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Abstract: In this work, a proposed high-efficiency and low-cost photovoltaic water-pumping system
based on semitransparent dye-sensitized solar cells (DSSCs) is presented. DSSCs are low-cost third-
generation photovoltaics that have gained a lot of interest as a promising alternative for silicon solar
cells. DSSCs are fabricated at low cost and low temperature and present power conversions with high
efficiency, exceeding 14%, thanks to high transparency, a variety of colors, and high efficiency, even
in low light conditions. The DSSC modules used in this study were tested under different working
conditions, and their characteristics were determined experimentally and simulated theoretically via
MATLAB. A complete laboratory infrastructure is constructed to test the proposed photovoltaic water-
pumping system based on the DSSC module array. The system contains a synchronous reluctance
motor driving a water pump and feeding from the DSSCs via an inverter without DC-DC converters
or batteries. The proposed system has many merits, such as high efficiency and low cost. The DSSCs’
maximum available power is obtained via a maximum power point tracking technique (perturb-and-
observe). Moreover, a control system for driving the motor via the inverter was also implemented.
The maximum torque per ampere strategy is also considered in the proposed control system to drive
the motor efficiently using the inverter. Finally, experimental validation of the complete system via

laboratory measurements is implemented.

Keywords: dye-sensitized solar cells; synchronous reluctance motor; water-pumping system

1. Introduction

Since the industrial revolution, humans have introduced a lot of carbon dioxide into
the atmosphere, at a rate higher than that the trees can recycle it, resulting in global warm-
ing. Solar light can be converted into electrical energy via photovoltaic (PV) technologies,
leading to energy harvesting without any carbon emission (green energy) [1-4]. PV tech-
nologies comprise conventional silicon solar cells [5-8], thin film technologies [9], and the
dye-sensitized solar cells proposed by Gratzel in 1991, from which perovskite solar cells
have also emerged [10-13]; the study used interface engineering to obtain highly efficient
perovskite solar cells. In [14-16], the researchers used the dye-sensitization approach to
fabricate efficient and stable perovskite solar cells. The work presented in [17,18] discussed
the dye-sensitization approach in DSSCs and showed its efficiency. DSSCs use transition
metal complexes or organic dyes as light-absorbing materials [19]. The DSSCs are easily
fabricated via solution processes and their efficiency reaches 14%. In contrast with silicon
solar cells, DSSCs provide power output in an efficient way under all illumination condi-
tions, including natural (diffuse/full solar) and technical (LED and fluorescent) lighting.
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DSSCs consist of four main components, namely, the photosensitizer (dye), acting as light
capturing antenna and electron injector; the electrolyte, for the regeneration of the dye; the
working electrode (a mesoporous TiO; thin film), for electron conduction and collection;
and the counter electrode (Pt), for redox couple renewal (Figure la). In [20-22], the re-
searchers used DSSCs as a source of electricity for the internet of things; they also used TiO,
to improve the performance of the DSSCs and tested the DSSCs under different operation
conditions, respectively. The contributions to the development of ruthenium-based sensitiz-
ers for dye-sensitized solar cells are discussed in [23], while incorporating novel Co(II/11I)
based-redox electrolytes solidified by silica nanoparticles is presented in [24]. In [25], the
annealing effects on self-assembled TiO, nanotubes and their behavior as photoelectrodes
in dye-sensitized solar cells are discussed. In [26-28], high-efficiency DSSCs based on redox
electrolytes are presented.

FTO

(b)
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l - module Inverter
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—

Control System

Figure 1. DSSC structure: FTO/TiO2/dye/electrolyte/Pt/FTO (FTO: fluorine-doped tin oxide on
glass) (a); schematic representation of the water-pumping system fed by a DSSC module array (b);
DSCS module (40 x 47.5 cm) consisting of 22 unit cells (1 x 45 cm) connecting in series (c); and the
package of modules employed for the construction of the DSSC array (d).

