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Abstract: This research proposes a seawater desalination system driven by photovoltaic and solar
thermal energy for remote regions such as islands and seaside villages where fresh water is not
accessible. The performance of this system is demonstrated through experiments, and the main
concerns are the output of the photovoltaic power generation system, power quantity, water yield,
and the loads under different solar irradiance and temperature. In this system, a PLC is used as the
controller to adjust the water pump by the collection and processing of sensor data. A load switching
time system is designed to select different operating schemes under different environments in order
to save energy. The control method of this system is developed to ensure that the photovoltaic power
generation system does not undervoltage while maintaining the normal operation of the desalination
system. An improved Perturbation and Observation (P&O) algorithm is also proposed as a new
Maximum Point Power Tracking (MPPT) method to solve the problem of misjudgment and oscillation
after tracking the maximum power point (MPP) in the traditional P&O algorithm. The simulation test
in the MATLAB/Simulink environment shows that when external irradiance changes, the improved
P&O algorithm can track the MPP faster than the traditional P&O algorithm, and the amplitude of
oscillation on the MPP is smaller. The hardware experiments show that this system can operate stably
and flexibly, and it is capable of producing 5.18 kWh of electric energy and 335.81 kg of freshwater
per day. The maximum yield of the unit can reach 565.75 kg per day and the maximum daily power
generation is 8.12 kWh.

Keywords: seawater desalination; photovoltaic power generation; control system; MPPT

1. Introduction

The vast majority of the islands in the world are uninhabitable, and many of them are
border islands with only a few guards on duty and are extremely short of fresh water and
power resources [1-3]. Supplying water and electricity with traditional methods may cost
the price of destroying the local fragile ecological environment, and therefore a healthy
and environmentally friendly seawater desalination system is urgently needed to protect
the ecosystem and environment of remote regions. In recent years, many desalination
technologies have been developed for this purpose, including Multi-Effect Distillation
(MED), Reverse Osmosis (RO), Multistage Flash (MSF), and Humidification and Dehu-
midification (HDH). However, the RO method is not suitable for treating seawater with
high concentrations, and its equipment requires heavy maintenance, leading to serious
environmental pollution. The RO system also takes a large amount of power input, which
is not possible to supply in most of the remote regions. The MSF system requires a large
amount of seawater to circulate, and the power consumption of the pumps is too high to
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use for remote areas. The RO and MSF technologies have been developed for large-scale
production of freshwater and are consequently not suitable for small populations.

In the thermal-based desalination technologies, saline water is heated to generate vapor
that is condensed to produce fresh water (distillate), such as solar distill desalination [3-9],
HDH desalination [7-16], MED [13-16], MSF [17-19], Vapor Compression Distillation (VCD),
Mechanical VCD (MVCD) [20-22], Thermal Vapor Compression (TVC) [23,24], freezing
desalination [25-27], and hydrate formation desalination [28,29].

The membrane-based desalination technologies include RO technology, driven by
hydraulic power (pressure difference) [30-33], Electrodialysis (ED), driven by an electrical
potential difference (DC) [34-38], and Membrane Distillation (MD), driven by temperature
difference [39-47]. Other technologies include adsorption desalination via adsorption
cooling cycle [48-50], hydrogel desalination [51,52], and ionic exchange desalination [53].

Among these technologies, RO is the most widely used commercial seawater desali-
nation technology, and ED is most suitable for brackish water desalination [54,55], while
MED and MSF are the most widely used thermal-based desalination technologies [56].
Neither the RO system, which requires uninterrupted power supply, nor the MED/MSF are
appropriate for the application of small-scale saline water desalination. The MSF system
requires a large amount of seawater to circulate, and the power consumption of the pumps
is too high to use for remote areas.

Therefore, efficient small-to-medium scale desalination systems combined with renew-
able energy (such as solar energy) are needed. The HDH system is one of the technologies
powered by renewable energy or low-grade energy sources [57], including solar, geother-
mal, and low-grade energy such as the waste energy from photovoltaic thermal (PV/T)
panels, refrigeration and heat pump systems, and power plants.

Wu [58] combined a multistage humidified solar desalination system with a Fresnel
lens concentrator, in which the evaporator and solar collector are combined, and the solar
energy is heated through the concentrator to spread out the film of seawater on the filler,
causing the seawater to evaporate. The relationship between the water production rate of
the device and the surface temperature of the receiver under the three-stage isothermal
heating condition was measured. Compared with the theoretical calculation results, the
maximum water production rate of the system is 3.4 kg/h and the GOR is 2.1 when the
average radiation value is 867 W/m?.

Liu et al. [59] built a set of ramp type solar chimney humidification and dehumidifica-
tion desalination systems, in which the water in the insulation pool is pumped by the pump
to the heat exchange surface in the heat collecting shed and spread into liquid film, which
can absorb heat and evaporate. Based on a simple structure and low cost, this device can
produce water stably and is 52.1% more efficient than the system combined with chimney
power generation and seawater desalination under the same working conditions.

