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A B S T R A C T   

Solar energy has a significant potential for future power generation but its intermittent and variable nature 
results in fluctuations of the operational performance of solar power plants. Despite thermal energy storage (TES) 
systems improving the flexibility and the sustainability of the performance of Concentrated Solar Power (CSP) 
plants, smart management is required to deal with the complex dynamic variations in the behaviour and 
interaction of the different plant’s subsystems. In this paper, the design, manufacture, and validation of a smart 
control unit with extended capabilities for a small-scale CSP combined heat and power (CHP) system are 
described. More precisely, the control unit has been designed to control and optimise the operation of a micro- 
scale Organic Rankine Cycle (ORC) unit coupled with Linear Fresnel Reflectors solar field and an advanced latent 
heat thermal energy storage tank which were developed by a consortium of universities and companies in the 
framework of the EU-funded project “Innova Microsolar”. 

In parallel to the designing and building the smart control unit, an advanced simulator has been developed in 
Matlab/Simulink® to investigate the performance of the plant for a wide range of varying ambient and operating 
conditions. The simulation framework has been connected to the real control unit according to a hardware-in- 
the-loop (HiL) approach to optimise the control logic of the integrated plant to overcome potential technical 
and reliability issues during the commissioning of the plant. The developed hardware and the proposed scientific 
approach can be extended to a wide range of complex solar energy systems equipped with TES and to be inte-
grated into the built environment.   

1. Introduction 

The worldwide increase in energy demand and the high rate of 
depletion of the limited conventional energy resources has resulted in 
catastrophic climate change effects. In such a situation, the rapid 

expansion of utilisation of renewable energy sources plays a paramount 
role in assuring sustainable development. Amongst various renewable 
energy sources, solar energy is considered the one with the highest po-
tential due to its abundance. However, solar energy is intermittent like 
many other types of renewable energy, and its variable nature results in 
significant fluctuations in the outputs of the solar power systems. 
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Compared to traditional solar technologies, concentrated solar 
power (CSP) plants equipped with thermal energy storage (TES) can 
achieve finer supply/demand energy balance increasing its flexibility 
and reliability. Hence, many researchers have focused on the develop-
ment of different TES technologies for CSP systems. Sensible heat stor-
age technology is the most used one in CSP plants due to reliability, low 
cost and easiness in the integration, but latent and thermochemical 
storage technologies provide much higher energy density [1,2]. For 
example, Bravo et al. [3] conducted a multi-objective optimisation to 
evaluate the best operational strategy of a hybrid PV-CSP plant with a 
thermochemical storage system based on a calcium-looping process and 
concluded that such the TES achieves improved dispatchability and 
enhances plant competitiveness. Liu et al. [4] investigated different 
energy storage media for a shell-and-tube TES for CSP plants and came 
to the conclusion that phase change material-graphite-phase change 
material sandwich configuration increases the energy density by about 
28.7% compared to the single graphite configuration. 

Amongst the different technologies to convert low and medium 
temperature solar energy into power, organic Rankine cycle (ORC) 
systems are considered as one of the most promising solutions at small- 
scales [5]. However, the adoption of such systems is still limited because 
of economic feasibility factors and engineering design challenges [6]. In 
particular, the dynamics of the components play a significant role in the 
transient performance of the CSP-ORC plants [7]. Cioccolanti et al. [8] 
numerically analysed a solar ORC system using linear Fresnel reflectors 
(LFR) coupled with an latent heat TES (LHTES) unit. They found that the 
system had significant heat losses, which could be reduced by improving 
the control strategy. Hence, the same team conducted an investigation of 
the influence of the thermal inertia in such a system and found that the 
combination of the activated thermal mass of the storage and a smart 
control logic would have a relevant impact on the overall system per-
formance during winter time [9]. Ni et al. [10] numerically assessed the 
dynamic performance of a small-scale ORC plant driven by parabolic 
trough collectors considering the disturbances caused by the cloudy sky. 
Based on the response of the systems to the variable solar radiation, they 
found that the optimised system implementing a conventional propor-
tional integral-derivative (PID) control strategy could generate almost 
20% more energy than the system without control over a period of seven 
hours during a cloudy day. The common conclusion from these activities 
was that the control of the solar ORC systems is important for improving 
the system efficiency and reliability. 

It can be concluded from the literature that the final aim of the 
control of ORC systems was mainly the safe operation by maintaining a 
certain superheating degree of the working fluid [11], which ideally 
must be a minimum positive value to maximize the cycle efficiency [12]. 
Other goals are improving the system stability by maintaining its 
operation at the design conditions [13] or optimising the performance 
considering terms like maximum output power [11], users’ demand 
coverage or economic profitability. The performance optimisation 

usually aims at maximising the output power by considering, in 
small-scale ORC systems, the evaporating temperature as the most 
relevant control parameter which can be adjusted using the pump and 
the expander speeds [14]. Consequently, the superheating degree is 
affected and needs to be regulated but this represents the main challenge 
being dependant on the evaporating pressure, the heat transfer in the 
evaporator and the heat source conditions. Therefore, safety goals are 
also considered using constrained or multilayer controllers like max-
imising the output power and maintaining a minimum superheating 
degree for safe operation of the expander devices. 

Regarding the methodology, the design and development of smart 
control for complex energy systems are usually performed through 
simulations or the tests of the physical prototypes. While the success of 
the simulation-based control studies hinges upon the reliability of the 
model those using the prototypes are very accurate and reliable but they 
can be very expensive and limited to the availability of the plant. 
Furthermore, some evaluations regarding the safety and reliability 
cannot be performed directly on the plant. Therefore, simulation studies 
are common in the literature. Most of them have considered the refrig-
erant mass flow rate as the control variable acting on the pump speed to 
control the superheating degree in off-design conditions [11]. For 
example, Zhang et al. [13] used the refrigerant, heat source heat transfer 
fluid, and heat sink heat transfer fluid mass flow rates control parame-
ters and investigated their effect on the operation of the ORC system. 
Hernandez et al. [11] used a real time optimizer to search for the opti-
mum evaporating temperature during the transient operation of a 
dynamically simulated ORC unit to maximise the output power. The 
only control parameter was the refrigerant pump speed, but using a 
two-layer controller to maintain a minimum superheating degree of 10 
K. They also showed that setting a minimum superheating degree is 
more gainful than setting a fixed superheating degree since the latter 
imposes sharp control signals to the pump and rises its consumption. 
Peralze et al. [15] developed a controller of an ORC system for WHR 
from a heavy duty diesel engine and made use of a dynamic real time 
optimisation to maximise the output power. This is the only work that 
considered not only the disturbances due to the heat source mass flow 
rate and temperature but also the heat sink temperature, which was the 
ambient temperature. The control parameters were the pump speed to 
maintain the superheating degree, evaporator by-pass valve opening to 
enforce safety limits of pressure and temperature, and the condenser fan 
speed to control the low pressure of the cycle to adjust the turbine 
pressure ratio. Eventually, Feru et al. [16] used a model predictive 
controller for WHR-ORC system for a heavy-duty diesel engine using 
ethanol as the working fluid. Their goal was to maximise the output 
power and maintaining a minimum of 10 K superheating degree by 
adopting the pump by-pass valve opening. They showed that the model 
predictive control can increase the recovered thermal energy by 15% 
compared to the classical PI controllers. 

