controller is activated and the resultant [image: image] takes a value in the range 10.97 to 9.325 kg/s. Once V(o,HT) hits the lower limit saturation of 1.5 m3, override controller action is triggered which fixes [image: image] to 2 kg/s. Thus, both override control and the electric power generation tracking control are active during different periods of operation. As a result, the electric power generated by the HSTP plant oscillates between 0.29 and 0.75 MWe as shown in Figure 9. Shutdown condition is reached once the volume of oil is at 1.5 m3 continuously for 10 min of operation. This happens when solar radiation reduces at end of the day, resulting in triggering of the override control action which sets the oil flow rate from the HT to the lower saturation value of 2 kg/s.
6.4 Steam Generator Level
In the HX assembly, maintenance of Steam Generator (SG) water level at the specified setpoint is necessary to ensure proper operating pressure and variation of thermal variables within the limits as well as ensuring that the tube bundle is immersed in the boiler feedwater. This level is partly determined by the amount of steam generated in the SG which in turn depends on the flow rate and temperature of oil entering the SG. This flow rate [image: image] in turn is a manipulated variable for the power block PI controller and hence varies in response to variation in solar radiation. Further, the electrical power generated in HSTP is a function of flow rate of steam entering the turbine (Desai et al., 2014). Thus, there is a complex interplay between power generated and SG level. The SG level is controlled by manipulating the flow rate of water entering the PH [image: image] which is the same as the flow rate of water entering the SG [image: image]. The variations in the SG level and the water flow rate in both closed and open-loop operations are shown in Figure 10. From this Figure, it is seen that level of water is maintained constant using PI controller. The control action leads to fluctuation in water flow rate through PH [image: image]. As a result, the mass flow rate of steam out of SG [image: image] also oscillates. The mass flow rate of oil flowing through HX [image: image] also oscillates based on override control or power generated feedback control. As a result, the steam generation inside SG also varies as shown in Figure 11. The volume of shell side of SG (refer Kannaiyan et al. (2019)) is high and hence the fluctuations of the mass flow rate of water into HX [image: image] have a negligible effect on the level or mass of water in SG as shown in Figure 10. The following additional observations can be noted:
• In both open-loop and closed-loop strategies, the pressure in SG is kept constant by setting the amount of steam exiting the SG to be equal to the amount of steam getting generated in the SG. However, fluctuations in mass flow rate of water flowing into SG [image: image], lead to oscillations of pressure in SG within a small range of 39.5–40 bar. Steam is allowed to flow out of the SG if the pressure inside the SG is greater than 39.5 bar. This causes fluctuations in flow rate of steam flowing out of SG [image: image].
• For the closed-loop operation, the steam generation oscillates in the range 0.83 to 0.07 kg/s as shown in Figure 11. This is in response to variation in the HT exit oil flow rate which results due to interplay between override control and the power control strategies. This in turn causes oscillations in the temperature of oil, water, and steam leaving the heat exchanger as shown in Figures 17, 18.
[image: Figure 10]FIGURE 10 | HX: Closed-loop and open-loop profile of HX.
[image: Figure 11]FIGURE 11 | Closed-loop and open-loop profile of mass flow rate of steam generation SG and steam out of SD.
6.5 PH and SH
SH and PH are single phase heat exchangers, and no control degrees of freedom are available for these exchangers. Thus, the profile of oil and water/steam out of the HX assembly is affected primarily due to boiler (SG) operation. The temperature of the oil and water/steam profile in the HX assembly is shown in Figures 17, 18 respectively. The performance of oil, water and steam temperature exit out of PH and SH profiles are discussed in detail in Section S4 in SI.
6.6 LFR
The quality of steam flowing out of LFR needs to be maintained constant since this determines the steam quantity that is added to the SG generated steam entering the SH and in turn affects the power generated. This steam flowing out of LFR can be thought of as a disturbance variable for the power generation block. Thus, keeping the LFR steam quality constant reduces the impact of this interaction with the power generation loop. This is achieved by manipulating the flow rate of water entering the LFR [image: image] which should be within limits (0.8–6.4 kg/s) to ensure stability of the two-phase flow. The performance profile of steam quality (steam generation out of LFR (Q(st,o,LFR))) is shown in Figure 12 (upper panel). The level of water in the SD is controlled by manipulating the freshwater flow rate entering the SD.