The electricity current produced by the PV system varies depending on the daylight
illumination and environmental temperature [60], and this is the main challenge to im-
plement MPPT on a PV system [61]. There are two types of MPPT tracker being widely
used nowadays, based on mechanical design and electrical design, respectively [62]. The
mechanical MPPT tracker is also known as a solar tracker, which increases energy produc-
tion by up to 40% [63]. However, due to the high cost of the mechanical tracking device,
this equipment is recommended for industry scale applications [64]. The electrical MPPTs
are greatly affected by the power-voltage and current-voltage curves, and therefore the
optimal operation point can be tracked and adjusted [65]. The efficiency of the PV system
depends on the operation point on the characteristic curve of the PV panel [66-68]. In
addition, the Maximum Power Point (MPP) on the characteristics curve is influenced by
the sunlight illumination and temperature. Figures 1 and 2 illustrate the variation of MPP
and the characteristic curves of voltage and power for different operating conditions. It
can be seen that the temperature has little influence on the photovoltaic power generation,
but the sunlight illumination plays a decisive role on the power output. In order to extract
the maximum available power from the PV panel, a DC-DC converter is interfaced with
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the panel and controlled by a suitable MPPT algorithm. There are many MPPT algorithms
available to increase the efficiency of the PV panel, the effectiveness of which is decided by
both the steady state oscillations and the tracking time [69-74].
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Figure 1. Characteristic curves of constant temperature and change of irradiance.
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Figure 2. Characteristic curves of constant irradiance and change of temperature.

The Perturbation and Observation (P&O) algorithm is based on an intentional and
periodic perturbation on the control command with a subsequent observation and evalu-
ation of the system output [75]. In the PV system, the perturbation is generated through
a variation in the voltage and current, such that the power of the PV can be measured to
calculate AP/AV for MPP operation.

An interesting example of simulated implementation of P&O was given by
Murtaza et al. [76], who demonstrated an algorithm for a two-stage coordinated PV dis-
tributed system to avoid the sensitive step size of conventional PV systems [77].

The P&O system is one of the most popular MPPT algorithms in industry due to
its simplicity [78,79]; however, it is still vulnerable to the illumination level [80,81]. The
Incremental Conductance (INC) technique is widely used for MPPT applications because
of its high accuracy compared with the P&O. The calculation of the incremental change
in conductance can be performed by evaluating the effect of voltage change [82]. The
rate of slope of the P-V curve for MPP is positive when MPP is on the right side and
negative when MPP is on the left side [83]. The controller injects a slight change in the duty
cycle and observes the behavior of the conductance [84]. This algorithm was implemented
in experimental conditions where a regulated step size routine is in place [85]; however,
the trade-off between system dynamics and the steady state accuracy is missing in this
scheme [86].

The INC shows some performance in the power—voltage curve, but alternatively, INR
employs the power current to determine the sign of the following perturbation and was
examined via experiment [87,88], and it was found that the convergence to the MMP is
slower than P&O and INC [89].
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In recent years, some artificial intelligence algorithms have also achieved good per-
formance for the control method, such as fast responses, overshoot avoidance, and low
fluctuations in illumination or temperature changes so that the operative point can stay
at the MPP [90]. These algorithms include Fuzzy Logic Control (FLC), Particle Swarm
Optimization (PSO), and Genetic Algorithm (GA).

This research introduces a multistage distillation seawater desalination system based
on HDH technology to improve the energy consumption level. In this system, solar energy
is used to provide heat and electrical energy for the operation of the system. This system
can improve the utilization rate of solar energy and freshwater yield with minimum energy
consumption. An improved P&O algorithm is also proposed in this paper to optimize the
control method. Compared with the original P&O algorithm, the proposed version tracks
the MPP more quickly, and the fluctuation in the output power is small under the stable
state, which greatly improves the photovoltaic power generation efficiency. The innovation
of this paper lies in the complete use of solar energy to provide energy for the HDH
desalination system, and the designed control system can choose different operation modes
under different environmental conditions to ensure that the photovoltaic power generation
system does not undervoltage while maintaining the operation of the desalination system.

This paper reviews the related works of seawater desalination technology and MPPT
technology in the first section. The second section introduces the principle of the proposed
HDH seawater desalination theory and the data indicators for evaluating the performance
of the seawater desalination system. In the third section, the control logic of the control
system is determined according to the operation state, and an improved optimization
algorithm is proposed. In the fourth section, a control system is developed and verified with
experiments, and the experimental data are analyzed and processed to test the stability and
feasibility of the control system. Finally, a conclusion is drawn based on the experimental
results and analysis.

2. System Composition

The proposed control system is required to control two modules: the photovoltaic
power generation module and the seawater desalination module.