Amongst the perspective methods to develop and improve smart 

Nomenclature 

ṁ mass flow rate [kg/s] 
ṁLFR mass flow rate of the oil in the solar field [kg/s] 
ṁLHTES mass flow rate of the oil in the LHTES [kg/s] 
ṁORC mass flow rate of the oil permitted by the ORC unit [kg/s] 
ṁpump mass flow rate of the oil in the main pump [kg/s] 
PLFR power to/from the LFR [kW] 
Toil temperature of the oil in the HE of the LHTES [ ◦C] 
TLFR,out temperature of the oil from the LFR solar field [ ◦C] 
TORC,off lower bound temperature set-point of the TES [ ◦C] 
TORC,on upper bound temperature set-point of the TES [ ◦C] 
TORC,in oil inlet temperature to the ORC unit [ ◦C] 

TTES,av average temperature of the TES [ ◦C] 
Vap aperture of the valve 

Superscripts and subscripts 
1 straight outlet of the valve 
2 bended outlet of the valve 
des desired 
in inlet 
min minimum 
max maximum 
out outlet 
oil oil 
set set point  
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control systems, the hardware-in-the-loop (HiL) approach is attracting a 
lot of interest for its suitability in reducing time for the development of 
the control algorithms of a power system. It is a model-based approach 
which includes also the physical aspects of the controller unit which is 
coupled with the simulator. The controller exchanges input/output with 
the model including the actuator signals and the main effort is concen-
trated on the improving and optimisation of control algorithms. 

In the literature, the HiL technique has been applied to optimise the 
operation of different energy conversion systems. For example, Griese 
et al. [17] performed HiL simulations of an integrated energy system 
consisting of a biocatalytic methanation reactor, a photovoltaic park, a 
regenerative fuel cell and short-term storage units supporting the se-
lection of the parts or process parameters prior to realisation of such a 
system at large scales. Huang et al. [18] investigated the controller 
performance in buildings and the dynamic behaviour of major equip-
ment utilising a HiL framework aimed at controlling the speed of the 
supply fan in the air handling unit of heating ventilation and air con-
ditioning system. They obtained more than 50% reduction of the fan 
energy consumption compared to the baseline case. Iacob and 
Andreescu [19] compared different HiL schemes for testing control 
strategies in a steam turbine power plant finding the real time HiL sys-
tem presented better performance than non-real time HiL system. 
Eventually, some authors of this paper recently developed a HiL simu-
lator of a micro-solar ORC CHP system connected with LHTES. The HiL 
was to support the optimisation of the control algorithms and define the 
best control strategy to ensure the proper performance of the ORC unit 
[20]. 

From the literature review on control of ORC-based energy conver-
sion systems, it can be deduced that most studies have focused on the 
optimization of the ORC system operation aiming at maximising the 
power and maintaining safety measures. However, no study was aimed 
at diminishing the disturbances at the source side to maintain the sta-
bility. In this study, instead, the controller is developed to relief the 
disturbances caused by the significant fluctuations of the solar radiation 
considering the dynamics of the solar energy absorption and storage 
while partially neglecting the dynamics of the ORC system itself. 
Furthermore, to the best of the authors’ knowledge, there is no infor-
mation in the literature describing the development of the control unit 
for integrated CSP-LHTES-ORC systems with HiL capability. Hence, the 
main novelties of this work rely on the following:  

■ the design of a control system for a small-scale CSP-LHTES-ORC 
system for residential applications concerning the control of the in-
tegrated plant as the whole system;  

■ focusing on the relieving of the disturbances at their source using the 
control instead of damping their effect at the cycle-level control; 
hence, stability was the main concern instead of the performance and 
safety as the direct goals; 

■ dynamic simulation of solar absorption and storage system consid-
ering the detailed dynamics of the system including the three-way 
valves;  

■ the full set of information regarding the capabilities of the smart 
control unit in charge of interacting with the controllers of each 
subsystem;  

■ the application of the HiL approach for modelling the control unit 
with included hardware details. 

The paper is structured as follows: the introduction section; Section 2 
describes the studied CSP-ORC plant; Section 3 presents the capabilities 
and describes hardware of the smart control unit; Section 4 describes 
software of the control unit and the HiL simulator; Section 5 reports 
some of the results from implementing the HiL approach; Section 6 
presents conclusions drawn from the investigations. 

2. Plant description 

In this Section, the main characteristics of the plant, for which the 
smart control unit has been designed and developed, are presented. 
Firstly, a brief overview of the main subsystems of the plant is presented, 
and secondly, all possible operation modes (OM) of the plant and the 
interactions between the different components of the plant are 
described. 

The plant under investigation was designed and built by a con-
sortium of several EU Universities and SMEs in the framework of the 
Innova Microsolar project, funded by the Horizon 2020 programme [4]. 
Its main components are: (i) a 146 m2 concentrating solar field based on 
LFRs, which generates heat at the temperature range of 250–280 ◦C; (ii) 
a 2 kWe/18 kWt regenerative ORC unit; and (iii) an advanced Phase 
Change Material (PCM) thermal storage system of modular design 
equipped with reversible heat pipes and containing 3.8 tons of the PCM 
in total. Table 1 reports the main characteristics of these different sub-
systems, and further details can be found in [21]: 

The plant has been installed in Spain in the town of Almatret and to 
be connected to a residential building. Currently, experimental tests of 
the plant are ongoing. Fig. 1 shows a schematic of the plant, in which 
each connecting pipe (t), T-valve and diverter (Flow Control Valve, FCV) 
has been unequivocally identified to ensure an accurate description of 
interactions between the simulator and real control unit. The above 
three types of components are connected to each other by proportional 
valves, which make it possible for the running of the system in different 
OMs. 

