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solar field pump flow rate is controlled to maintain the collector outlet temperature at
a predetermined set value. Three types of PID controllers are tested. These include PID,
nonlinear PID and fractional-order PID. Controllers'gains are optimized using genetic
algorithm technique. The results show that FOPID controller offers a superior dynamic
and static performance and can be automatically adjusted to compensate for weather
changes.

Keywords: Water desalination, Solar thermal, Modelling, Control, FOPID, PID, NPID,
Humidification, Dehumidification

Introduction

Water and energy crises are major challenges in many places of the world. The lack of
drinkable water is often intensified in arid regions. Fortunately, this is generally accom-
panied with abundant sources of solar energy which can be used to drive desalina-
tion and water treatment systems. Solar powered humidification—dehumidification
desalination systems (HDH) have attracted much attention in recent years [1-5]. The
basic idea of solar-driven HDH systems is that when hot salt water is exposed to hot
dry airflow, a specific quantity of vapour can be extracted by the dry air. Fresh water is
retrieved by humid air condensation in a cooling coil in the dehumidifier section. Thus,
the basic components of HDH cycle include a heat source, air humidifier and dehumidi-
fier. Nafey [6] carried out an experimental investigation of HDH processes using a solar
water heater and a solar air heater to heat the water and the air streams, respectively. Air
humidification was carried out using an induced fan cooling tower. Orfi [7] presented
a theoretical study of a HDH solar desalination system. The seawater was preheated in
the dehumidification condenser and then heated in the solar collector before entering
the humidification chamber. Antar [8] experimentally investigated an air-heated HDH
desalination system with single- and two-stage heat recovery systems.
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The main concern of the previous research work was focused on performance analysis
of the HDH systems. In practice, the productivity of the HDH plant depends on main-
taining the outlet temperature of the solar collector field at a desired set value. The set
value can be optimized as function of the incident solar, radiation, ambient conditions,
storage size and fresh water production. Gopi and Divya [9] studied the response of PID
and fuzzy controllers in a solar water pumping system with closed-loop feedback. The
results showed that the fuzzy controller had a better response in comparison with the
PID controller. Beschi et al. [10] used a differential algorithm controller based on switch
on and switch off principal to achieve the optimal water flow in solar thermal systems.
Simplicity and ease of implementation are some of the advantages of proportional—
integral—derivative (PID) controller. Recently, fractional-order PID (FOPID) is used by
many researchers to improve the performance of PID controller. FOPID controller uses
a non-integer order of derivative and integral gains [11]. Nonlinear PID (NPID) is one
of several types of enhanced PID controllers. NPID creates a continuous dynamic non-
linear function by using a nonlinear gain function with combination of e, jtf) edt and é to
achieve a better response and better disturbance rejection [12]. Optimization techniques
for tuning have been discussed in [13]. The design of these techniques is based on mini-
mizing some performance standard such as integral of square error (ISE) or integral of
time multiplied by absolute error (ITAE).

It is evident that modelling and simulation of solar-driven HDH desalination plants are
important tools in the design and operation phases. In the present article, mathematical
models for HDH desalination plant are driven by vacuum tube solar collectors as devel-
oped using CARNOT toolbox in a MATLAB environment. Models have been validated
by comparison with experimental data of a typical plant. Also the development of an
efficient plant controller is essential for optimization of plant performance under daily
and seasonal variations in solar radiation, ambient conditions and water demand. Three
types of PID controllers are implemented and tested for this purpose. These include PID,
nonlinear PID (NPID) and fractional-order PID (FOPID). The set of gains of all the con-
trollers are optimized using genetic algorithm technique (GA). These controllers can be
automatically adjusted to compensate for the variation in solar radiation and ambient
conditions.

Methods

Figure 1 shows a schematic diagram of the HDH desalination plant considered in the
present study. The plant was designed and contracted within the framework of SunWa-
ter Project [14]. The main features of the plant include [15]:

1. Heating subsystem:

(@) Solar thermal roof of 240-m? solar vacuum tube collectors, the vacuum tube
collectors used are OEM Vario 3000. They have a double-sided coating of
TiNOX, a stagnation temperature of 192 °C, maximum operation pressure of
10 bar and an absorption coefficient of a =96%.

(b) Two insulated epoxy-coated steel storage tanks with a volume of 5 m® each
with an inner diameter of 1500 mm and an outer diameter of 1700 mm.
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Fig. 1 HDH desalination plant components [15]

(c) Solar pump, which is used for delivering the water from the tanks to the collec-
tor.