[image: Figure 12]FIGURE 12 | LFR: Closed-loop and open-loop profile of LFR.
Following can be observed from Figure 12
• The steam produced by LFR is saturated steam. The steam production from LFR commences at about 1 h 21 min, and the LFR is shutdown at about 6 h 02 min. Thus, total time period of steam production in LFR is about 4 h 41 min.
• During the cloud cover episode, [image: image] drops from 2.39 to 0.8 kg/s which is the lower input limit, and the quality of steam out of LFR (Q(st,o,LFR)) drops from 0.31 to 0.17. Pressure drop of LFR pipe with reference to inlet pressure of LFR (45 bar) is about 0.6 bar during this period as shown in Figure 13. Average thermal efficiency (Eq. 9) of LFR is obtained as 0.78 for 6 h 02 min of operation.
[image: Figure 13]FIGURE 13 | LFR profile in closed-loop and open-loop: (a) Pressure (b) Enthalpy (c) Temperature.
6.7 SD
The level of the water in the SD varies due to variation in the flow rate of water entering the LFR as well as the quality of the steam exiting the LFR. The profile of SD water level and freshwater flow rate into SD is shown in Figure 14. It is seen from Figure 14 (lower panel) that during the cloud cover episode, the mass flow rate of water flowing in towards SD [image: image] varies from 0.77 to 0.4 kg/s during drop period and again rises from 0.4 to 0.882 kg/s when the episode gets over. The corresponding pressure in SD (PSD) also varies from 69 to 48.45 bar (Figure 15) during the onset of cloud cover and rises from 48.45 to 77.48 bar at the end of the cloud cover episode as shown in Figure 15. The mass of steam present inside SD varies from 69.5 to 47.89 kg during solar radiation drop and during solar radiation rise period, it increases to 76 kg as shown in Figure 16. The temperature of water present in the SD is almost constant during open-loop and closed-loop operation of SD as shown in Figure 16. In open-loop operation, water is replenished to SD at the same rate as the mass flow rate of steam flowing out of SD.
[image: Figure 14]FIGURE 14 | SD: Closed-loop and open-loop profile of SD.
[image: Figure 15]FIGURE 15 | Pressure profile of SG and SD in closed-loop and open-loop.
[image: Figure 16]FIGURE 16 | SD: Closed-loop and open-loop profile of temperature of water and mass of steam in SD.
6.8 Overall Plant
The oil temperature profiles and water/steam temperature profiles of HSTP are shown in Figures 17, 18 respectively for both open and closed-loop operation. From Figure 17 it is seen that at the instant of shutdown the HT oil temperature is at 293°C for the open-loop operation (at 4.2 h), while it is at 324°C for the closed-loop control operation at the same time. Another interesting observation is that in both open and closed-loop operations, the HT oil temperature is greater than the PTC outlet oil temperature at shutdown. Thus, HT holds some energy during shutdown which gets utilized during startup next day as case study-II presented later in Section 7 demonstrates.
[image: Figure 17]FIGURE 17 | Closed-loop and open-loop profile of oil temperature.
[image: Figure 18]FIGURE 18 | Closed-loop and open-loop profile of water/steam temperature.
Temperature rise in PTC in closed-loop operation is less compared to open-loop operation during 3–4 h 17 min operation period. Resultant temperature variation of oil flow into HX (T(o,i,HX)) is lesser compared to open-loop operation. This in turn leads to less oscillations of the mass flow rate of oil out of HT [image: image] during this time period and hence the temperature profile of further stages in HX is not affected. In particular, since the variation of temperature of the oil is lesser in closed-loop operation, water and steam temperature is also affected to a lesser degree in closed-loop operation compared to open-loop operation as shown in Figure 18. During the trailing edge of solar radiation from about 4 to 6 h 02 min operation period in closed-loop operation, temperature of oil out of PTC, HT and SG are almost constant. On the other hand, in the open-loop operation the temperatures decrease significantly during 4–4 h 20 min of operation as shown in Figure 17. Similarly, the temperature of water/steam out of SH, SG, and PH is almost constant in closed-loop operation, while in the open-loop operation the corresponding temperatures show significant variation (Figure 18).