Characterized by rapid efficiency increase and low-cost production, third-generation
PVs, especially dye-sensitized solar cells, are a very promising renewable energy technology.
These systems can be used on-grid connected or off-grid connected working modes. In this
context, off-grid PV technology is used in rural regions where there is no electricity and the
connection to the nearest grid is very costly. The off-grid system is used in a wide range of
water-pumping systems for crop irrigation in the desert [29].

Water-pumping systems based on PV technology have been intensively studied for
efficiency improvement and cost reduction [30—41]. DC motors were firstly used in water-
pumping systems because they can easily be connected directly to the PV source or via
DC-DC converter. However, DC motors require continuous maintenance for their brushes
and commutators, besides efficiency optimization and cost reduction issues. To solve
the problems encountered with DC motors, other types of motors have been proposed
and investigated, including brushless DC motors (BDCMs) [35,39,40], induction motors
(IMs) [34], permanent-magnet synchronous motors (PMSMs) [38], and switched reluctance
motors (SRMs) [37]. Although the use of BDCM and PMSM (instead of DC) motors in
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water-pumping systems based on PVs leads to enhanced efficiency and offers high power
density, the cost of the proposed systems remains very high as they use rare-earth magnets.
Moreover, the permanent-magnet demagnetization problem is still a big obstacle. Finally,
water-pumping systems employing induction motors have the merit of low cost, but their
efficiency needs additional optimization under partial loading conditions [42,43].

On the other hand, synchronous reluctance motors (SynRMs) are highly efficient
new electric machines with rugged construction and are cost-effective in comparison with
IMs [44]. The use of SynRMs has already been suggested in water-pumping systems [45,46];
however, the PV source in these studies consists of conventional silicon PV technology,
which results in low efficiency and needs a large installation area.

In the present work, a SynRM fed by a dye-sensitized solar module array for a water-
pumping application is proposed. The complete system and its components were theoret-
ically simulated via MATLAB. Moreover, the system’s performance was experimentally
investigated in the laboratory. The dye-sensitized solar modules were purchased from Brite
Solar, and their characteristics were determined experimentally and also simulated via
MATLAB. For maximum output power at minimum torque ripple, the SynRM geometry
was optimized. Moreover, the output power of both the SynRM and the dye-sensitized solar
module array was optimized via the inverter under two different irradiation levels (500 and
1000 W/m?) using a control system. This work is organized as follows: Section 1 provides
the proposed photovoltaic water-pumping system; Section 2 presents the proposed control
system; complete system performance based on the suggested control strategy is presented
in Section 3; the experimental laboratory verification is shown in Section 4, while Section 5
shows the conclusions and the main findings of this work.

2. The Water-Pumping System Fed by DSSC Module Array
2.1. DSSC-Based Water-Pumping System Structure

Figure 1b displays the proposed system configuration and its components. It consists
of a dye-sensitized solar (DSSC) module array, a conventional voltage source inverter (VSI)
accompanied by a proposed control system, a three-phase SynRM, and a centrifugal pump.
From Figure 1b, it is clear that there are no DC-DC converters and storage batteries in the
proposed DSSC array water-pumping system, which helps to reduce the total cost.

The proposed (DSSC) module array, feeding the water-pumping system, can solve the
problem of water availability for both human needs and crop irrigation in remote places
that are situated far from the electric grid. The amount of water needed for crop irrigation
or human use is governed by the population, the crop type, and the planted area. Thus, in
the present study, a water-pumping application is considered, where the system produces
an amount of 350 m3/day (with a daily average of 10 working hours). The height difference
between the underground water and storage tank is 35 m, while the pump’s average flow
rate is 35 m3/h. For the suggested application, the system parameters and the components
of the proposed DSSC solar array feeding the water pump can be optimized and sized. The
water pump power depends on both the water depth and the flow rate. The motor power
is related to the pump power, and the DSSC module array design is determined by the
power needed by the motor to drive the pump.