2. Heat exchanger subsystem between the solar field and salt water in the HDH unit.
3. Water desalination unit (WDU):

(a) WDU, from the German company Terrawater, which uses the heat energy from
the tanks to produce fresh water. This WDU can produce up to 209 L/h, when
the input temperature is 95 °C and thermal power per hour is 50 kW ..

(b) Raw water tank to supply the WDU with salt water.

(c) Product water tank, which is used to collect the produced fresh water.

Mathematical modelling

The model is constructed using the CARNOT toolbox in MATLAB environment.
This toolbox can be used to calculate and simulate different components of heating
systems [16]. Mathematical models of different components are described below.

Solar collector

The solar collector is divided into a number of nodes. Using a quasi-dynamic model,
the node temperature T, 4. is calculated using Eq. (1) [16]. The solar collector model
parameters are listed in Table 1.
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Table 1 Solar collector parameters [14]
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Symbol Description Value Unit
C Heat capacity of fluid 41855 J/(kg K)
Ceol Heat capacity of collector per unit surface area le4 J/(m? K)
Aol Collector area 240 m?
m Mass flow rate Variable kg/s
Gesolar Solar power input of per unit surface area from sun 800 W/m?
Trode Node temperature Calculated K
Tomb Ambient temperature 298 K
t Time Simulation time S
U, Linear heat loss coefficient 2 W/(m? K)
U, Quadratic heat loss coefficient 0.02 W/(m? K?)
Unind Wind speed-dependent heat losses 1 W s/(m? K)
USky Linear heat loss coefficient 2 W/(m? K)
Viind Wind speed 6.1 m/s
Table 2 Heat storage tank parameters [14]
Symbol Description Value Unit
Aloss Surface area for losses of one storage node 1 m?
Apg Surface area of heat exchange per storage node 1 m’
Aot Effective axial thermal conduction 5 W/(m K)
c Heat capacity 4185.5 J/kg K)
dy, Distance between two nodes 1 m
m Mass flow rate (‘up’or‘down’is 0 acc. to sum of flow rates) Variable ka/s
o Density 1000 kg/m?
T Temperature (@mb: ambient, hx: heat exchanger, node) 298 K
t Time Simulation time s
Uloss Heat loss coefficient 1 W/(m? K)
Upg Heat transfer coefficient of heat exchanger 100 W/(m? K)
Viode Node volume 1.66 m?
dThode . m-c 2
CCOHT = 9solar + @(Tlastnode_Tnode) + U1 (Tamb— Thode) + U2(Tamb— Thode)
+ twindVwind(Tamb— Thode) + Msl(y(Tsky_ Tnode)
(1)
Heat storage tank

The heat storage tank is modelled with a multiport one-dimensional node. The node

temperature (7)) can be calculated using Eq. (2) [16]. The storage tank model param-

eters are listed in Table 2.

dThod UlossAl Aeff
pc = (Tamb — Thode) + %(Tnode above T Tnode below — 2T hode)
de Vhode dh
cm chig
+ w (Tnode below — Tnode) + ﬂ(Tnode above — node)
node node
UnxAn
+ #(Thx - Tnode) (2)

Vhode
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Solar field pump

A 3-phase 400-W Grundfos (UPS32-120F) centrifugal pump is used for water circula-
tion in the solar field. Control of collector outlet temperature is achieved by modulating
the pump flow rate using a variable speed drive.

Pump similarity laws can be used to extend the information given by the pump manu-
facturer of discharge (Q), head (H) and power (P) as function of the rotating speed (w).
According to [17], when the fluid density and the pump impeller diameter are constant,
the pump similarity laws can be reduced to:

Q2 = Q1 (w2 /w1) (3)
Hy = Hy (w3 /] w1)? (4)
Py = Py (wy/w1)? (5)

where subscripts 1 and 2 refer to pump parameters at two different speeds.
The three-phase induction motor model can be formulated, following [18]. The torque
is proportional to the square of speed:

T = K % o (6)

where T is the electromagnetic torque produced by the motor, w is the speed of the rotor
and K is a constant of proportionality. Since the supply frequency is 50 Hz, Eq. (7) is
used to determine the synchronous speed for the 2-pole machine [19]:

120f

N P

(7)
where Nj is the synchronous speed of the motor, fis the frequency of the supply voltage
and p is the number of poles. Thus, the synchronous speed is 3000 rpm, or 314.16 rad/s.
The nominal torque of the motor can be calculated as shown in Eq. (8). This yields a
value of 1.27 N m for the 400-W motor.