More precisely, the plant works in different OMs depending on the 
available solar radiation, the state of charge of the Latent Heat Thermal 
Energy Storage (LHTES) and the user needs. In OM1 the diathermic oil 
from the solar field, at a temperature higher than 210 ◦C, flows directly 
to the ORC unit. When the collected power from the solar field exceeds 
the nominal power input to the ORC (about 28 kWt), the oil is supplied 
to both the TES and ORC units (OM4). However, if the TES is fully 
charged, the LFR collector defocuses (OM1def). On the contrary, when 
the power produced by the solar field is low or equal to zero and the 
average TES temperature is within an operating range and close to the 
melting point (TORC,on = 217 ◦C and TORC,off = 215 ◦C with hysteresis), 
the thermal energy accumulated in the TES can be used to run the ORC 
unit for a maximum of 4 h. While during the OM5 only the PCM thermal 
energy storage supplies heat to the ORC, in the OM6, both the LFR solar 
field and the TES supply heat to the ORC unit. 

The thermal energy output from the condenser of the ORC unit is 
stored in a water TES and is then used to provide heat to the nearby 
building. Hence, the ORC unit supplies both electricity and heat to the 
residential user. However, the connection of the plant with the resi-
dential building is out of the scope of the present paper and not 
addressed hereafter. 

Table 1 
Main characteristics of the solar CHP system.  

Subsystem Technical Specification Value 

LFR solar 
field 

Area of the solar field 240 m2 

Area of primary collectors 146 m2 

Heat transfer fluid Therminol 62 
Peak thermal power 80 kWt 

ORC unit Electrical/Thermal power 
production 

2 kWe/18–20 kWt 

Electrical/Thermal efficiency 10%/80% 
Working fluid R365mfc 

TES unit Material kNO3(40 wt%)/NaNO3(60 wt%) 
& graphite 

Melting temperature 216–223 ◦C 
Number of modules 6 
Number of heat pipes per 
module 

49  
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3. Control unit 

3.1. Description of capabilities of the developed control unit 

The control system has been designed by S.TRA.TE.G.I.E. srl [22] to 
monitor the status of the integrated plant and to control and supervise its 
operation. It is worth noting that it does not provide precise control of 
separate subsystems of the plant, which are equipped with their own 
control units, but collects information on their status and uses these data 
to achieve efficient management of their interaction. Hence, the control 
system is designed in such a way so to perform the pre-operational 
checks, the start-up, and the operation of the plant, including its 
scheduling and the emergency shutdowns. 

The control algorithms have been developed to achieve the highest 
possible energy savings and CO2 emission reduction. This is attained by 
prioritising the operation of the ORC unit and by performing the load 
following. The latter is achieved by recharging the LHTES, when the 
solar radiation is high or when the user load is zero. In this way, the 
thermal energy stored in the LHTES is used for running the ORC unit at 
periods when the solar irradiation is not sufficient to run the plant. Since 
the plant is designed to be integrated with a backup boiler for the supply 
of domestic hot water and space heating when additional heat is 
required, the control unit also enables the operation of the boiler. When 
heating is required, the control unit calculates the time needed for the 
boiler to start in order to reach the required temperature level at the 
programmed times. The control procedures are organised in the 
following two separate and parallel layers. 

3.1.1. The safety layer 
The lower layer control procedures are developed for system safety: 

during the start-up, checks are performed, and if the system is not in a 
safe state to operate, the signal enabling the different subsystems is not 
generated, the control procedures are blocked, and the supervision 
policies are deactivated. This procedure is followed until the system 
does is not returned to its safe state. During the operation, if a safety rule 
is violated, a safety procedure is executed to bring the system to a safe 

state. 
This layer also generates a range of warnings and alarms. Warnings 

highlight critical conditions, while alarms refer to unsafe operating 
conditions, e.g., operating temperatures above the limit. In these cases, 
the system is brought to a safe state by executing a safety procedure. In 
general, safety procedures are actions to be carried out to bring the 
system or a subsystem to a safe state. 

The LFR solar field and the ORC unit are equipped with their own 
internal alarms and warning signals, which display the actual status of a 
set of parameters and active warnings and alarms through Modbus 
fieldbus. When the central control unit detects an alarm condition in the 
CSP or ORC control unit, these subsystems are isolated from the 
remaining part of the plant. Additionally, an alarm is generated for the 
operator via the management interface to facilitate the system safety 
procedures and remedy actions by the operator. 

As mentioned above, the control unit of the LFR solar field has its 
own safety rules for the operation, and it manages the related alarm and 
warning signals internally, sharing the actual status, warnings, and 
alarms with the smart control unit. Hence, the smart control system 
eliminates situations that would result in the solar field operating 
unsafely. Table 3 describes the list of safety procedures for the CSP 
system (corresponding acronyms of the sensors are reported in the 
Nomenclature section): 

Tables 4 and 5 describe the list of warning and alarm messages. 
Table 6 describes the list of the corresponding safety procedures for the 
LFR solar field. 

Like the LFR solar field, the operation of the ORC unit is allowed 
when the respective safety rule is satisfied, see Table 7. The control unit 
of the ORC system manages alarm and warning signals internally, 
sharing the actual status and the warnings and alarm signals with the 
smart control unit through the Modbus fieldbus. Therefore, the smart 
control system monitors the ORC internal status and excludes situations 
in which the operation of the unit system would not be safe. If an error 
situation warning is issued, the smart control unit isolates the ORC unit 
from the other subsystems of the plant and displays the unsafe operation 
signal in the control interface to facilitate the remedy action by the 

Fig. 1. Scheme of the Innova Microsolar prototype plant.  
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operator. Tables 8 and 9 show the list of alarm signals for the ORC unit 
and the safety procedures to be executed in case unsafe operating con-
ditions occur. 

Despite the high temperature achieved, the LHTES unit does not 
require any complex management procedures from a safety point of 
view. Several potential issues have been reported in the working of the 
LHTES, but not all of them can be managed objectively. These include 

cases with no sensors being installed in the LHTES unit to check the 
integrity of the heat exchanger. Hence, these checks will be handled 
through periodic warning messages to the operator displayed in the 
management interface. Tables 10, 11 and 12 show the list of safety rules, 
alarm signals and safety procedures to be followed for the operation of 
the LHTES subsystem. 