2.1. Principle of Seawater Desalination Technology with HDH

The humidification—-dehumidification of seawater desalination technology is to sepa-
rate the heating, evaporation, and condensation processes, so that the energy utilization
efficiency of heat and mass transfer process can be improved with only a simple control
method. Using solar to provide heat energy for the humidification-dehumidification sea-
water desalination system can not only save the investment cost of the desalination device,
but also reduce the pollution to the environment. Based on the above characteristics, the
solar humidification-dehumidification seawater desalination system is considered as one
of the most promising technologies for the efficient use of solar energy to produce fresh
water [91,92]. In the HDH scheme, the seawater enters the dehumidifier and is preheated by
the heat generated by the condensation of the hot and humid air followed by a humidifier,
and the water is heated by the hot water provided by the heat collecting tank in the heat
exchanger. After that, the air in the humidifier can be heated and humidified by spraying
to turn it into hot and humid air. A fan is used to keep the strong circulation of hot and
humid air, which is blown into the dehumidifier to heat the initial seawater and condense
to produce fresh water.

This research is based on a two-stage solar humidification-dehumidification seawater
desalination device, and compared with a single-stage one, the utilization times of condensa-
tion latent heat of humid and hot air and the utilization efficiency of heat of this device can be
improved. A flowchart shown in Figure 3 describes the working principle of this device.
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Figure 3. Schematic diagram of a two-stage HDH seawater desalination device.

The two-stage humidification—-dehumidification seawater desalination unit divides
the dehumidification tower and the humidification tower into low-temperature dehumidi-
fication tower, high-temperature dehumidification tower, low-temperature humidification
tower, and high-temperature humidification tower, respectively, so as to achieve the goal of
repeatedly reusing the vaporization latent heat released during the condensation of hot
and humid air. In addition, the high temperature humidification tower is used to reheat the
incompletely evaporated seawater through a heat exchanger and reuse it in order to recover
the functional heat contained in the brine. The following theoretical derivation is calculated
to determine which metrics are needed to evaluate the efficiency of the control system and
to design control methods. The Gain-Output Ratio (GOR) is a dimensionless ratio between
the total fresh water and the steam consumed in the seawater desalination system [93],
and it is an important parameter to measure the thermal performance. The higher the
performance coefficient, the higher the rate of utilization for the seawater desalination [94],
such that: o

€
GOR = Tf (1)
where M, is the freshwater flow rate (m3/h), i ¢ is the latent heat of vaporization (k]/kg),
and Qo is the total energy for heating (kJ). According to the energy conservation relation-
ship, the calculation formula of Qy,¢ can be given as:

Qrot = Amy Cpy (twin — twout) )

where g,,,,, is the seawater flow in the heat exchanger (m3/h), twout is the temperature of
seawater flowing out of the heat exchanger (°C), t,,;,, is the temperature of seawater flowing
into the heat exchanger (°C), and c;,, is the specific heat capacity of seawater at constant
pressure (kJ/(kg-K)), which is given by [95]:

Cpy = (4206.8 — 1.1262t, + 1.2026 x 10723, + 6.8777 x 10773, x 107> 3)

where t;, refers to the seawater temperature (°C). According to reference [96], the calculation
formula of /7, can be given as:

hfe = 2501.897149 — 2.407064037t,,1 +1.192217 x 107385, —1.5863 x 107°£3,  (4)

where ¢, refers to the condensation temperature (°C).
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It can be inferred from the above formula that metrics such as seawater temperature,
flow, and freshwater output in and out of the heat exchanger is required in order to evaluate
the efficiency of the seawater desalination device and the control system. Therefore, the
temperature sensor and the liquid level sensor are used to measure the exact temperature.

Figure 4 shows the block diagram of the two-stage HDH seawater desalination device
and the heat collection cycle device.

2 3

| Collector Seawater |
i Circulation Desalinatio |
© System nSystem |

Wet Hot Air:

Seawater Pool

Figure 4. System block diagram of the desalination device and the heat collection cycle device:
1. Temperature Sensor; 2. Water pump; 3. Water valve; 4. Liquid level sensor; 5. Fans.

The proposed system requires 6 pumps, 2 fans, and several sensors and controllers
to realize automatic operation. The heat collecting circulation system mainly provides
heat energy for the seawater desalination system. The M1 and M2 pumps are used to
support the circulation of hot water between the heat collecting tank and the heat collector,
and also to fulfil the function of filling seawater when needed. The M3 pumps seawater
into the desalination system, and the M4 and M5 fans are used to realize the function of
heat exchange between the desalination system and the heat collection circulation system,
and the heat generated by the heat collecting circulation system is used for seawater
desalination. The M6 pump helps to circulate the seawater in the desalination system, and
M7 and M8 fans keep the hot and humid air circulating in the desalination system. The
freshwater yield from the output of this system over time is measured by a high-precision
liquid level sensor and is shown in Figure 5. The data are collected by communicating with
PLC through 4~20 mA signals, and the liquid level of the freshwater tank is collected once
an hour. By calculating the product of the bottom area of the freshwater storage vessel and
the change of liquid level in unit time, the freshwater output of the desalination system in
unit time is obtained. The range of the liquid level sensor used in this research is 0~2 m,
and the accuracy is £0.05 m.