Ty = — (8)

where T, is the nominal torque, P, is the horsepower rating and o, is the synchronous
speed of the motor. Hence, the value of k in (6) is found to be 1.29 x 10~ N m s This
value of k is multiplied with the square of the rotor speed and fed back to the torque
input of the motor, to create the model for a centrifugal pump type load [19].

HDH unit

The model of the system consists of different heat exchangers and other components like
a flow mixer and a flow diverter. The present model uses the methodology and govern-
ing equations suggested in [14]. Figure 2 shows the model components of HDH unit.
The saltwater enters the WDU in the condensation chamber in which the saltwater is
preheated by the hot air and then passes a flow mixer where it is mixed up with a part
of the hot water coming from the evaporating chamber. After passing the flow mixer,
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Fig. 2 Model of the WDU with all components [14]

the water passes again another heat exchanger to raise its temperature even more before
entering the external heat exchanger of the WDU in which the water is heated up with
an external heat source to the maximum temperature in the system. It leaves the exter-
nal heat exchanger and sprays down in the evaporating chamber in which the energy is
transferred from the hot water to the cold air. Then, it passes a flow diverter, which splits
the saltwater flow into two different volume flows.

The heat exchangers are modelled using the following differential equation:

dTyout 1 KA
:;tou = mwljvm (Tw,in - Tw,out) - mﬁcond(Tw,im Tw,out’ Ta,in; Ta,out) (9)
AdTpout 1 KA
% = Wlajn (Ta,in - Ta,out) + %0cond (Tw,im Tw,out Ta,in: Ta,out) (10)
Deond = Tw,in — Laout — Tw,out — Ta,in
con Ll’l (Tw,in_ a,out) (11)

(Tw,out - Ta,in)

HDH model parameters are listed in Table 3. The flow diverter and the flow mixer are
implemented using CARNOT toolbox.

Model implementation in MATLAB

The above-mentioned models of HDH unit and solar collectors are implemented in
MATLAB Simulink. Figure 3 represents the model representation of HDH unit in MAT-
LAB Simulink. This includes modules for water/air heat exchangers, flow mixers and flow

Page 6 of 16
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Table 3 HDH parameters

Symbol Description Value Unit

prw Heat capacity of water 4185.5 J/(kg K)

Con Heat capacity of air 1003 J/(kg K)

k Heat transfer coefficient 20 W/(m K)

A Surface area of heat exchanger 5 m?

Tin Temperature of input water 363 K

Twout Temperature of output water Calculated K

Tain Temperature of input air 293 K

Tsout Temperature of output air Calculated K

m, Mass flow rate of air 0.15 ka/s

my, Mass flow rate of water 333 ka/s

My Mass of water inside heat 5 kg
exchanger

Mym Mass of air inside heat exchanger 1 kg

9 cond Work characteristics Calculated K
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Fig. 3 Model representation of HDH unit in MATLAB Simulink

diverters. The external heat exchanger models used to heat the saline water by using the hot
water coming from the solar field are also integrated with HDH unit Simulink model. Other
submodules shown in figures include modules for calculating the density correction of air
as function of temperature, dependence of water content in the air and heat transfer char-
acteristic for heat exchanges. The module for fresh water prediction calculation is shown in
Fig. 4 depending on air temperatures and volume flow rates. The flow diverter can be set in
the range of 0 to 1. For 1, the whole flow can continue without diverters, and for 0 value the
bypass is activated. A value of 0.5 is used throughout the present study.

MATLAB Simulink model representations of solar collector, heat storage tank and cir-
culation pump are shown in Fig. 5. This also includes controller modules and input data of
solar variation, ambient temperature and wind speed.
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Fig. 5 Model representation of solar collector system in MATLAB Simulink

Model validation

Validation of the developed mathematical models has been performed by comparison
with the experimental data reported in [15]. The operation of the solar collectors is sim-
ulated for the first 6 days of September. The solar radiation and ambient conditions have
been calculated using the data in [14].

Figure 6 shows that the collector outlet temperature calculated using the present mod-
els is in good agreement with the experimental data.