2.2. Modeling of the Proposed Water-Pumping System
2.2.1. DSSC Array

The array used in the proposed water-pumping system contains a number of DSSC
modules connected in series and in parallel, as presented in Figure 1c,d. Each module
has 22 series cells (purchased from Brite Solar S.A.). Figure 2a shows the single-diode
model used to represent the DSSC device in this study for simulation purposes via the
MATLAB toolbox. It is well known that the DSSC electrochemical impedance spectrum has
three semicircular shapes, as indicated in Figure 2b, which represent the impedances corre-
sponding to the charge transport at the counter electrode (Z1), the TiO, /dye/electrolyte
interface (Z;), and the carrier transport by ions within the electrolyte (Z3), respectively.
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Each impedance has an a real part (resistance) and a capacitance element (C); the resistance
in the high-frequency range is called Ry;,. The solar cells are always working under direct
current conditions; thus, the capacitances can be neglected. As a result, R1, R3, and Ry, are
connected in series and can be represented by a resistance called the series resistance (Rs)
of DSSCs. Figure 2c indicates the experimental setup employed for determining the DSSC
module characteristics under varied operating conditions.
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Figure 2. Single-diode model simulating the DSSC operation (a); DSSC electrochemical impedance
spectrum (b); experimental setup (c).

The DSSC modules were fabricated by Brite Solar S.A. using the screen printing
technique, and N3 dye was used as the sensitizer.
The dye-sensitized solar cell output current can be expressed by Equation (1) [44,47]:

Vpy + RSIPV> B 1] _ Vpv + Rslpy

Ipy = L, — Lo [GXP( Via R, @

where I, and Vp, indicate the PV current and voltage, respectively; I, and I, represent the
saturation and photo-current, respectively; V; represents the thermal voltage; a denotes
the diode ideality factor; Rs and Ry, indicate the series resistance and parallel resistance,
respectively.

The DSSC array consists of series (Ns) and parallel (Np) modules. The output current
of the array can be obtained from Equation (2) [41]:

; N LN Vpy + RSIPV(%) ) Vpy + RJPV(%) )
pv = IppNp — IoNp | exp V;aN; T Rsh(%) 2
14

The DSSC module and the complete array were characterized under different irradia-
tion conditions. The current-voltage and power-voltage characteristic curves are displayed
in Figure 3a,c, respectively. The MATLAB-simulated current-voltage and power-voltage
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characteristics of the designed DSSC array (with a total area of 17.67 m?) at different ir-
radiation levels (e.g., G = 250, 500, 750, and 1000 W/ mz) and T = 25 °C are shown in
Figure 3b,d correspondingly. It is clear from Figure 3 that the array output depends on the
irradiation level. The dye-sensitized solar array designed for this application consists of 93
total modules; 56 of them are connected in series, and the other 37 modules are connected
in parallel. Each module has 22 individual cells (1 cm width x 45 cm length) in series; its
dimension is 40 x 47.5 cm with the frame and 35 x 45 cm without the frame, while the
active area is 52.5% of the module’s total surface (Figure 1c,d).
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Figure 3. The DSSC module’s (a,c) and the designed array’s (b,d) characteristics (current and power)
at different irradiation levels.

The DSSC module and the corresponding array parameters under full sun illumination
are given in Table 1. The array power output is estimated to be 5.66 KW based on the
requirements of other parts of the system. In this context, 93 DSSC modules, each one
providing 1.66 W, as presented in Table 1, are used. In total, 56 DSSC modules are connected
in series in order to supply the needed DC bus voltage (900 V), and 37 DSSC modules are
arranged in parallel in order to deliver the required motor current (9 A).

Table 1. The dye-sensitized solar module and array specifications.