It can be seen from Figure 5 that from 9:00 to 19:00, the seawater desalination system
has produced 575 kg of freshwater, and the maximum hourly water yield was 77.85 kg
and the average hourly water yield was 52.8 kg. The change curve of water yield of the
seawater desalination system with time is shown in Figure 5. It can be seen that when the
illumination is strong enough, the working efficiency of the seawater desalination system
will be increased, and vice versa.

2.2. Principle of Photovoltaic Power Generation System

In the control system, an independent photovoltaic power generation system is com-
prised of a PV array, a charge and discharge controller, a PV battery, and an inverter.
Figure 6 shows the structural diagram of this system. When the electric energy consumed
is less than the total load, the PV array starts to charge the PV battery through the charge
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and discharge controller. When electricity consumption is larger than the output of the
photovoltaic array, the PV battery starts to supply power to the load, together with the PV
array [97].
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Figure 5. The freshwater yield over time.
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Figure 6. Structural diagram of photovoltaic power generation system.

The irradiance sensor and the temperature sensor are used to collect the current irradi-
ance, temperature, and parameters of the PV module [98,99], as shown in Table 1, and the
real-time power generation of the PV module is calculated using formulas (5-10) [100,101].
The power generation of PV modules is affected by many factors, such as dust, cloud cover,
tilt angle, and the inverter efficiency [102,103]. In this research, the empirical coefficient
Kj of 0.88 is taken. The remaining electricity of the photovoltaic cell can be measured
by a coulometer. Given by the PV cell manufacturer, [,;, I, Uy, U, are under specific
conditions (temperature Tsrc = 25 °C, irradiance ssrc = 1000 W/ m?); it is necessary to
correct the data to suit the current application through Equations (6)—(9) such that:

T =T, +KS (5)

where T is the PV module temperature under actual illumination intensity (°C) and T;, is
the ambient temperature (°C). K is 0.03 °C-m?/W and S is the actual value of irradiation
intensity (W/m?).

I = Lo (1 +aAT) (6)

Iy = Ins>—(1 4 aAT) 7)
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where AT is the difference between the actual temperature value of the PV module and the
temperature under standard conditions. AS is the difference between the actual value of
irradiation intensity and the standard value of irradiation intensity. Sgrc is the standard
value of irradiation intensity, 1000 W/ m?2. I, I, are the short circuit current of the PV
module under standard conditions (A) and optimum working current (A). I}, I, are the
actual short circuit current (A) and optimum current (A). a is the compensation coefficient,
0.0025/°C.

U). = Upe X (1 —cAT) x In(e + bAS) (8)

Ul, = Uy, x (1—cAT) x In(e + bAS) ©9)

where e is the base number of the natural logarithm, taking 2.71828. b is the compensation
coefficient, 0.0005/°C. c is the compensation coefficient, 0.00288/°C. U, U;, are the actual
open circuit voltage (V) and optimum operating voltage (V), respectively, while U,., U},
are the actual open circuit voltage (V) and optimum operating voltage (V), respectively.

P=U, xI, xNxK; (10)

where P is the output power of the power station (W). N is the number of PV modules.
Due to the limited number of fitting points for PV modules, the accuracy of the above
calculation process can only meet the general engineering requirements. After verification
by relevant scholars, it can be controlled within the range of 6%, which is consistent with
the allowable error range of the PV module parameters provided by most photovoltaic
panel module manufacturers [104,105].

Table 1. Main parameters of PV panel.

Maximum  Short Circuit Open Circuit Maximum Power Point Maximum Power Point Number of PV
Power/W  Current (I;.)/A Voltage (U,)/V Current (I,;,)/A Voltage (U;,)/IV Panels (N)/PCS
270 9.06 37.2 8.65 31.2 6

Standard Test Conditions Temperature Tsrc = 25 °C, Irradiance Sgrc = 1000 W/ m?.

Irradiance data will be collected once a minute, and the half-hour power generation
will be calculated to obtain the irradiance and power generation change curve with time,
as shown in Figure 7 (July, 2021).

1200 2000
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B 800 ©
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Figure 7. Irradiance and PV power generation changing curve over time.
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The maximum power generation of the photovoltaic power generation module may
reach 2.01 kW, the average power generation is 1.29 kW, and the daily total power gen-
eration is about 12.9 kWh. The relationship curve between irradiance and photovoltaic
power is shown in Figure 7. There are two main possible uncertainties in the data shown in
the figure. The first one is the data acquisition error caused by the irradiance sensor, and
the second one is the error generated when calculating the formula of the original data
collected. However, the error caused by the above factors is within 5%, which is acceptable
according to industry standard.

2.3. Power Generation Efficiency Optimization of PV Power Generation System

The photovoltaic cells work based on the principle of semiconductor photovoltaic
effect [106]. When the semiconductor is irradiated by sunlight, the electrons and holes will
be moved to different sides and accumulate at both ends of the PN junction to form an
electromotive force due to the negative and positive charges. The equivalent circuit of the
photovoltaic cell is shown in Figure 8, and Equation 11 presents the mathematical model,
such that:

I=1Ty—11— Iy

I;j=1 {exp{%} — 1}
Iy, = U+IRs
Ry

I=1I,—1I {exp{iq(lﬂlfs)} - 1} — Lk

where I, is photocurrent, I, is diode reverse saturation current, R; is the internal equivalent
series resistance, Ry, is the internal equivalent bypass resistance, A is the diode factor,
k=138 x 10723 J/K is the Kalman constant, and T is the surface temperature of the
photovoltaic cell.