3.1.2. Operation modes control 
The upper layer of control contains procedures for system governing 

and its operation. The integrated plant can work in eight different OMs, 

Table 2 
Operating conditions for the different OMs of the Innova Microsolar plant.  

OM Connected 
Subsystems 

Operating conditions 

OM1def 
* 

LFR (defocused) +
ORC 

oil flow rate = 0.22 kg/s 

OM0 LFR recirculation if PLFR,out < 15 kWt and TLFR,out < TTES,av,  
oil flow rate = 1 kg/s 

OM1 LFR + ORC if 15 kWt < PLFR,out < 26 kWt, 
0.11 kg/s <oil flow rate < 0.22 kg/s 

OM2 Plant off if PLFR,out =0 kWt 

OM3 LFR +LHTES if PLFR,out < 15 kWt, TLFR,out=TTES,av+10 ◦C 
OM4 LFR + LHTES+ ORC if PLFR,out > 26 kWt and TTES,av < 280 ◦C, 

0.22 kg/s < oil flow rate < 3 kg/s otherwise 
OM-1 

OM5 LHTES + ORC if PLFR,out = 0 kWt, oil flow rate = 3 kg/s 
OM6 LFR+ LHTES + ORC if PLFR,out < 15 kWt, oil flow rate = 3 kg/s  

* Defocusing. 

Table 3 
List of safety rules for the CSP system.  

Name Description 

TCV-100 OK Check that the TCV-100 valve is working properly 
Low Level OK Check the low level of ET100 
High Level OK Check the high level of ET100 
Inverter OK Check that there are no alarms from the inverter 
DPT-100 OK Check DPT-100 is in a safe state 
PT-200 OK Check PT-200 is in a safe state 
PT-201 OK Check PT-201 is in a safe state 
TT-200 OK Check TT-200 is in a safe state 
TT-201 OK Check TT-201 is in a safe state 
Wind speed Check that wind speed is < 20 m/s 
Wind sensor OK Check that the wind sensor is in a safe state 
DNI OK Check that the DNI sensor is in a safe state 
Q4 OK Check that the mirror management cabinet Q4 is working 

properly  

Table 4 
List of warning messages for the CSP system.  

Name Description 

High Temperature Over-heating warning (TT-201 > 190 ◦C) 
High Pressure Over-pressure warning (PT-201 > 4 bar) 
FT-100 FT-100 fault 
Maintenance System maintenance is required  

Table 5 
List of alarm messages for the CSP system.  

Name Description 

General Block System general block (Enabling signal from the smart 
control unit is low) 

Low Pressure (B1) Low Pressure condition (PT-200 < 1 bar) 
High Temperature 

(B2) 
High Temperature condition (TT-201 > 198 ◦C) 

Inverter Emergency 
(B3) 

Emergency of the Inverter is switched on 

Q4 not OK (B4) Cabinet for mirror management is in a fault condition 
Pump alarm (B5) Pump P-100 Error 
High Pressure (B6) High Pressure condition (PT-200 > 5 bar or PT-201 > 4.8 

bar)  

Table 6 
List of safety procedures for the CSP system.  

Name Description 

CSP 
isolation 

Switch off FCV300 and FCV400 diverters in order to isolate the LFR 
solar field from the other subsystems. 

Pump On The pump must be switched on (especially in case of an error in the 
Q4 cabinet)  

Table 7 
Safety rules for the start-up of the ORC unit.  

Name Description 

SOLAR 
LOOP 

Check that the measured temperature by the sensor at the inlet of the 
evaporator heat exchanger is greater than 70 ◦C  

Table 8 
List of alarm messages for the ORC unit.  

Name Description 

Lubrication Low pressure in lubrication system (Lubricant Pressure < 1 
bar) 

Cavitation Cavitation of the pump (Pump frequency > 20 Hz and High- 
Pressure P3 < 3 bar) 

Turbine 
Temperature 

The temperature of the cooling water> 60 ◦C 

Fluid Temperature The temperature of the working fluid > 130 ◦C (R365mfc) 
Inverter Fault in the inverter 
Low Battery The power supply of the ORC is off, and the system relies on a 

backup battery  

Table 9 
List of safety procedures for the ORC unit.  

Name Description 

ORC 
isolation 

Switch Off FCV400 in order to isolate the ORC unit from other 
subsystems. 

Wait Wait for five minutes required for the system to stop and reach the 
safe condition.  

Table 10 
Safety rules for the LHTES subsystem.  

Name Description 

Heat Exchanger (HE) is 
full 

Check if the heat exchanger inside the LHTES is filled 
with oil 

Physical damage of the 
HE 

Check that there are physical damages to the heat 
exchanger  

Table 11 
The alarm signal for the LHTES subsystem.  

Name Description 

Maximum oil 
temperature 

Oil temperature in the heat exchanger is too high (Toil>

260 ◦C)  
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shown in Table 2. Transitions between different OMs are regulated by 
the corresponding control strategies. In this layer, process parameters 
such as the diathermic oil mass flow rate and temperature are also 
regulated. Fig. 2 shows a regulator block scheme, and the regulator of 
each subsystem uses as inputs a setpoint, feedback value and maximum 
and minimum values to generate the output signal using the anti-wind- 
up technique. The maximum and minimum values correspond to the 
upper and lower limits of the output value. 

The ‘Mode’ input, instead, determines one of the following working 
modes:  

■ OFF (Output = 0)  
■ MANUAL (Output = Setpoint)  
■ AUTO (Output = regulator output)  
■ FREEZE (Output = Last Output)  
■ ON (Output = Max) 

In general, the OM of the plant depends on ambient conditions, user 
needs and the state of each subsystem; the smart control unit ensures the 
operation of the plant in a specific OM by varying the rotational speed of 
the diathermic oil pump and the aperture of the proportional valves. 
Besides the upper layer, each actuator is controlled by a Proportional 
Integral (PI) feedback controller which receives as input the required 
setpoint from the upper layer. For each actuator, two cascade loops are 
implemented to achieve this goal, according to the procedure shown in 
Fig. 3. With reference to the control of the pump rotational speed, the 
outer loop regulates the oil temperature, and its output determines the 
input for the flow regulator, which controls the frequency of the pump 
shaft rotation. The reason for such a control scheme is to ensure a finer 
control than that provided by a single loop approach. The inner loop 
operates faster than the outer loop, and the secondary process must react 
to the secondary controller commands at least ten times quicker than the 
primary process responds to the primary controller. This provides suf-
ficient time for the secondary controller to compensate for inner loop 
disturbances before the latter can affect the primary process. The 

Table 12 
The safety procedure for the LHTES subsystem.  