The thermal efficiency of PTC is 0.81 and 0.80 for open and closed-loop operation respectively. In the open-loop operation of PTC, the temperature rises to a maximum of 357 °C in PTC. In closed-loop operation, the temperature of oil attains a maximum value of 343 °C in PTC. Further, since oil temperature gain of PTC is maintained at 100°C in closed-loop operation, the losses from thermal stress and oil leakage would be lower in practice (Wittmann et al., 2009; Camacho and Gallego, 2013). The thermal efficiency of LFR is 0.78 for both open and closed-loop operation. In LFR, pressure variation and thermal loss is a major factor and by operating it in certain range, life of LFR can be extended. In both open-loop and closed-loop operation of LFR, the steam quality reaches a maximum value of 0.35 and two-phase mixture temperature reaches 250 °C. In the case of open-loop operation, maximum pressure drop in LFR is about 5 bar, while it is 7 bar in closed-loop operation.
The temperature of oil, water, and steam flow out of HSTP components during peak hours (2 h 45 min) of solar radiation as well as during shutdown time is shown for both open-loop and closed-loop operation in Supplementary Table S5 in SI.
The profiles of electrical power generated by the plant for the open-loop and closed-loop operations are shown in Figure 9 (top panel). It is seen from this figure that the performance in closed-loop case appears significantly better in terms of total power generated as well as the duration for which power is generated. Table 8 compares the performances of the open-loop and closed-loop control operating strategies using a variety of performance metrics. Computation of average thermal efficiency listed in this table is discussed in Appendix 9.1. From this table, it is seen that the performance for the closed-loop case is significantly superior to the open-loop case on all the key metrics such as duration of plant operation, duration of power generation, total steam produced, and total electrical energy generated. In particular, the duration of power generation increases by about 1 h 45 min in the closed-loop compared to the open-loop operation. Similarly, total electric power generation also increases by 45%. Thus, with an identical solar radiation profile, better plant performance is obtained using plantwide decentralized control strategy when compared to the open-loop performance.
TABLE 8 | Case study I: Performance of open-loop and closed control loop operation of HSTP.
[image: Table 8]7 CASE STUDY II: TWO DAY SOLAR RADIATION
The case study in previous section considered only a single day of operation with simulated solar radiation. In practise, the HSTP has to be started on a daily basis. The conditions during shutdown on the previous day will thus have a bearing on the current day operation. In this section, to further investigate the utility of the closed-loop operation vis-a-vis open-loop operation while considering this day-to-day operating requirement, we consider a 2-day operation scenario. The solar radiation used for this study is taken from 1 MWe Gurgaon plant on first May 2014 and the corresponding open-loop performance is discussed in literature (Kannaiyan et al., 2019). Startup strategy of HSTP is similar to that described in detail in our prior work (Kannaiyan et al., 2019). Shutdown condition is implemented as discussed in Section 6. Further, night time losses are also simulated in this case study to derive startup conditions on second day from the shutdown conditions on the first day (Kannaiyan et al., 2019).
Duration of HSTP plant operation and electric power generation on first day (cold startup) and second day (warm startup) along with CL operation and its performance compared with OL performance (dotted line) is shown in Figure 19. Table 9 shows the performance of OL and CL operation using various performance metrics. Similar to case study I, the utility of using decentralized plantwide control is evident in the significantly superior values of the metrics in the closed-loop when compared with open-loop operations. From Figure 19 it is seen that in CL operation, the electric power generation setpoint is tracked for much longer durations when compared to OL operation. In particular, on day two (warm startup), the generated power reaches and tracks the setpoint of 0.6 MWe from about 10.00 h onwards which is 2 hours after start of plant. In contrast, in OL operation, the setpoint is tracked only in late afternoon at about 15.00 h. Details of operating duration in OL and CL operation on both cold startup (day one) and hot startup (day two) operation and night time cooling duration is shown in Supplementary Table S6 in SI. During night time cooling, variation of thermal variables is shown in Supplementary Table S7 in SI.
[image: Figure 19]FIGURE 19 | Case study II: Electric power profile of SG and SD in closed-loop and open-loop.
TABLE 9 | Case study II: HSTP performance comparison OL and CL.
[image: Table 9]8 CONCLUSION