(11)

]d [sh

1o Y [ 4]

ph

Figure 8. Equivalent circuit diagram of photovoltaic cell.

In this experiment, the P&O algorithm is used to look for the MPPT and the block
diagram of the control method is shown in Figure 9. The P&O algorithm is developed
based on the slope change of (P-V) characteristics of the PV panel. The slope of the curve
is adjusted to zero at the MPP, positive to the left of the MPP, and negative to the right
side of the MPP. The panel voltage and current are measured for every perturbation, and
the control parameter is perturbed with a step size. If power increases from the present
iteration, the perturbation of the system continues in the same way as the previous iteration,
or otherwise a counteraction will be taken.

There are two ways to implement the P&O algorithm: direct duty ratio control and
voltage reference control. For direct duty ratio control [107-111], the P&O algorithm directly
provides the required duty ratio for the DC-DC converter to reach the MPP. The step size
of the duty ratio can be either fixed or varied adaptively. For a higher value of step size,
the response time to reach the MPP will be shorter, while the steady-state oscillations will
increase. Therefore, the fixed perturbation cannot meet both the performance and efficiency
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simultaneously. In the case of adaptive perturbation, there is no systematic procedure to
decide the scaling factor for the adaptation of the step size. The power circuit comprises a
DC-DC boost converter. The load impedance is matched by varying the converter duty
cycle (D). The P&O algorithm is utilized for the duty cycle to obtain the reference voltage
corresponding to the maximum power point. The flowchart of the P&O algorithm is shown
in Figure 10.

Vev. Ipy
o Vol,
MPP power circuit Load
A
D
A\ Y
PV array MPPT Algorithm
Figure 9. MPPT Control block diagram.
Measure V(n), I(n)
Calculate power:
P(n]—\f’(n]-l(n]
U(n)}“*U(n = I U(n]<U(n 1) =/
Y N Y N
U(n+1)=U(n) U(n+1)=U(n) U(n+1)=U(n) U(n+1)=U(n)
+D -D -D +D

Figure 10. The flowchart of the P&O MPPT algorithm.

The traditional P&O algorithm is limited by oscillation, misjudgment, and slow track-
ing speed [112-117]. Firstly, it can be seen from the dynamic tracking process of the P&O
algorithm that there is always an interference voltage, AU. Even if the external environment
does not fluctuate, the oscillation will still occur near the MPP. As shown in Figure 11, when
the PV panel works at point A, its output power is P4, and the voltage at the operating
point is disturbed, AU. When the operation status is updated to point B, AU > 0, AP > 0,
according to traditional disturbance observation, the disturbance direction is correct, and
the disturbance voltage will continue to increase in the positive direction as AU updates to
point C. At this time, AU > 0 and AP < 0, the system will increase the disturbance voltage
in the opposite direction, and AU returns to point B. The MPP bounces repeatedly at points
A, B, and C, causing the output value to oscillate around the maximum value. Secondly,
when the external environment changes suddenly, the traditional P&O algorithm is prone
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to miscalculation. As shown in Figure 12, the output power of the PV panel at a certain
time is P4. If the environmental conditions are unchanged, the voltage disturbance will
increase in the positive direction. At point L, when the time is the same, the output power
becomes Pp, AU > 0 and AP > 0. If the solar irradiance suddenly changes from point L to
point B, the output power will also change to P4, and the interference will be on the left
side of the MPP. If AP* <0, it indicates that the interference is located on the right side of
the MPP, resulting in the wrong judgment and affecting the accuracy of the output.

én
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Figure 11. Analysis diagram of oscillation phenomenon.
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Figure 12. Analysis diagram of misjudgment phenomenon.

The output voltage of the PV power generation system selected in this paper is 31.2'V,
which does not meet the load demand. In order to meet the demand of the PV system,
this paper uses the boost circuit as the DC wave occupation circuit. Figure 13 shows the
diagram of the boost simulation circuit.

A0 Pt
+ L D +
TV Vi K T V§R
S C o

Figure 13. Boost transform circuit.

The boost conversion circuit is a type of parallel switching circuit, which consists
of diode, filter inductor, switch tube, filter capacitor, etc., and works in two modes of
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charging and discharging. During the charging process, the switch tube is closed, and the
input current flows through the inductor. A diode is added to prevent the capacitor from
discharging to the ground. Because the input is DC, the current on the inductor increases
linearly to some extent, depending on the value of the inductor [118]. As the inductance
current increases, some energy will be stored in the inductor. Assuming that the switch
tube closing time is T, the energy on the inductor will be V;I;T,,, where V; is the input
voltage and I; is the current flowing through the inductor.

