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Abstract

This paper presents the full mathematical model based on first principle equations of a solar thermal power plant,
including a solar collector field, an accumulation tank, and a power conversion system based on the Rankine cycle.
The model allows representing the several operational conditions, using or not the energy buffers or auxiliary backup
energy source. The inclusion or exclusion of these auxiliary elements during the plant operation produces changes
in the system dynamics, which complicates the analysis and modelling of the process. In this work, adequate tools
to analyse and predict system behaviour are used. Simulation results are presented to show how the proposed model
is able to simulate the configuration modes of the solar system, being useful for both analysis and control design
purposes.
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1. Introduction

Currently there is a worldwide effort for sustainable development, due to the combined effects of fossil fuel
consumption, limitations in available sources, and the environmental awareness of anthropogenic carbon dioxide
emissions impact (Pasamontes et al., 2013). These factors constitute an important driving force behind the
introduction of clean and viable alternatives in all energy consuming sectors (Camacho et al., 2012). Among all
renewable energy sources, solar energy is being considered as the most promising source of energy.

Thermosolar plants can generate solar power by using mirrors or lenses to concentrate a large area of sunlight onto
a small area (Powell and Edgan, 2012). Electricity is generated when the concentrated light is converted to heat,
which drives a heat engine connected to an electrical power generator. In this case, these systems are generally
composed of a solar collector field, storage tanks, a steam generator, a turbine and a condenser. In order to operate
these systems efficiently obtaining the maximum allowable energy, several variables must be controlled in their
optimal values. However, thermosolar plants have complex dynamics, containing strong nonlinearities, transport
delays and uncertainties, which makes the control design a challenging task (Camacho et al., 2012).

From a control point of view, some efforts have been devoted to controlling the outlet temperature of the solar
collector field, such as in Elias (2018), where a hybrid model of the solar collector was used to control the focus of
solar field mirrors and optimize the outlet temperature of the solar field in order to obtain safe and cost-effective
plant operation conditions. The outlet temperature of a thermal storage system is controlled by using a feedforward
internal model controller as shown in Mawire and McPherson (2008). In Kalita (2014) PID, fuzzy logic and neural
network predictive controllers were applied to control the drum boiler’s water height on a steam generator for
comparison.

Depending on the control complexity, different types of system models are required. These models can range from
the simplest ones, based on steady-state relationships or on linear low-order approaches to those based on nonlinear
first principles (Camacho et al., 2007). The last ones are addressed to advanced control strategies, where an
appropriate optimization of the whole system is performed in an upper layer. In addition, a dynamic nonlinear first
principles-based model of the system allows determination of experimental vales for characteristic thermodynamic
properties. However, these models are difficult to obtain due to the necessity of previous knowledge about the system.

In this work, the nonlinear mathematical model and local control structure of a solar thermal power plant is proposed.
The solar plant studied in this work is composed of: a solar collector field, one storage tank, a steam generator, a
steam turbine and a condenser, which are the most common components for industrial solar thermal power plants.
The plant model presented in this work allows to predict the dynamic behaviour of the most important variables
(temperature, pressure and volumetric flow) in the different operation modes. In addition, the model can be applied
with other purposes, for example, at the plant design stage, the model makes possible to apply a parameter
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optimization in order to identify the minimal plant dimension to fulfil the required operation performance and
restrictions. Also, during the plant scheduling, the model can calculate the optimal configuration of the plant
operation modes and references to be tracked in order to minimize the energy consumption whereas the accumulated
energy is maximized.

The paper is organized as follows. In Section 2, a brief overview of the solar plant used in this work is presented.
Then, the proposed model is explained, looking over balances reported previously in literature. Simulation results
are shown in Section 3. Finally, the conclusions and future works are presented in Section 4.

2. Modelling

The solar plant considered in this work (see Figure 1) is composed of: a solar collector field, two storage tanks, a
steam generator, a steam turbine, an electrical power generator and a condenser. As can be seen in Figure 1, the
energy conversion process can be divided in two parts: the heat exchange process (represented by red and blue
colours in Figure 1), which is composed by the solar collector’s field, the hot and cold tanks and the steam generator
where the molten salt, composed by Ca(NO3),, KNO; and NaNO; flows. The second part, the electric energy
generation part (represented by the blue and green colours in Figure 1), contains the steam generator, the steam
turbine, the electrical power generator and the condenser where the water and steam flow.