Figure 6 shows that the present model is capable of predicting the transient variation
in the collector outlet temperature in response to variation in incident solar radiation. In
this simulation, the pump flow rate is maintained constant at 0.67 L/S. The hourly fresh
water production of the plant is calculated to be 174 L/h. Experimental measurements
reported in [15] show a daily production of 209 L/h. The difference can be attributed to
the need for increasing the temperature inside the WDU from ambient conditions to the
maximum working temperature. This takes a few minutes, and therefore, the freshwater
output is lower. If the temperature inside the WDU has the right working temperature at
the beginning, the calculated freshwater output is much higher.
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Fig. 6 Model validation: comparison of measured and calculated collector outlet temperature

The control of collector outlet temperature for efficient operation of the HDH plant

shall be analysed in the following section.

Control of solar field

The hourly variation in incident solar radiation and its abrupt changes during cloudy
days represents a major difficulty for stable operation of the plant. Plant production can
be enhanced by proper control of collector outlet temperature and choice of storage
tank size. This calls for an efficient controller of the solar field that can be automatically
adjusted to compensate for the variation in solar radiation and ambient conditions. In
the present study, the solar field pump flow rate is controlled to maintain the collector
outlet temperature at a predetermined set value. The implemented control techniques

and optimization algorithm are described in the following section.

Genetic algorithm (GA)

Genetic algorithm (GA) is an optimization technique that impersonates the representa-
tion of normal natural development [20]. Auto-tuning of the present control techniques
has been performed using (GA). Genetic algorithm uses the fitness function (CF1) as
shown in Eq. (12) to test the individuals and find the fittest one. It is popular to use zero

as the best fitness score. Equation (12) minimizes the integrated square error e(z).

CF1=/O (e(2))2dt (12)

Optimum PID controller

PID controller is used widely in different fields in engineering because of its simplicity

and reliability. The transfer function of the PID controller is:
¢ de(t)

Ut) = Kpe(t) + K; | e(®)dt + Ky &

to

(13)

Figure 7a shows the block diagram of GA-PID control tuning system. MATLAB genetic
algorithm toolbox has been used. Constructing the population is the most critical step. It is
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recommended that chromosome range in every population is between 20 and 100. How-
ever, because the simulation time is 24 h, 20 chromosomes in each generation have been
selected and used. Each chromosome consists of three parameters, namely K, K; and K,
with value limits varied based on the cost function used. In order to get the best results,
Ziegler—Nichols rule was used to obtain the starting values of K, K; and K, [23].

The used steps in tuning the parameters of a PID controller follow the procedure
described in [22].

Optimum FOPID
The most used form of a fractional-order PID controller (FOPID) is the PI*'D¥ controller. It
allows us to adjust derivative (1) and integral (4) order in addition to the proportional, inte-
gral and derivative constants where the values of 1 and y lie between 0 and 1 [11].

The differential equation (DE) of the PI*\D¥ controller can be described as follows:

U(t) = Kpe(t) + KiD "e(t) + KyD"e(t) (14)

Figure 7b shows the block diagram for GA-FOPID controller. The various steps in finding
the parameters of a FOPID controller are performed as presented in [22]. Also, MAT-
LAB genetic algorithm toolbox was used. Each chromosome consists of five parameters,
namely K, K, K;, A and y, with value limits varied based on the cost function used.

Optimum NPID

Figures 7c, 8 show the general form of NPID controller and GA-NPID block diagram. The
various steps in finding the parameters of a NPID controller are performed as presented in
[22]. Also, MATLAB genetic algorithm toolbox was used. Each chromosome comprises of
six parameters, namely K, K, K;, a,, a; and a,, with value limits varied based on the cost
function used.

NPID controller’s main algorithm depends on a nonlinear function [12]. NPID controller
is used to get a better response in the output of the system in comparison with conventional
PID. For this reason, the PID controller has been reconstructed using a nonlinear function
as follows:

u = Kp¥ (ep, ap, 8p) + Kit (ei, iy 81) + Ky (eq, &g, 84) (15)
where ¥ (e, a, §) is the nonlinear function:

[ Ixla - sign(x), when |x| > §
w (e; o, 8) - { 801_1 - X, When |x| S 8
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Results and discussion

Comparison of different control techniques

The performance of different controllers has been examined for two different cases:
Case 1 represents solar field operation under normal weather condition and Case 2

investigates the control performance under sudden change in solar radiation.