During discharging, the switch tube is disconnected. Because the current in the
inductor is maintained, the current in the inductor will not disappear immediately, but
will slowly decrease to 0. Because the original circuit is turned off, the input voltage and
inductance charge the capacitor together, and the voltage at both ends of the capacitor
rises. At this time, the voltage is higher than the input voltage. Assuming that the switch
tube closing time is T, ¢, and the energy on the inductor is (Vo — Vi) | T, 7, where V, is the
output voltage, when the circuit reaches steady state, the energy stored and released in the
inductance will be equal, such that:

ViliTon = (Vo - Vi)IlToff# (12)

The relationship between input and output voltages is given as:

=

=1p (13)

where D is the duty cycle, which can be represented as:

_ t _t
D= tun-ﬁ';off - % (14)

Therefore, the change of output voltage can be controlled by adjusting the duty cycle.
According to [119], the formula of inductance, L, and capacitance, C, can be given as:

C — %br
— AVR
L= V2ev) (15)
TO138f V2

The proposed P&O MPPT algorithm is designed to automatically change the distur-
bance step size on the basis of the traditional P&O algorithm. It can be seen from Figure 4
that different illumination conditions show very close voltage at the MPP. According to
this characteristic, the improved P&O algorithm is designed to use a large step size dis-
turbance when the voltage is detected to be far from the MPP’s voltage, and a small step
size disturbance when the voltage is near the MPP’s voltage. It can be seen from empirical
analysis that when the difference between real-time voltage and U; (31.2 V) is greater than
U; (1.7 V), alarge step of Dy, (0.01) is used, and when the difference is greater than Uy, a
small step of Dg (0.000001) is used. It can quickly follow the MPP and reduce disturbance
and oscillation after reaching the MPP to improve power generation efficiency. The flow
chart of the improved P&O algorithm is shown in Figure 14.

The MARLAB/Simulink model of a solar PV array with P&O control algorithm is
shown in Figure 15 to illustrate its performance characteristics at different illumination
and cell temperatures. The Simulink model shown in Figure 14 was developed for the
specifications listed in Tables 1 and 2.

The experiment was carried outin 0, 0.1 s, and 0.2 s; the light irradiance was 1000 W/ m2,
800 W/m?, and 600 W/m?Z; the temperature was 25 °C; and the simulation was completed
in 0.3 s. The application of the P&O MPPT is shown in Figures 16 and 17.

The step size in Figure 16 is as small as 0.005, while a larger step size of 0.02 is
calculated in Figure 17. It shows that the generation power oscillation degree is small when
the generation reaches the stable state with small step length; however, the MPP cannot be
traced. When a large step length is set, the MPP can be reached quickly, but the degree of
oscillation is larger after reaching the efficiency of stable state, reducing the photovoltaic
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power generation. Figure 18 shows the curve of the P&O MPPT and the improved P&O
MPPT’s power generation versus time and irradiance. Figure 19 shows the duty cycle of
two algorithms.

It can be seen that the improved P&O MPPT can track the MPP more quickly than the
P&O MPPT, and it can oscillate with minimal disturbance in a stable state, improving the
efficiency of PV power generation considerably. The range of output power fluctuation of
P&O MPPT is 274 W~321 W under the condition of 1200 W/m? irradiance. The output
power fluctuation range of the improved P&O MPPT is 318 W~319 W under the same
conditions. When the irradiance is from 1000 W/m? to 1200 W/m?, it takes 0.015 s for P&O
MPPT to track to the MPP, and 0.008 s for the improved P&O MPPT.

It can be inferred from the above formula that in order to evaluate the efficiency of the
seawater desalination device and the control system, temperature sensors and liquid level
sensors are introduced to measure the seawater temperature, flow, and freshwater output
in and out of the heat exchanger.

Measure V(n), I(n)

Cakulte power:
P(n)=V(n)-I(n)

] )

Utn)>Uurl\)? Lﬂn)<®
Y ~—  x ¥ ~— N
S~ N
@‘>U§! il m)—u% 1 1n)—u‘> O(n)-U/>U:2
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Figure 14. Flowchart of the improved P&O MPPT.

S2

Figure 15. MATLAB/Simulink model of the solar PV module with P&O MPPT method.

Table 2. Main parameters of DC-DC boost converter.

Input Voltage Resistive Load Inductor Capacitor Switching Frequency
v (R)/Q (L)/uH (C)/mF (f)/KHz

31.2 30 2 3 100
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Figure 16. Performance of P&O MPPT (small step size).
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Figure 17. Performance of P&O MPPT (large step size).
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Figure 18. Power generation of P&O MPPT and improved P&O MPPT.
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3. Control System Development
3.1. Overview of Control System Functions

The control system designed in this research is capable of real-time data acquisition,
process logic operation, and sequence control. In this experiment, Siemens Smart 200 SR200
series products are used as the control core. The power of the M1-M5 pumps is 250 W each,
the power of the M6 pump is 375 W, and the powers of both fans, M7 and M8, are 550 W.