In the solar collector field, the molten salt is heated by the solar radiation concentrated by the collectors. After being
heated, the molten salt will flow to the hot tank and then to the steam generator, where it will exchange heat with the
water, which is also flowing in the heat exchanger. Lastly, the molten salt will go into the cold tank and return to the
solar collectors, to be heated again.

In the energy generation section, the water, which comes from the condenser, exchanges heat with the hot oil, to turn
to steam. The steam generated flows into the turbine, which rotates the generator to generate energy. After passing
through the turbine, the steam flows through the condenser so that it will turn into liquid water again, then re-entering
in the steam generator.

In this work, the mathematical modelling of each equipment was evaluated by using mass, energy and momentum
balances and the inlet of the next subsystem is the outlet of the previous subsystem. The systems used to model the
process in this work were chosen based on the complexity of each subsystem, as they must be complex enough to
describe well each equipment’s dynamics but simple enough to simulate using MATLAB and to use on the
controller's calculations. A description of the model chosen for each subsystem will be presented.
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Fig. 1: Diagram of the solar thermal power plant considered in this work.
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2.1. Solar Collectors Field

The solar collector’s field is the main source of energy to the clean energy generator process. It is used to raise the
fluid's temperature, in this case oil, to supply the system's heat demand. Each collector panel absorbs heat in the form
of solar radiation when it reaches the external surface of the collector, transferring the heat to the molten salt which
is flowing inside the pipes in the collector (Powell and Edgar, 2012). The metal that constitutes the pipe goes through
a treatment at its surface so it has high absorbing and low emission properties, to absorb high quantities of radiation
while minimizing radiating heat loss (Kalogirou, 2013).

The modelling of this subsystem is obtained by calculating the energy balances of the fluid and the metal, assuming
that the dominant course of heat transfer is the metal to fluid conduction. Thus, the collector was modelled by two
coupled equations, based on the model presented in Camacho et al. (2012) and Alvarez et al. (2007).

The following assumptions were considered for the modelling of the solar collector field (Pasamontes et al., 2013):
the fluid is incompressible, its heat capacity is constant; the effects of the pressure gradient fluctuations in the
temperature of the thermal molten salt are neglected, and; the pipe's wall heat resistance is dropped out from
consideration.

Equation (1) models the metal's temperature dynamic and Equation (2) models the fluid's temperature.
Crdgeo eem® — g mni(e) — dymh, (T, — T,(®) — dyhy(T - T
P bmAsc,o at . Qo™ () oty sc,m(t) a(t) i i( sc,m ) sc,f(t))’

(eq. 1)

0T r(t,X) . OTsc r(t,%)
prfAsc,i a—j; = _qsc(t)pfcf # + diﬂhi (Tsc,m(t) - Tsc,f(t)): (eQ- 2)

where T, is the collector's temperature, g is the fluid volumetric flow, which will be used as the manipulated

variable for the control algorithm, [ is the solar irradiance, a disturbance, T, is the ambient temperature, also a
disturbance, and Ty f is the fluid temperature, which comes from the cold storage tank.

2.2. Storage Tank

There are two storage tanks (see Figure 1) in a serial configuration, a hot tank and a cold tank. They work as buffers
and are used as energy stock as hot fluid when there is not enough irradiation or demand to sustain the energy
generation process (Pasamontes et al., 2013). They can be used also to alleviate the outlet solar collectors' effects of
temperature and flow variations on the inlet of the energy generation process. Both tanks will have the same
modelling, presented next.

The storage tanks' model is based on the stratified model proposed in (Cruickshank, C. A., Harrison, S. J., 2006),
where each tank was subdivided into 3 sections and the heat exchange is calculated between each section. The heat
transfer fluid will enter the cold tank through its bottom section, and, because it is hotter than the molten salt inside
the tank, it will rise and exit the tank through the upper section, entering the hot tank through the bottom and repeating
the process.