In this work, closed-loop control studies for the Hybrid Solar Thermal Power Plant (HSTP) were carried out. Using a dynamic simulator of the HSTP, step tests were performed to facilitate identification of control relevant models of various subsystems related to PTC, LFR, SG, and SD. Appropriate transfer functions were subsequently identified using the step-response data. Based on the identified transfer functions, PI and PID controllers were designed and implemented using IMC tuning rules. Apart from the feedback controllers, static feedforward controllers were also designed to compensate for various measured disturbances. Moreover, an override controller was also implemented for handling inventory constraints. The significance of the various elements of the control strategy was demonstrated using two case studies: a day-long dynamic simulation of the plant, using quadratic solar radiation with cloud cover, as well as a 2 day scenario with realistic solar radiation and considering night-time cooling effects. Plant performances of both closed and open-loop operations were compared. Results demonstrate the superior performance of the closed-loop operations on almost all metrics of relevance. In future, static feedforward control can be replaced by a dynamic feedforward control strategy along with use of decouplers to further improve controller performance. Subsequently, investigation of centralized control strategy, such as MPC can be undertaken. The performance achieved by the decentralized control strategy presented in the current work can then be used to benchmark the performances of these various strategies.
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9 APPENDIX
The dynamic models of HSTP for various components are based on conservation principles. Dynamic equations formulation using first principle model of PTC, HXs, and HT/LT, LFR, and SD along with its Open-Loop (OL) simulation and its performance evaluation formulas are shown in detail in our prior work (Kannaiyan et al., 2019). In this section, we briefly summary the procedure for computing average thermal efficiency which has been listed in Tables 8 and 9.
9.1 PERFORMANCE EVALUATION
Average thermal efficiency of PTC and LFR fields used in case studies discussions are obtained as follows (Kannaiyan et al., 2019):
[image: image]
where
[image: image]
is the total thermal energy extracted during the day long operation by the working fluid in the respective field. Further Qsolar,c is the daily solar energy collected by the respective fields which is computed as,
[image: image]
with,
[image: image]
[image: image]
being the daily solar energy received by the respective fields. Note that η(opt,LFR) = 0.22 and η(opt,PTC) = 0.4 were considered for the case study.
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NOMENCLATURE
I Solar radiation (W/m2)
Powele Electrical Power generated(MWe)
[image: image] mass flow rate of oil flowing in towards PTC (kg/s)
[image: image] mass flow rate of oil flowing in PTC from feedforward action (kg/s)
[image: image] mass flow rate of water flow in towards LFR (kg/s)
[image: image] mass flow rate of water flow in towards LFR from feedforward action (kg/s)
η(opt,PTC) Optical efficiency of PTC
η(opt,LFR) Optical efficiency of LFR
[image: image] mass flow rate of oil flow into HX (kg/s)
[image: image] mass flow rate of water flow into HX (kg/s)
he(w, SD) height water present in SD (m)
[image: image] mass flow rate of water flow into SD (kg/s)
he(w,SG) height water present in HX-SG(m)
[image: image] mass flow rate of oil flow into HT/LT (kg/s)
[image: image] mass flow rate of steam out of SD (kg/s)
[image: image] mass flow rate of water/steam flow out of LFR(kg/s)
T(o,i,HX) Temperature of oil flow into HX (o C)
T(w,i,HX) Temperature of water flow into HX (o C)
T(w,SG) Temperature of water present at SG (o C)
T(w,i, SD) Temperature of water flow into SD (o C)
T(w, SD) Temperature of water present at SD (o C)
T(o,o,PTC−500m) Temperature of oil flow out of PTC at 500 m (o C)
T(w,i,LFR) Temperature of water flow into LFR (o C)
h(o,i,HX) enthalpy of oil flow into HX (KJ/kg)
h(o,o,HX) enthalpy of oil flow out of HX (KJ/kg)
h(w,i,HX) enthalpy of water flow into HX (KJ/kg)
h(w,o,HX) enthalpy of water flow out of HX (KJ/kg).
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LFR PTC Overall LFR PTC Overall
Solar energy received per tube Qsoi (MJ) oL 30,728 52,676 83,404 30,776 52,760 83536
cL 33,406 57,267 20973 33519 57,462 90,981
Solar energy collected per tube Qsoar.c (MJ) oL 6,760 21,070 27,830 6,771 21,104 27,875
cL 7,349 22,907 30,265 7374 22,985 30,359
Thermal energy extracted pertube Qth (MJ) Ok 5,504 17,743 23,247 5,474 17,544 23,018
oL 5,860 18,764 24,624 5,920 18,350 24,270
Average thermal efficiency 7, oL 0814 084 - 0.808 083 -
cL 079 082 0.80 080
Total steam produced (kg) oL 16,101 13,621 25,346 17,620 15,310 32,698
CcL 17,139 17,401 34,540 19,125 18,716 37,841
Electrical energy generated (MWhie) oL - - 2654 - - 3.456
Peak electrical power time oL = s 14 h 54 min " - 14 h 56 min
cL 12hrs 9h 42 min
Duration of plant operation (hours) oL 8h 58 min 9h
CL 10 h 15min 10h 23 min
Duration of power generation (hours) oL - - 6h 13 min = @ 7 h 42 min