Name Description 

LHTES 
isolation 

Switch-off FCV300 diverter to isolate the LHTES unit from the other 
subsystems of the plant  

Fig. 2. The block scheme of the regulators.  

Fig. 3. The block scheme of the cascade control loop.  

Table 13 
Details of the control configuration in the different OM.  

OM Connected 
Subsystems 

Control Configuration 

OM1def* LFR (defocused) +
ORC 

FCV200 = ON 
FCV300 = ON 
FCV400 = ON 
Treg_Fbk = TT400 
Treg_SP = Nominal (250◦) 
Freg_Fbk = FT400 
Freg_SP = Treg_Out 
Treg_Max = min(Max_Flow_ORC, 
Max_Flow_TES,Max_Flow_CSP) 
Treg_Min =max(Min_Flow_ORC,Min_Flow_TES, 
Min_Flow_CSP) 
Freg_Max = Min_frequency_Pump 
Freg_Min =Min_frequency_Pump 

OM0 LFR: recirculation 
of oil 

FCV200 = ON 
FCV300 = OFF 
FCV400 = ON 
Treg_Fbk = TT400 
Treg_SP = Nominal (250◦) 
Freg_Fbk = FT400 
Freg_SP = Treg_Out 
Treg_Max = Max_Flow_Orc 
Treg_Min =Min_Flow_Orc 
Freg_Max = Min_frequency_Pump 
Freg_Min =Min_frequency_Pump 

OM1 LFR + ORC FCV200 = ON 
FCV300 = OFF 
FCV400 = OFF 
Treg_Fbk = TT400 
Treg_SP = Nominal (250◦) 
Freg_Fbk = FT400 
Freg_SP = Treg_Out 
Treg_Max = Max_Flow_Orc 
Treg_Min =Min_Flow_Orc 
Freg_Max = Min_frequency_Pump 
Freg_Min =Min_frequency_Pump 

OM2 Plant off  
OM3 LFR +LHTES FCV200 = ON 

FCV300 = ON 
FCV400 = ON 
Treg_Fbk = TT300 
Treg_SP = Nominal (250◦) 
Freg_Fbk = FT300 
Freg_SP = Treg_Out 
Treg_Max = min(Max_Flow_Orc,Max_Flow_TES) 
Treg_Min =max(Min_Flow_Orc,Min_Flow_TES) 
Freg_Max = Min_frequency_Pump 
Freg_Min =Min_frequency_Pump 

OM4 LFR + LHTES+
ORC 

FCV200 = ON 
FCV300 = AUTO 
FCV400 = ON 
Treg_Fbk = TT400 
Treg_SP = Nominal (250◦) 
Freg_Fbk = FT200 (FT400+FT300) 
Freg_SP = Treg_Out 
FCV300_Fbk = FT400 
FCV300_SP = Nominal ORC flowrate 
Treg_Max = min(Max_Flow_ORC, 
Max_Flow_CSP) 
Treg_Min =max(Min_Flow_ORC,Min_Flow_CSP) 
Freg_Max = Min_frequency_Pump 
Freg_Min =Min_frequency_Pump 
FCV300_Max = Max_Flow_ORC 
FCV300_Min =Min_Flow_ORC 

OM5 LHTES + ORC FCV200 = OFF 
FCV300 = OFF 
FCV400 = OFF 
Treg_Fbk = TT400 
Treg_SP = Nominal (250◦) or fuzzy output 
Freg_Fbk = FT400 
Freg_SP = Treg_Out 
Treg_Max = min(Max_Flow_ORC, 
Max_Flow_TES) 
Treg_Min =max(Min_Flow_ORC,Min_Flow_TES) 

(continued on next page) 
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temperature is a variable with a much greater delay in the variation than 
the flow, and therefore, the above requirement is satisfied. Moreover, 
the inner loop disturbances are less in magnitude than the outer loop 
disturbances. Otherwise, the secondary controller would be continu-
ously affected by the disturbances in the secondary process and unable 
to apply consistent corrective efforts to the primary process. 

The gain values of the corresponding PI controllers were estimated 
based on a widely-used approach, namely the Ziegler-Nichols method 
[23]. In such an approach, the gains of a PI controller are computed by 
assuming other processes to be steady and in the open loop configura-
tion. However, the obtained values of the gains require a further tuning 
procedure which can be carried out during the plant commissioning or 
through an HiL approach. 

It is worth noting that gain-scheduling is applied to each PI controller 
based on the difference between the setpoint value and the feedback 
signal received. The higher gain reduces the response time but entails 
higher differences between the setpoint values and the feedback signal. 
Hence, when the process is close to the steady condition, the value of the 
gain is reduced, thus reducing the related oscillations. The developed 
HiL framework makes it possible to realise this procedure remotely prior 
to the commissioning of the plant. 

Table 13 reports the details of the control configuration for all the 

OMs of the plant, and the temperature and flow regulators are indicated 
in table as “Treg” and “Freg”. During the OM0 the temperature and the 
flow regulations are active; FCV200 and FCV400 diverters are ON while 
FCV300 diverter is OFF. Also, in the OM1 the temperature and flow 
regulations are active, FCV200 is ON but FCV300 and FCV400 diverters 
are OFF. During the OM1def, all the three diverters, namely the FCV200, 
FCV300 and FCV400 are ON, and the same states are used in the OM3. 
During the OM4, instead, the temperature and flow regulations are still 

Table 13 (continued ) 

OM Connected 
Subsystems 

Control Configuration 

Freg_Max = Min_frequency_Pump 
Freg_Min =Min_frequency_Pump 

OM6 LFR+ LHTES +
ORC 

FCV200 = AUTO 
FCV300 = OFF 
FCV400 = OFF 
Treg_Fbk = TT400 
Treg_SP = Nominal (250◦) 
Freg_Fbk = FT400 (FT200+FT300) 
Freg_SP = Treg_Out 
FCV200_Fbk = FT300 
FCV200_SP =Desired TES flowrate 
Treg_Max = min(Max_Flow_ORC, 
Max_Flow_TES,Max_Flow_CSP) 
Treg_Min =max(Min_Flow_ORC,Min_Flow_TES, 
Min_Flow_CSP) 
Freg_Max = Min_frequency_Pump  

Fig.. 4. The block scheme of the control cabinet (left) and the electrical cabinet of the control unit (right).  