Each tank can be considered a buffer, so it is possible to model the heat exchange phenomena as first order dynamic
between the input and output temperatures, with different settling times. In Equation (4), it is shown the model used
for each section of the tank.

OT¢,i,j(t)
PrCrVei —tat] = prfAt,i,jvt(t)Tft’i'j + Uay; ;SAtij (Ta - Tt,i,j(t)) +
Utij-1,j Atij-1,j (Teij—1(0) = Tij(®) + Upijjr18eijj+1 (Tt,i,j+1(t) - Tt,i,j(t))a (eq. 4)

where the subscripts t, i, j refer to time, tank and section, respectively, T;; ; is the fluid's temperature, v, is the fluid's
velocity through the tanks, which comes from the fluid’s flow rate on the solar collectors field, and Ty, y is the fluid's

input temperature, which comes from the collector field, for the hot tank, and from the hot tank minus a loss of
temperature due to heat exchange with the steam generator, when evaluating the cold tank.

2.3. Steam Generator
The steam generator process is complex, especially because it deals with a two-phase process. The heat, Q, comes
from the heated molten salt from the tanks and causes the water flow rate g, which comes from the condenser, to
boil and turn to steam flow rate q,. Gravity causes the saturated steam to rise, which causes circulation inside the
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drum of the steam generator. The input heat is calculated as Q = mpzAT, where m is the volumetric flow rate on the

output of the hot storage tank and AT is the difference in temperature between the output of the hot tank and the input
of the cold tank.

The system is quite complex, since there is presence of steam below liquid level, which causes the shrink-and-swell
phenomenon. Even though the complexity of the system is considerable, its behaviour can be captured by global
mass and energy balances for control purposes (Astrém and Bell., 1989).

The models used to describe the system's dynamics are of low order thanks to a key property of steam generators:
they have a very efficient heat transfer due to boiling and condensation, which means that the energy is released or
absorbed rapidly. This implies that different parts of the boiler change temperature in the same way, so all parts of
the system, which are in contact with the saturated liquid-steam will be in thermal equilibrium (Astrém and Eklund,
1975).

The model obtained has a state space representation, shown in Equations (5) - (8). The deduction of this model can
be found in Astrém and Bell (1998). The state variables are the drum pressure, p, total water volume, V,,,, quality at
the riser outlet, &,., and volume of steam under the liquid level, V.

dVWt dp

€11, t €2, = dr — Qs (eq. d)
321%"‘ 922% = Q + qrhy — qshs, (eq. 6)
332%4‘ 333%2 Q — arhcqsc, (eq.7)
942%4' 934%"' €aq d;;d = %(Vs% —Vsa) + hf,_lchw qr- (eq. 8)

2.4. Steam Turbine

The steam turbine model depends vastly on its size and how much power it should generate. For the model presented
in this work, the input variables of the turbine model are pressure, temperature and steam mass flow rate, which come
from the steam generator, and the output variables calculated through dynamic models are pressure, temperature,
steam mass flow rate and the turbine generated power.

The dynamic model of the turbine was divided in several subsystems: dead space, stage groups on the high, HP, and
low, LP, pressure sections, moisture separator and reheater and its general scheme can be seen on Figure 2. To
diminish the computational effort, the HP and LP stages were fused in groups and its parameters were averaged
(Kulkowski et al., 2017), the process variables after the reheater were linearized and the time constants were
considered to be independent of the load (Sokolski et al., 2015).

A dynamic model is necessary to study the transient states for a more accurate calculation of the controllers. However,
it must also be as simple as possible to avoid extra computational efforts (Kulkowski et al., 2015) while still having
a good representation of the process. To control the generated power, which is the main aim of the control system, it
is not necessary to have knowledge of all the intermediary variables of the process.

Control Valve: The control valve is used as the actuator of the turbine and it regulates the pressure entering the
turbine. To calculate the opening of the control valve, &y, a first order ordinary differential equation is used, which
can be seen on Equation (9).

dagv _ P
Tev— + @ = kevagy. (eq. 9)

The output pressure of the control valve, P2¥t, and its mass flow rate, M2¥®, output are calculated based on static

models shown on Equations (10) and (11), respectively.