3.2. Design of Startup and Shutdown Conditions

In the startup and shutdown process, the control system firstly obtains the power of
the PV cells and the power generation of the PV panel modules, so as to determine whether
the water pumps and fans should be started. The capacity of the PV cells in the PV power
generation system is 5.12 kWh, and the maximum power of the whole system is 2.6 kW
when the entire system is in normal operation. Because M2 is a seawater pump, the average
power consumption of the whole system can be estimated to be 2.4 kW in normal operation
without continuous operation. In order to prevent the wear-and-tear on the battery cells
caused by charging and discharging at the same time for an extended period, 100% of
the photovoltaic battery power is taken as one of the necessary conditions for starting up.
In addition, in order to improve the efficiency of freshwater production, if the remaining
power of the photovoltaic cell exceeds 80% and the calculated photovoltaic power reaches
60% of the load under normal operation, the water pumps and fans are also turned on
according to the control flow sequence to start the seawater desalination process.

Due to the uncertainty of weather conditions, PV cells must save part of the electricity
to maintain the normal operation of equipment, such as data acquisition, data upload, and
other functions, under continuous weak light weather conditions, so as to prevent PV cells
from triggering under voltage protection. Therefore, the design control system will shut
down all loads when it detects that the PV battery power is less than 30%; all the power
generated by the PV modules will be stored in PV cells, and normal operation will resume
when it comes to the start-up conditions.

3.3. Design of Operation Control Method

In the operation process, the M1 water pump works as the circulating pump between
the heat collector and the water tank, and it will be started when the water temperature
difference between the collector and the water tank is small, so as to avoid the waste of heat
energy of the collector. At the same time, in order to avoid wasting electric energy, pump
operation must be stopped within the acceptable temperature difference range. Therefore,
according to the actual conditions, the M1 water pump is designed to turn on when the
difference between water temperature T1 for the heat collector and water temperature T2
for the water tank is within 10 °C and turn off when the difference of temperature is less
than 3 °C. The M2 water pump is used as the make-up water pump of the water tank,
and when the liquid level of the water tank (H1) is less than 30%, the M2 water pump is
triggered to maintain sufficient seawater in the heat collecting circulating system and heat
exchange between the desalination systems. When the water level of the hot water tank is
less than 70% and the photovoltaic module power generation reaches 80% or more, the M2
water pump is also turned on to avoid the operation of part of the power supply pump
when the sunlight is weak. The M3, M4, and M5 pumps are the seawater feed pumps
and heat exchange pumps, which will be turned on at the same time as the M6 seawater
desalination circulating pump. However, the premise of the desalination system is that the
heating water temperature of the heat collecting system is expected to reach the appropriate
temperature of the fresh water produced by the desalination system. Figure 20 shows the
relationship between the temperature T2, the hot water tank, and the output of fresh water.
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Figure 20. Freshwater output at different temperatures of the water tank.

It can be seen that freshwater output and GOR can reach a high level at 62 °C. Therefore,
the control system designed in this paper will turn on the M3-M6 water pumps when the
temperature of hot water tank T, reaches 62 °C and starts desalination. In order to prevent
the inverter from burning by excessive starting current when the load is started, the control
system will delay the start of the M7 and M8 fans for 10 s to protect the inverter. The
flowchart of the control system based on the above control method is shown in Figure 21.

Turn on pump M2 |&—/

T,>62°C?

Turn on pump M3-M6
Turn on fans M7-M8
after 10s

— Charging <

Turn off pump M1~

End

Figure 21. The control flowchart.
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3.4. PLC Program Design

The control system PLC program was developed in Siemens Smart200 programming
software STEP7 Micro/WIN SMART V2.6. The control program is divided into three
subsystems, with different functions such as heat collection cycle module, PV power
generation module, and seawater desalination module. In this way, the program can be
updated conveniently later according to requirements, and the program module can be
reused for other similar projects.

3.5. System Programming

Due to the complexity of the process control requirements for the seawater desalination
production, the PLC control program is divided into a basic program and a modular
program, according to the structure. The basic program can be used as an independent
program for simple production process control as well as a unit program in the combined
module structure. The program is divided into multiple modules, each of which is assigned
with a specific task designation and is individually developed, compiled, and debugged
before integration. There are six modules being designed for the proposed system, which
are the program initialization module, the heat collection cycle module, the PV power
generation module, the seawater desalination module, the 4 mA~20 mA analog conversion
module, and the system cumulative operation time module.

4. Experiment and Result Discussion

Figure 22 shows part of the experimental devices used in this research. The photo-
voltaic cells used are a Ys-ups-5 kw series product.

Figure 22. Part of the experimental devices.