Table 14 
Main characteristics of the hardware.  

Model Description 

SITOP DC-UPS1600 
24VDC/10A 

Power Supply and UPS 24Vdc 10A 

IPC427E Industrial PC, HD Graphic onboard, 4x USB V3.0 (High 
Current), PCIE Celeron G3902E; 3x Gbit Ethernet (IE/PN) 

SCALANCE XB005 Industrial Ethernet Switch 
Wago 750–352 Modbus Coupler 
Wago 750–602 Modbus Coupler Power Supply 
Wago 750–1506 Digital Input/Output  

Fig. 5. Schematic of the software architecture.  
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active, with the FCV300 diverter being ON and the FCV200 and FCV400 
diverters being OFF. In the OM5 all above mentioned three diverters are 
OFF. During the OM6, FCV200 regulation is active, but the FCV300 and 
FCV400 diverters are OFF. Finally, during the OM2 the system as a 
whole and all regulators are off. 

3.2. Hardware design 

An electrical cabinet of the control unit was produced with the 
control system central unit and an embedded industrial PC SIMATIC 
IPC427E [24] with the function of monitoring each subsystem and 
managing the operation of the whole plant. The embedded PC is con-
nected through the main switch to the external control units (of the ORC 
and CSP) using Modbus TCP-IP open standard protocol. A WAGO unit is 
placed inside the control cabinet and connected to the fieldbus to 

manage digital and analogue inputs/outputs. In the first design version 
of the cabinet, only one digital input/output module with eight isolated 
inputs and eight isolated outputs was installed based on the specifica-
tions received from all the other project partners, but further extension 
of this capacity is possible. Fig. 4 (left) shows a block scheme of the 
control cabinet, while Fig. 4 (right) shows the inside of the control 
cabinet. 

The dimensions of the electrical cabinet are 600 mm in length, 1000 
mm in width and 250 mm in depth. Such dimensions make it possible to 
accommodate all electrical components, allowing sufficient ventilation 
and leaving 25% of the internal space available for further 
modifications. 

A forced ventilation system is installed to cool the installed electronic 
components and to maintain the optimal operating temperature. Com-
ponents are arranged inside the cabinet so that the equipment that 
generates heat most intensively (e.g., the power source) is located at the 
top of the cabinet to avoid any deterioration of the electronic compo-
nents such as the PC and WAGO central unit. A UPS was used to prevent 
the sudden voltage drops that could cause shutdowns, resulting in PC 
damage. In case of a power failure, the control system carries out all 
procedures to bring the system into a safe status. Table 14 presents the 
main characteristics of the hardware described above. 

The connection between the control system and an external PC is 
performed through a standard WI-FI connection. Both the open standard 
(RESTful Web Service) and proprietary standards were considered for 
the information exchange between the central control system and the 
PC. The choice of the “open” solution approach ensures greater flexi-
bility in future to use lower-cost substitutes if some components must be 
replaced. 

4. Software and simulator 

In this Section, software of the smart control unit and developed HiL 
simulator is presented, which is used to optimise the control logic of the 
integrated plant. 

Fig. 6. The QSM Design Pattern.  

Fig. 7. Data management scheme of the smart control unit.  
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The control system makes use of specially developed built-in soft-
ware, and its architecture was developed following the SMoRES 
approach (Scalable, Modular, Reusable, Extensible and Simple) in the 
Labview environment [25]. 

Software modules play different roles and are run independently, 
adding specific functionalities to the complete system. Modules 
communicate with each other using messages, exchanged through 
software queues, and share data using dedicated structures designed to 
avoid data corruption. 

The following software modules were designed: 

■ Enogia system (ORC) Interface module which supports communi-
cation with the Enogia systems and deals with reading sensor signals, 
actuator status and active alarm codes and is responsible for setting 
the actuator status; 

■ Elianto system (CSP) Interface module which supports communica-
tion with the Elianto system and deals with reading sensor signals, 
actuator status and active alarm codes and is responsible for setting 
the actuator status;  

■ WAGO system management module, which is responsible for 
communication with WAGO distributed I/O system;  

■ Safety management module, which controls the safety of the whole 
plant and ensures that all the subsystems are in the correct operating 
states before the start-up;  

■ System supervisor module, which is divided into the supervision and 
optimisation modules. This module is responsible for coordinating 
the functioning of all other modules;  

■ Datalog module, which makes it possible to specify the variables and 
the acquisition rate in the log system;  

■ User management module, which implements user management and 
rules; 

■ Alarms management module, which provides central alarm man-
agement, detecting error signals from the different subsystems and 
implementing the proper safety procedures. 

Fig. 5 describes the schematic of the software architecture. 
The smart control interface was developed to ensure full compati-

bility with state-of-the-art home/building automation control solutions. 
It has been designed as a separate upper layer in the control system since 
it requires inputs from the operator, and it is optional, while all other 
modules mentioned above are necessary for the correct management of 
the plant. 

Each module is implemented following the Queued State Machine, 
Producer-Consumer (QSM–PC) Architecture, which facilitates the pro-
gramming flexibility. Commands and other data from multiple source 
points (i.e., producer points) can be sent as user events or by one or more 
software modules (running as parallel processes) and are handled by one 
state machine process (i.e. destination consumer point) in the order in 
which they have been added to the queue. 

A typical general layout of a QSM-PC architecture comprises the four 
objects (as shown in Fig. 6): (1) the queue reference object; (2) the user 
events object; (3) the main state machine object; (4) one or more parallel 
process subVI objects. Items (2) and (4) are the multiple producers 
processes responsible for commands and data sourcing and their addi-
tion to the queue. The queue reference emulates a command and data 
messaging pipeline where the queue accepts data packets added by one 
or more producer objects and releases these data packets to one con-
sumer object. Item (3) is the single consumer process that removes 

Fig. 8. The interface of the smart control unit for manual operation.  
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commands and data from the queue and acts according to the order 
added to the queue. One important rule is that for any queue reference, 
there should be only one consumer process while there can be one or 
more producer processes. This rule ensures that the consumer process is 
the central command processing where each command added to the 
queue reference must be handled. Typically, a common data type is 
constituted by a data structure with two pieces of information: a state 
field and a data field. The first one sets the state machine in the desired 
working state while the data field contains data to be processed in that 
state. The consumer process is the owner of the queue, while the 

producer processes access or borrow the queue reference from multiple 
points only to add elements to the queue. 