0
t _ pnomyout 9cy
Pgll/l - PCV nom,0 » (eq 10)

Xy
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Fig. 2: Schematic of the steam turbine subsystems (Kulkowski et al., 2015)

0
out _ pqnomout P acy
MCV - MCV pnom nom,0° (eq 11)
ey

where @y is the reference valve opening degree.

Dead Space High Pressure Stages: For the inlet of the HP section, Equations (12) and (13) were used to calculate

Pout

the outlet pressure dynamic of the dead space, Ppgyp. To calculate the outlet mass flow rate and the temperature of

the dead space, M3 p and TS§%p, static relationships were used, seen in Equations (14) and (15), respectively.

_ Vps,HP
Tps,Hp = nom,in > (eq. 12)
Hpsup Mpsyp YpsHP

out
dPps,up

— out in
Tosup —ap == kpsup(MB¥kp — MBS up), (eq. 13)
out — out
Mpsup = Mcy, (eq. 14)
out out Bps PRLip DS
Tpsup = Aps Ppsup ' - (eq. 15)

High Pressure Stages: A more complete modelling of the system would involve a dynamic modelling of the high
pressure, HP, section. But to diminish the computational effort, a static model of the HP stages was applied, as its
dynamic time was considerably low comparing to the other components of the steam turbine. This turbine was
considered to have ten stages, represented by j in the following equations, and two vents after stages three and six.
For the calculation of the outlet pressure for each stage, P,?,%_t]-, Equations (16)- (18) were used. For the calculation of
the outlet temperature for each stage, ngfj, Equation (19) was used. For the calculation of the outlet mass flow rate
for each stage, M, ,31;5-, Equation (20) was used. For each stage with a vent, the calculation of the outlet mass flow rate

for each vent, Mg, ;, Equation (21) was used.

in _ pout P —
np,j = Posup.J =1, (eq. 16)
in _ pout
HP,j — "HP,j-1> (eq. 17)
Pout _ Pnom,out PIEZ}’,}‘ 18
HP,j — "HP,j prom,in> (eq )
HP,j
Cr
Tout = A Pout Br PIE)II;’S 19
HP,j = AT FHp,j ) (eq. 19)
nom,in i t
mout. = pqromout [Ty~ b7~ b, (eq. 20)
HP,j HP,j T;[r;,'j (Plllg:r;l,m)z_(PZ;Zz,aut)z’
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Mout
out __ nom,out ""HP,j=vent
MHPv,j - MHPv,j pnomout (eq. 21)
HP,j=vent

where P;i,’}, o P}‘;Etj , are the pressure on the input of each stage and on the output of the stage before, respectively,
T . j is the input temperature on each stage and M out. i=vent 18 the output mass flow rate of the stage equivalent to the
vents' stage.

Moisture Separator: The moisture separator separates liquid water from the steam generated, so the pressure,
temperature and mass flow rate variables are calculated for the steam, represented by the superscript S on the
following equations, and for the liquid water, represented by the superscript W on the following equations. The outlet

mass flow rate of the moisture separator, M,SW";M is calculated by Equations (22) and (23). The water outlet

temperature of the moisture separator, Ty i

sout
moisture separator, Py s

high-pressure section.

is calculated by Equations (24) and (25). The outlet pressure of the

and P,%’Dut are equal to the outlet pressure of each the output pressure at final stage of the

Mys' = MEg5, (eq. 22)
. in
MS out _ qu;n %’ (eq. 23)
Tus™ =T8S, (eq. 24)
W out _ nom W,out Tmm
Tys =Ty (Prs ommwm T+ Pra)s (eq. 25)
MS

where M, ,f,;" and My;? ™ are the mass flow rate of the steam on the inlet of the moisture separator and of the water on

W,in

the inlet of the moisture separator and T,,¢  is the water temperature on the inlet of the moisture separator.