It can be seen that in July 2021, the average daily solar radiation amount was 4.79 kWh/m?,
the total power generation of the PV modules was 160.64 kWh, and the average daily power
generation was 5.18 kWh. The output of freshwater during this time was 10,410.12 kg, and
the average daily output was 335.81 kg, which is enough for 2 to 3 adults’ daily freshwater
demand. The relationship between the daily illumination amount and the water production
and power generation is shown in Figure 23. It can be seen that there is a strong positive
correlation between freshwater output, photovoltaic power generation, and irradiance.
In the test of July 2021, the whole system continuously worked in completely automatic
mode, and the optimal operation mode could be adjusted according to the collected, data
such as irradiance, temperature, photovoltaic power, and photovoltaic cell power. It
can also be found that system shutdown caused by the undervoltage of the photovoltaic
power generation system can be avoided, which proves that the control system design
is successful.
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Figure 23. Relationship between daily irradiation, water production, and power generation in
July 2021.

Figure 24 shows the difference between the water temperature of the heat collection
tank and the feed seawater temperature with the freshwater production volume. It can be
seen that there is a strong positive correlation between the temperature difference and the
water production. However, when the temperature difference is greater than 54 °C, the
water yield does not increase significantly because it reaches the water production limit. In
future work, the temperature difference between the incoming seawater and the seawater
of the heat storage tank can be input as a condition, so that the desalination system can be
started when the water production reaches a higher level, which can further improve the
utilization rate of electric energy.

56 [ —m— Temperature difference

b . /.
m— Water yield - 72. . 100

\\'\.

N
I
Water yield(kg/h)

Temperature difference(°C)
e £
I 1

I
(e}
T

954
[ee}

L 4 40

1
(o)}

09:00 10:30 12:00 13:30 15:00 16:30 18:00

Time

Figure 24. The temperature difference between the feed seawater and the water tank with the water
production rate over time.
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5. Conclusions

This research proposes the design of a multistage humidification and dehumidification
desalination system with photovoltaic-thermal control method. The P&O algorithm is im-
proved for the MPPT control of the photovoltaic power generation system. The simulation
test in MATLAB/Simulink environment proves that when the external irradiance suddenly
changes, the resulted MPP can be tracked faster than the traditional P&O algorithm, and
the amplitude of oscillation within the maximum power range is smaller. When the irra-
diance suddenly increases from 1000 Wm? to 1200 W/m?, the tracking time of the MPP
is reduced from 0.015 s to 0.008 s, the output power fluctuation in the stable state can be
reduced from 47 W to 1 W, and the photovoltaic power generation efficiency can be greatly
improved. According to the experimental results, the GOR of the multistage humidification
and dehumidification desalination system can reach 1.2 when the temperature of the heat
storage tank reaches 62 °C, and 1.7 when the temperature rises to 80 °C. The operation of
water pumps and fans is controlled by the temperature difference value, and the operation
mode can be automatically selected based on the irradiance and temperature, which greatly
improves the utilization rate of solar energy and the output of freshwater. The operation of
the whole system can work in completely automatic mode and does not require human
intervention. Experiment results show that the proposed system is capable of producing
5.18 kWh of electric energy and 335.81 kg of freshwater per day. The maximum daily yield
can reach 565.75 kg and the maximum daily power generation is 8.12 kWh.
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Nomenclature

cp,  Specific heat capacity of seawater at constant pressure, k] /(kg-K)
C Capacitor, mF

f Switching frequency, kHz

hf,  Latent heat of vaporization, kJ/kg

L Inductor, utH

I4 Diode reverse saturation current, A
Iph Photocurrent, A
I Diode reverse saturation current, A

I Current flowing through the inductor, A

Is¢ Short circuit current of PV module under standard conditions, A

Im Optimum working current of PV module under standard conditions, A
Isc!  Actual short circuit current, A

Actual optimum working current, A
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M, Freshwater flow rate, m3/h

gm,  Seawater flow in the heat exchanger, kg/h

Qtot  Total energy for heating, kW

Rgy,  Internal equivalent bypass resistance, ()

S Actual value of irradiation intensity, W/m?

Difference between the actual value of irradiation intensity and the standard value of

AS irradiation intensity, W/ m?2

tw Seawater temperature, °C

twin ~ Temperature of seawater flowing into the heat exchanger, °C

twil Condensation temperature, °C

T PV module temperature under actual irradiation intensity and ambient temperature, °C
Ton Switch tube closing time, ms

Toff  Switch tube closing time, ms

T,  Ambient temperature, °C

Difference between the actual temperature value of PV module and the temperature
under standard conditions, °C

U, Maximum power point voltage under standard conditions, V

U Open circuit voltage of PV module under standard conditions, V

U,' Actual maximum power point voltage, V

U,c’  Actual open circuit voltage, V

Vi Input voltage, V

Vo Output voltage, V

Abbreviation

ED Electrodialysis

HDH  Humidification and dehumidification
INC Incremental conductance

MD Membrane distillation

MED  Multi-effect distillation

MSF Multistage flash

MPP Maximum power point

MPPT Maximum power point tracking
MVC  Vapor can be attained mechanically
TVC Vapor can be attained thermally
P&O Perturb and Observation

PV/T Photovoltaic thermal

RO Reverse osmosis

VCD Vapor compression distillation

FLC Fuzzy logic control

PSO Particle swarm optimization

GA Genetic algorithm
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