With reference to the Innova Microsolar prototype plant, each soft-
ware module listed above (ORC Interface module, CSP Interface module, 
WAGO system management module, safety management module, etc.) 
includes both processes. The producer sends commands to the other 
modules while the consumer handles the commands received from the 
other modules. In such a way, each software module communicates with 
others and exchanges commands and information. Regarding the system 
supervisor module, it has only one producer in charge of the manage-
ment of all the other software modules. 

Independently from its functionality, each software module runs as a 
parallel process and shares the same data repository, as shown in Fig. 7. 
The data repository is implemented by means of a current value table 
(CVT), a reliable Labview library that permits the data management 
using data dictionaries. In particular, the system supervisor module 
manages the process logic data while the alarms management module 
deals with the alarm detection data. 

The developed interface of the smart control unit is presented in 
Fig. 8, which displays in real time all sensors’ measurements, namely 
measurements with Temperature Transmitters (TT), Pressure Trans-
mitters (PT), Flow Transmitter (FT) and Differential Pressure Trans-
mitter (DPT). The interface makes it possible to manually activate 
pumps (P) and proportional Flow Control Valves (FCV). Furthermore, 
connecting pipes in the interface are coloured depending on the 
measured temperature to provide more detailed information on their 
status to the user. 

As previously highlighted, the performance of system regulators was 
tested and validated according to a HiL approach. To this extent, a 
simulator of the plant was developed by the eCampus team in Matlab/ 
Simulink® environment [26]. It includes the dynamic models of some of 
the components, thus making it possible to reproduce the transient 
operation of the real plant. In particular, the LHTES storage tank, LFR 

Fig. 9. The sync procedure between the simulator and control unit.  

Table 15 
List of parameters.  

Input Parameter Specifications 

Diverters Aperture Vap,FCV300, Vap, 

FCV301, Vap,FCV400, Vap,FCV200 

Discrete change in steps of 1/50 
between the range of 0 - 1 

Pump Flow rate ṁpump Continuous range 0 – 3 kg/s 
Output Parameter Specifications 
Diverters Flow rates, ṁFCV300, ṁFCV301, 

ṁFCV400, ṁFCV200 

Continuous change (range of 0 – 
3 kg/s) 

Linear Fresnel 
Reflector 

Temperature, TLFR,out Continuous change (rage of 0 - 
320 ◦C) 

Flow rate, ṁLFR Continuous change (range of 0 – 
3 kg/s) 

Direct solar 
irradiance 

DNI Continuous change (W/m2) 

Thermal Energy 
Storage 

Temperature, TTES,av Continuous change (range of 0- 
280 ◦C) 

Flow rate, ṁTES Continuous change (range of 0 – 
3 kg/s) 

Organic 
Rankine 
Cycle 

Flow rate, ṁORC Continuous change (range of 0 – 
3 kg/s) 

Operation 
Mode 

OM Discrete change (range of 1 – 6)  
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solar field and pipelines connecting the different subsystems were also 
represented by their dynamic models, whilst the ORC unit was simulated 
using the quasi-steady state models. The LHTES and pipelines have 
greater mass and, consequently, higher thermal inertia than the ORC 
system. Hence, the use of the quasi-steady-state model for the ORC 
system can be considered acceptable since it does not affect the relax-
ation time of the whole plant. Furthermore, the FCVs were modelled in 
detail to properly simulate the actual operation of the plant. The details 
of the developed models can be found in [8,20]. 

The simulator, developed in Matlab/Simulink®, interacts with the 
smart control unit, which in turn, can access all actuators in the sub-
systems and act as a master agent. The Matlab/Simulink® blocks are 
developed to emulate the subsystem control units or a part of them 
following the same logic inputs/outputs as in the prototype plant. 
Therefore, the HiL framework consists of a simulated model of the plant 
run on a standard PC and of a programmable and tuneable control logic 
run on the PLC of the smart control unit. The simulator, run on a stan-
dard PC, and the control system, run on a PLC, are synchronised ac-
cording to the procedure reported in the flowchart shown in Fig. 9. The 
simulator uses of complex models with no deterministic execution time 
while the control system is based on deterministic cycle time. 

More precisely, the simulator and the control unit interact with each 
other using the list of input and output parameters presented in 
Table 15. 

One of the features of the HiL framework is that it can be used to 
perform the gain scheduling of the four proportional diverters (FCV300, 
FCV301, FCV400 and FCV200) governed by the PI-based control and to 

assess the optimal control logic with the final aim of increasing the 
overall plant performances for different OMs. 

5. Results of the HiL simulator 

In this Section, to demonstrate the capabilities of the HiL simulator, 
its potential for tuning the control algorithms and the optimisation of the 
pump operation is shown. 

Regarding the plant under investigation, the gains of the PI-based 
control were modified to ensure the best operational performance of 
the plant during the change between different OMs. The tuning of the 
gains of each PI-based controller is initially performed by freezing the 
output of the other controllers to avoid any negative disturbance and 
then verified with all the controllers running in parallel. A step signal in 
terms of DNI is used as an input to the model and the proportional and 
integral gains of each controller are tuned. More precisely, a value of 
DNI equal to 0 W/m2 is used during the half an hour time with the 
system operating in the OM5. Then, the DNI value is increased up to 
1000 W/m2 forcing the system to function in the OM4 for the remaining 
half an hour, and eventually, the DNI value is reduced to 400 W/m2 

bringing the system to the OM6. In all the cases, the optical efficiency of 
the solar field is maintained as 0.25 (for Zenit of 70◦ and azimuth of 
180◦). Fig. 10 shows the operation of the system in the case of high, low, 
and optimal gains of the PI controllers of the diverters during the 
operation in the above-listed OMs. 