Reheater: To increase the power generated by the turbine, it is necessary to raise the steam temperature, which is
done by the reheater. The calculation of the outlet mass flow rate of the reheater, M3%¢, is done accordingly to the
Equations (26) and (27). The calculation of the outlet pressure of the reheater, PS%, is done accordingly to Equations
(28) — (30). The calculation of the outlet temperature of the reheater, TS, is done accordingly to Equation (31).

MZ = Mo, (eq. 26)
" Min
Mout Mnom ,0uU Mgo}:n,in , (eq. 27)
PRt = P, (eq. 28)
14
Tp = HaVyMgfm,oucvR , (eq. 29)
R

dplgut in out
TR = ke(ME* — MPEY), (eq. 30)
TQU = TROMOUE (1 4 ] i 31
T T noan (eq )

R

where MJ* and M P44 are the mass flow rate at the input of the reheater and on the outlet of the first group of stages

on the LP section, respectively. P& is the pressures on the input of the reheater.

Dead Space of the Low-Pressure Stages: For the inlet of the LP section, Equations (32) and (33) were used to

calculate the outlet pressure dynamic of the dead space, P§¥i,. To calculate the outlet mass flow rate and the

temperature of the dead space, MJ¥}, and TS4; p, static relationships were used, seen on Equations (34) and (35),

respectively.

_ Vps,Lp
TDS,LP - nom,in H (eq 32)
Hpsp Mpg;p UpsLp

ap BgtLP out in
TosLp —g, = kpsp(MBYSp — MBS 1p). (eq. 33)
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Mlgisl,tLP — M}gut, (eq. 34)

out out Bps Pglslipcm
Tpsip = Aps Ppsip ' ) (eq. 35)

Where M [i,’}‘L p 1s the mass flow rate on the inlet of the dead space.

Low Pressure Stages: The low pressure, LP, section was divided in six stages, with three vents after stages two,
four and five. Each stage is represented by i on the following equations. For the calculation of the outlet pressure for
each stage, PL",’,ff, Equations (36) — (38) were used. For the calculation of the outlet temperature for each stage, TLo,lff ,
Equation (39) was used. For the calculation of the outlet mass flow rate for each stage, Mf},"g, Equation (40) was

used. For each stage with a vent, the calculation of the outlet mass flow rate for each vent, M{p% ;, Equation (41) was

used.
in _ out TR
tpi = Ppsip i =1, (eq. 36)
in _ out
LPi = PLpi-1> (eq. 37)
Pout _ Pnom,out Pll,rlg,i 38
LPi — 'LP, promin (eq )
LP,i
t ¢Br P(p cer
out __ ou ,L
Tipi = ArPpp; ) (eq. 39)

nom,in in \2_pouty2
T (Prp,)*—(Ppp,i)

out _ nom,out LP,i
MLP,i - MLP,i Tin pROMinyy _ pMOmM,0Utys (eq 40)
LP,i ( LP,i )2=( LP,i )
out
Mout _ Mnom,out MLP,i:vent 41
LPv,i — ""LPv,i pTomout - (eq. 41)
LP,i=vent

where PL‘?J- and Pf},ff_l are the pressure at the input of each stage and at the output of the each stage, respectively,

T[}“i is the input temperature of each stage and M{35_ .., is the output mass flow rate of the stage equivalent to the

vents' stage.

Mechanical Power: Firstly, an enthalpy drop, Ah°¥ is calculated using Equation (42), for each stage group on the
HP and LP sections. Then, the theoretical power is calculated on each group of stages, N, according to the calculated
enthalpy drop, as shown in equations (43) and (44), where T s the temperature on the input of each stage on the
HP or LP sections and P°%t and P are the pressure on the output and the input of each stage on the HP or LP
sections, respectively. g }f;t is the outlet mass flow rate of each stage. The effective power of the turbine, Ny, is
calculated based on the theoretical power calculated, as can bee seen in Equations (45) and (46).