(o8 8 h 56 min 9h 28 min
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Metric LFR PTC Overall

oL cL oL cL oL cL
Solar energy received per tube Qsoi (MJ) 16,515 20,308 28311 34815 44826 55,128
Solar energy collected per tube Qsotc (VW) 3,633 4,467 11,324 13,926 14,957 18,393
Thermal energy extracted per tube Qth (MJ) 2,847 3,513 9,153 11,261 12,000 14,774
Average thermal efficiency (i) 078 078 081 0.80 - -
Total steam produced (kg) 7,586 9916 6,577 8315 14,163 18,231
Electrical energy generated (MWh(e)) - - - - 1.15 1.67
Peak electrical power (MW(e) - - - - 075 084
Peak electrical power time i E & ® 2h 57 min 3h 12 min
Duration of plant operation (hours) i & i - 4 h 17 min 6h 02 min
Duration of power generation (hours) - = = = 1h 57 min to 4 h 17 min 1h 57 min to 6 h 02 min

OL- Open-loop operation as dliscussed in Kannaiyan et al. (2019).
CL- Closed-loop (control) operation.
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U, = feedback control shown in Figure 3.0.
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Parameters/System PTC HX LFR SD

Electric Power Water Level

Controller values (K.: 1; 74: T.) -0.1439: 318: 0: 1 s 229, 1.0801s 18x10%40:0: 1s -2.56; 798: 608; 60 s 74.4: 200: 0: 60 s
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HSTP SP computation SP value Rationale for condition
component

PTC Tosprcy + 100C SPropr = Tooun  (8) Updated every 30 min (b) minimum loss in PTG Wittmann et al. (2009);
+100C Camacho and Gallego, (2013)
LFR Design value of Q0,50 SPq,sierm =0.835  Safetyand minimum loss at LFR Nayak et al. (2015); Aurousseau et al. (2016)
SG SGos = SGro (7% SPjpow:sc) = 0.4 (M) (@) Minimum height of water to submerge the tubes Golder and Goud (2019);
Li et al. (2019) (b) dimension of SG Kannaiyan et al. (2019)
SD Viens = LIRE cos™ () - (R-h)\ZRA=F?)]  SPpow.spy = 0.9(m)  Minimum 50% height of water of total volume on SD
Electric Power 60% of 1 MWe SPipowen = 0.6 (MWe)  60% of electric Power generation of HSTP

SP, Setpoint Tap10) = Tiooms

V= Volume of SD, R = Raclus of SD, h = Height of SD.

SGos = SG, tube bundle diameterfhesa > = 0.5"SGow), SGoo = SG, tube outer dlameter.
number of tubes of SG, K, = constant depedent on SG tube pitch.
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PTC oil flow rate
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PTC field
LFR field-1
LFR field-2

Heat Exchanger and turbine
assembly-1

Heat Exchanger and turbine
assembly-2

Override controller

Controlled variable (CV)

Oil outlet temperature (T, o,prc-so0m)
Steam

quality Q(st, o, LFR) =M 29,0,LFR))
Steam drum level (he, so)

Electric power generated (POWoe)

Water level in the SG tank (1e(,s))

Volume of oil in HT (Vig 1m)

Manipulated variable (MV)

Oil flow rate (f(o,10))

Water recirculation flow rate (w.em)
Make-up water flow rate to steam
drum (Mw,s0))

Hot oil flow rate from HT (rio04m)

Make-up water flow rate to PH (1))

Hot oil flow rate from HT (rio4m)

Data presented below are referred from literature (Desai et al, 2014; Nayak et al., 2015).

And utiized for modeling and validation in an earlier work Kannaiyan et al. (2019).
45m, Total aperture area = 8175 m?(3 PTC, fields).

PTC, field: Length = 500m; Width =
LFR, field-1: Length = 480m; Width
LFR, Field-2 (SD): Volume = 20 m°.

14.6m; Total aperture area = 7020 m?.

Heat Exchanger(HX): SH, 0.56MWih; SG, 2MWth; PH, 0.61MWth
Generator + turbine: 1MWe, through Willan's line equation.
Figure 1 shows subsystems representation of overall feedback control structure of HSTP.

Measured
disturbance variables

Oil inlet temperature Tiorc). Solar
radiation ()
Water inlet temperature (Tiy,..s). Solar
radiation ()
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