As it can be seen, in the case of high gains, the mass flow rate of oil, 
flowing into the evaporator of the ORC unit, fluctuates significantly 

Fig. 10. Variation of the mass flow rates of oil in the different subsystems with changes in the operation modes for cases of: (a) high gains; (b) low gains; (c) 
optimal gains. 
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during the OM6, while in case of low gains, the system takes about 400 s 
to reach a steady-state condition. Hence, values of the PI gains are 
changed in the software of the smart control unit according to the trial- 
and-error method until the steady-state operation of the plant in the 
simulator is quickly achieved during the switch between different OMs. 
To better appreciate the corresponding improvements a detail of the 
trend of the oil mass flow rates in direction 1 (straight outlet of the 
valve) of FCV301 and FCV400 diverters is reported in Fig. 11 during the 
switching from OM4 to OM6. In particular, when high gains are 
considered, the FCV400 diverter is not able to maintain the stable mass 
flow rate at the set point mset,FCV400. This occurs when the diverter is 
almost fully open or closed, and a small change in the position of the 
actuator of the valve corresponds to large changes in the mass flow rate 
of oil. In the case of optimal gains, the plant achieves a steady-state 
operation in a few seconds, demonstrating its ability to adapt to vary-
ing ambient conditions. 

Similarly Fig. 12 shows the trend of the behaviour of the FCV300 and 
FCV400 diverters (with respect to way 1) during the switching from 
OM5 to OM4. 

The following demonstrates the capability of the HiL framework in 
the investigation of achieving the optimal control strategy to ensure 
attaining the nominal oil temperature of 210 ◦C at the inlet of the ORC 
unit (which corresponds to the highest electric efficiency). This 
parameter can be controlled in different ways, such as acting on the oil 
pump to adjust its flow rate according to the oil temperature value at the 
LFR solar field outlet or acting on the FCV400 diverter to change its 
aperture to adjust the oil temperature at the inlet to the ORC. For the 
scope of such the analysis, the plant is considered to work in the OM1, i. 

e., only the LFR solar field supplies heat to the ORC since in the other 
OMs the LHTES would act as a damping device due to its high inertia. 
The DNI value equal to 700 W/m2 is considered, with the optical effi-
ciency of the plant assumed to be 38%. Moreover, the FCV400 diverter is 
adjusted to maintain the constant mass flow rate of oil to the evaporator 
of the ORC unit while the surplus mass flow rate of oil from the LFR is 
bypassed. In the first case, despite a significant variation in the mass 
flow rate of oil through the pump (see Fig. 11), the temperature of oil at 
the outlet of the solar field cannot be controlled properly. Indeed, for a 
given reduction of the oil mass flow rate, the heat transfer rate in the 
receiver tube is reduced only to a small extent. On the contrary, the TORC, 

in slightly fluctuates, as can be seen in Fig. 13. The reduction of the mass 
flow rate results in a higher oil temperature difference across the solar 
field. 

In the second control strategy, the FCV400 diverter is controlled 
directly to achieve the nominal oil temperature of 210 ◦C. In the case of 
no gain scheduling, the PI control is not able to maintain the oil tem-
perature at a constant level. As evident from Fig. 14a, the TORC,in is 
subjected to a periodical fluctuation. As soon as the inlet mass flow rate 
drops down to the level of 0.11 kg/s, the ORC unit is disconnected since 
it cannot operate at such a low value of the oil mass flow rate. Conse-
quently, the oil temperature rises again (no load) and the TORC,in is not 
stabilised. 

In the case in which the gain scheduling is applied, it is possible to 
maintain the required trend in the oil temperature change in a much 
more stable way after the first peak is achieved, avoiding the decrease of 
the oil mass flow rate below 0.11 kg/s at the inlet to the ORC unit. At the 
same time, gain scheduling is not resulting in a significant improvement 

Fig. 11. Detail of the oil mass flow rates in FCV301 and FCV400 diverters with changes of the operation mode from OM4 to OM6: (a) high gains; (b) low gains; (c) 
optimal gains. 
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of the oil temperature difference between the maximum and minimum 
values, as this is evident from the comparison of results in Figs. 14a and 
15a. 

The presented simulation results prove that the developed HiL 
framework can perform gain scheduling analysis and determining the 
effects of different control strategies. Additionally, for a given operation 
of the PI controllers, the simulator can assess the corresponding per-
formance of the plant over the requested period. The direct comparison 
of the results here obtained with those published in other relevant works 
is difficult because of the differences in the system layouts and control 
parameters. General trends in the dynamic behaviour of investigated 
objects and conclusions made from the analysis of performance pa-
rameters have underlying similarities, which confirms the accuracy and 
correctness of the proposed approach to design the smart control system 
for a small solar-powered CHP plant consisting of the LFR solar field, 
ORC unit, and TES subsystems. 

In a near future, experiments will be conducted on the demonstration 
plant, and physical performance parameters will be compared to those 
derived theoretically from the numerical implementation of different 
control strategies. 

6. Conclusions 

In this paper, the development of a smart control unit for governing 
the operation of a concentrated solar ORC system coupled with an 
LHTES unit is described. First, the hardware and software of the smart 
control unit are discussed to make it possible for its reproduction and 
application in similar solar integrated systems. In particular, the provi-
sion of switching between the different operation modes of the system is 
one of the main parts of the designing process. 

In the second stage, the capabilities of the proposed control unit are 

Fig. 12. Variation of the mass flow rates of oil in FCV300 and FCV400 diverters with changes of the operation mode from the OM5 to OM4 for: (a) high gains; (b) low 
gains; (c) optimal gains. 

Fig. 13. Control of the oil mass flow rate in the pump depending on the outlet 
temperature of the oil from the solar field. 
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evaluated by means of a hardware-in-the-loop approach. An advanced 
simulator developed in Matlab/Simulink® environment was coupled 
with the smart control unit to perform the gain scheduling of the 
different PI-based controllers and the evaluation of some control logics. 
Such an approach made it possible to verify and tune the operation of 
the control unit before the final commissioning of the plant, thus helping 
to overcome some of the technical and reliability issues. The study 
shows the ability of the developed control system in assuring stable 
conditions at the inlet of the ORC unit despite varying ambient condi-
tions. Indeed, the integrated system configuration and the proposed 
controller prove to subside the disturbances of the heat source and limit 
the required severe control adjustments at the ORC side. 

Overall, this work describes the benefits of combining a smart con-
trol unit with a HiL simulator. In general, such coupling can support the 
development of smart optimisation logics to improve the performance of 
complex energy systems powered by intermittent renewable energy 
sources. Furthermore, this approach makes it possible to resolve well in 

advance the critical issues which potentially can arise during the 
commissioning of integrated plants. 
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