pout H-1
out _ nomout _T™ =G
4h = Ah (Tnom,in pnom,out H-1/> (eq. 42)
~\pnom,in
t t
N nom KT M angk .
sk — sk ngzm Msnlgm,out Ah?;m,out ) (eQ- )
— y"nHptnLp
N¢ = Zse{HP,LP},ie{l,...,ns} Ns (eq. 44)
N¢ 2
Ne < An(Grom)
_ ,nom c N
T’e =Te (Ngom ¢ B (eq 45)
_ Ne
NT - NC ppom (eq 46)
e

2.5. Electrical Power Generator
The power generator is an equipment which generates electric power from mechanical power. Although it can be
modelled with many states, depending on the rotation of the motor and many variables, the model used in this work
is simplified, since the non-linear dynamics will be modelled directly on the steam turbine.
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The modelling of the electrical power generator was simplified to a first order linear model (Zimmermann, 2012).
The model's output is the variation of rotational velocity (Menarin, 2013), Aw, and it is calculated using Equation
(47). The system's main goal is to maintain the angular velocity at its operating point, which is the frequency of the
electric grid. In this case, the frequency of the electric grid is 60Hz and the aim is to maintain Aw = 0, in other
words, maintain the variation of the grid's frequency at a zero.

7,22+ Aw = Np — Np, (eq. 47)

where Ny is the power generated by the steam turbine and Nj, is the power demand.

2.6. Condenser

The condenser is a part of the thermal equipment that allows two fluids with different temperatures to transfer heat
between each other in adjacent chambers (Americano, 2013) so that the hot fluid will change its phase. In this work,
it will be used to transfer heat between the steam that exits the turbine and the water at room temperature, so the
steam will condensate, turn into water and go through the first heat exchanger again.

The condenser, much like the steam generator, is also a complex system since it is a two-phase system. The high
number of parameters and its non-linear dynamics makes its modelling a complex matter. For the purpose of this
work, it will be simplified as a static model, since the dynamics of the steam generator and turbine are more relevant
for the simulation and control calculation than the dynamics of the condenser. Some assumptions were made to
calculate the model: there is no pressure drop in the steam side, no sub cooling occurs and the enthalpy of the steam
at the condenser output equals the saturated liquid enthalpy at the condensing pressure (Patnode, 2006).

Firstly, the condenser's effectiveness, (t), is calculated using Equation (48), where m,, (t) is the cooling water's
flow rate, UA(t) is the heat transfer conductance-area product and NTU(t) is the number of transfer units. The
water's temperature, T,, (t), is calculated using Equation (49), where A o, (t) is the output enthalpy of the steam.

_ mw(t)o'8
UA(t) = Udyes —
_ _UA®
NTU() = 5= (eq. 48)
g(t) =1 — e NTU®),
hsou t
Tw(t) = C—V:() (eq. 49)

The heat transfer between the water and the steam and its maximum heat transfer possible, Q(t) and Qa4 (t)
respectively, are calculated using Equation (50), where m(t) is the steam's input flow rate, hg;,(t) is the input
enthalpy of the steam and T, ;,, (t) is the cooling water's input temperature.

Q) = ms(t) (hs,in ) - hs,out(t))’

Qmax (t) = Thw(t)cw (Tw (t) - Tw,in(t))- (eQ- 50)
The efficiency of the condenser is calculated using Equation (51).
Q®
t) = . . 51
E0) = @ (eq. 51)

Equalling the above Equations (51) and (48), and substituting Equations (49) and (50), the steam's output enthalpy
value is found and, with its value and the condense pressure of the steam turbine, the output temperature of the steam
is calculated. While simplified, this model is a good representation of the phase change from steam to liquid water.
Its output temperature is one of the steam generator's input.