Operation under normal conditions (Case 1)
In the simulation, the weather data for first day in March have been used, see Fig. 9,
the maximum solar irradiance is 800 W/m? wind speed is 6.1 m/s, and humidity is
set to 50%. The goal is to maintain the outlet temperature of the collector at 90 °C
regardless of the solar radiation and weather variations.

The three controllers have been tested for this purpose. Figure 10 shows the tem-
perature response of the controllers from 11:30 AM till 1 PM. The three controllers
showed a good response with slight difference of about 0.4 °C from the required set
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value. The best static and dynamic responses have been achieved using GA-FOPID

controller.

Operation under abrupt changes in solar radiation (Case 2)

In this case, a sudden reduction in solar radiation of 5% and 10% for 16 min at noon
time, 12 PM, has been tested to represent the effect of cloud coverage on the control-
ler’s response, see Figs. 12, 14. Figure 11 shows the responses with 5% disturbance from
11:30 AM till 1PM. Figures 11 and 13 show that the collector outlet temperature starts
decreasing below the set value due to reduction in solar radiation at 12 PM. The con-
troller responds by decreasing the collector pump flow rate to maintain the set value
of outlet temperature. The collector outlet temperature continues decreasing and start
increasing again to approach the set value after an overshoot. The maximum drop in
temperature is 0.2 °C and 1.5 °C for 5% and 10% sudden reduction in solar radiation. It
should be noted that the pump speed reaches its minimum allowable value to maintain
the collector outlet temperature at its set value for 10% reduction in solar radiation. Fur-
ther reduction shall not be accommodated by variation in pump speed. The best static
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and dynamic responses have been achieved using GA-FOPID controller (Figs. 12, 13,

14).

Performance indicators

Performance of the used controllers has been compared for Case 1 through four per-
formance indicators which are integral absolute error (IAE), integral squared error
(ISE), integral time-weighted absolute error (ITAE) and integral time-weighted squared
error (ITSE). These indicators have been calculated by Eqs. 17-20. Figure 15 shows that

FOPID and NPID controllers greatly reduce the error of the system.

Page 13 of 16
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ISE = / e2dt (17)
ITSE = / t(e2)de (18)
IAE =/|8|dt (19)
ITAE = / tlelde (20)

where (¢) is the error of the system and equals the difference between the desired tem-
perature and solar collector outlet temperature in kelvin. (¢) is the simulation time in
seconds.

Pump performance

The above results were concerned with the variation in collector outlet temperature
using different controllers. However, one should examine also the corresponding varia-
tion in pump flow rate.

Figure 16 shows mass flow rate through the solar collectors to maintain the output
temperature at 90 °C for Case 1. Although the temperature difference between the con-
trollers is about 0.4 °C, the pump performance is very different. PID controller shows a
time delay in starting the pump and has a huge variation in mass flow rate. FOPID and
NPID controllers improve the variation, but FOPID controller has a better and faster
response which leads to a better power consumption.
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From practical point of view, these variations in mass flow rates and consequent vari-
ations in pump speed are not acceptable as it reduces the pump life. Some sort of tuning
should be implemented to avoid this behaviour.

Performance of HDH plant

Simulation has been carried out using the present models and employing GA-FOPID
controller to compute the feed water production of the plant. Experimental data
reported in [15] show that the plant production in March and August is 820 L/day and
950 L/day, respectively. Simulation result of the same days shows a prediction of 770 L/
day and 1200 L/day, respectively. The plant operation has been also compared against
the case of no control; it has been found that the application of FOPID controller extends
the plant operation time as compared of no controller case. For a typical day in March,
the controller extends plant operation by 3 h.

Conclusion

A complete model for a solar-driven HDH plant has been constructed in MATLAB Sim-
ulink. The model has been validated by comparison with the experimental data obtained
from a typical plant. The model is capable of predicting the solar collector and HDH unit
performance with reasonable accuracy and can be used for further analysis of plant per-
formance and fresh water production enhancement.

Three types of PID controllers optimized using genetic algorithm have been imple-
mented for the control of solar collector outlet temperature. These include GA-PID, GA-
NPID and GA-FOPID.

Test results at both normal operation and under abrupt changes of incident solar radi-
ation show that GA-FOPID has the best static and dynamic performance as compared
to GA-PID and GA-NPID. The GA-FOPID is capable of controlling the collector outlet
temperature at the set value with relatively low frequent disturbance of pump operation.
In addition, full plant operation using GA-FOPID results in extending the operation
time and productivity of WDU in comparison with the case of no control.
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