3. Results

The models shown above were simulated using Matlab and the function ode45 with relative tolerance of 106 to solve
the differential equations. When the equipment are connected on serial configuration, the previous equipment’s
output will be the input of the following one. A control structure containing PI and P controllers was added to the
system to maintain each equipment as close as possible to its operation point. The tuning for each controller was
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done by pole-cancelling or Ziegler-Nichols and the fine tuning was done by empirical method. The main
disturbances, solar irradiation and power demand, can be seen in Figures 4 and 6. As the measurements of power
demand were only available with 10 min sampling time, and the simulations require the demand to be provided for
every 3 seconds, linear interpolation was performed in order to provide inputs at the necessary sampling time. The
simulation results for each equipment are shown in Figures 4 to 6.
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Fig. 4: Molten salt section behaviour: (a) Solar irradiation, (b) Solar collector’s output temperature, (c) Solar collector’s output flow
rate

In Figure 4, the system’s molten salt section behaviour is shown. The input flow rate in the solar collectors field must
be controlled so the hot tank's output temperature is maintained at the desired value for energy generation. The
controller calculates the flow rate to raise the collector's output temperature and since it has an inverse gain
relationship with the output temperature, the flow rate is kept low, thus the temperature increases at the beginning of
the simulation.

The steam generator’s and hot storage tank’s simulation results can be seen in Figure 5. To raise the storage tanks’
output temperature, the flow rate is set to its maximum value so the heated molten salt from the solar field must enter
the tank to increase its output temperature. For most of the simulation, both the hot tank's and the collector's output
temperature are kept at approximately its operating point, decreasing a few degrees when clouds pass in front of the
sun.

The steam generator's dynamic response can be seen in Figure 5. A PI controller is added to regulate its output
pressure. The output pressure is controlled through its heat input, which depends on the hot tank's output flow rate.
The PI controller applied to control its output pressure by manipulating the hot tank's output flow has a satisfactory
result, maintaining the steam generator's pressure at its operating point.
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Fig. 5: Steam generator’s behaviour: (a) Hot tank’s output flow rate, (b) Steam generator’s input temperature, (c) Steam generator’s
input heat, (d) Steam generator’s output pressure

A PI controller aims to manipulate the valve opening to generate power by the steam turbine. The maximum power
the steam turbine generates is 8 MW, thus, when the power demand is higher, it is not possible to generate the
electrical power necessary. The electrical power generator's output, its angular velocity variation, should be zero so
that the demand is supplied without energy quality loss. If more pressure is needed, like it occurs at the end of the
simulation, the steam turbine's valve is completely opened but the velocity does not track the reference.

With the local controllers maintaining the variables at their respective operating point, the process is capable of
generating 8 MW. To increase the power generation when necessary, there would have to be an increase on the
turbine's input pressure, that is, in the steam generator's output pressure. However, the pressure is maintained at its
reference value, which is its maximum value. It is not ideal to maintain the steam generator's output pressure always
at its maximum value, thus advanced controllers can be added to operate on the turbine's valve opening and steam
generator's pressure, aiming to produce the necessary power by manipulating both variables.

4. Conclusions

This work presented the modelling of a solar energy plant, through first principle models. Each equipment was
modelled separately, and then brought together to simulate the whole process. The energy generation system
modelling is done by applying energy, mass and momentum conservation law to each equipment. The main variables
calculated on each subsystem are temperature, flow rate and pressure. The previous equipment’s output will be the
following’s input, since connection losses between the subsystems were not considered in this work.

Once defined the separate models, they were brought together and a simulation with real disturbance data was done
to analyse the process dynamics and how each equipment influenced the following’s response. It is recommended,
as a future work, that the modelling done is used to calculate and apply advanced control strategies to generate clean,
renewable energy. To guarantee there will be enough energy generated, a gas heater can be added to the modelling,
between the steam generator and turbine, to increase the steam’s pressure and thus, increase the energy generated.
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Fig. 6: Power generation section’s behaviour: (a) Power demand disturbance, (b) Steam generator’s output pressure, (c) Turbine’s
input valve opening, (d) Turbine’s output power, (e) Electrical power generator’s output angular velocity
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Appendix: Symbols

Table 1: List of symbols Table 2: List of symbols
Quantity Symbol Unit Quantity Symbol Unit
Specific heat C Jkg! K! Surface area S4 m?
Diameter d m Time constant T
Density yel kg m Gain constant k
Area A m? Adiabatic exponent H
Heat transfer h W m?2K-! Specific steam volume o m3 kg!
coefficient Temperature A B, C
Volume v m’ coefficients
Loss coefficient per U W m?2K! Steam fraction X

surface unit Efficiency n