Module Array
Number of Cells 22 2046
Short Circuit Current (Ig.) 0.248 A 9.18 A
Maximum Power Current (Iyp) 0.156 A 8.462 A
Open Circuit Voltage (V) 16.23 (V) 908.89 (V)
Maximum Power Voltage (Vinp) 10.62 (V) 676.8 (V)
Maximum Power 1.66 (W) 5727 (W)

Area 0.19 m? 17.67 m?
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2.2.2. Three-Phase Inverter Modeling

The inverter output voltage can be expressed by Equation (3). This voltage is the
function of the DSSC module array’s output voltage (V}), which is also called the inverter
input voltage (V) [41]:

] oy [2 -1 -1 [&
Vpn :% -1 2 1| ©)
Uen -1 -1 2] |[g3

where Vi, Vi, and Ve, are output three-phase voltages. From Figure 4a, the inverter
switching states, g1 to g3, are either 0 or 1; the 1 state means that the upper switch is on and
the lower one is off and vice versa.
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Figure 4. The voltage source inverter (VSI) model (a); SynRM axis flux linkage components against
the current components (b,c); schematic diagram of the complete proposed system (d); the perturb-
and-observe maximum power point tracing technique (e).
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2.2.3. SynRM Modeling

SynRM modeling is performed based on the dg-axis rotor reference frame. From
previous studies [44,47], Equation (4) represents the SynRM model [47]:

04 _ Ry 0 id + % —w,P Ad
vy 0 Rulig]  |wrP & ]|Ng
T = 3P(Agig — Agia) 4)

g = La(ia ig)ia
Aq = Lo (ia ig)iq

d
T.= =" + B+ 10 )

where (v, v;) represent the voltage for the direct and quadrature axes, respectively; Ry,
denotes the stator phase resistance (0.4 ohm); (i, i;) are the current for the direct and
quadrature axis, correspondingly; w; is the rotor mechanical speed; p indicates the number
of pole pairs, while (A4, A;) represent the flux linkage for the direct and quadrature axis
components of the SynRM; J;, B represent the moment of inertia (0.01 kg m?) and the
viscous coefficient (0.0005 Ns m~2) of the system, respectively; and T,, 1, denote the motor
electrmagnetic torque and load torque, respectively.

From Equation (4), it is obvious that the SynRM performance is highly affected by
the dg-axis flux linkages, which are influenced by the magnetic saturation behavior of
the machine. As a consequence, there is a necessity for the machine magnetic saturation
behavior, including in the model. Figure 4b,c show the magnetic saturation of the dg-
axis flux linkages of the machine, which is obtained from lookup tables (LUTs) that were
extracted from the finite element method toolbox (FEM). In FEM, the variation of i; and i,
current components is in a certain domain. This domain does not exceed twice the value of
the rated current for achieving the needed analogy with the dg-axis flux linkage (¢4, {q)
components. This method is efficient for including magnetic saturation behavior in the
SynRM. The geometrical variables of the SynRM are shown in Table 2.

Table 2. SynRM geometrical variables.

Ratings Stator Parameters
Voltage 380V Slots/poles 36/4 Shaft gigg:g’ outer 35 mm/109.4 mm
Current 1223 A Stator steel type M270-50A Rotor steel type M330-50A/
Power 5.5 kW Phases number 3 Flux barriers/pole 3
Speed 3000 RPM diameter (outer/inner) 180 mm/110 mm  Stack length/air gab length 140 mm /0.3 mm

2.2.4. Centrifugal Pump Modeling

The pump torque (Tpump), as a function of rotational speed (wy), is presented in
Equation (6) [46,48,49]:
Toump = kpwg (6)

where K), is the pump proportionality constant that equals 1.76 x 10~* N m/rad/s?, while
wy is the rotational speed in rad/s.

3. The Proposed Control System

The proposed control system for the dye-sensitized solar array water-pumping system
is shown in Figure 4d.

Due to the fact that the SynRM is not a self-starting motor, a control system is required
for the SynRM to work properly. As well known, a photovoltaic array requires a control
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system to work at a maximum power point for extracting the maximum available output
power of the array. When the photovoltaic arrays work at the maximum power point,
system efficiency increases and a lower number of photovoltaic modules are required,
leading to a reduction in the system’s capital cost [50,51]. In this study, the SynRM was
controlled efficiently for working at the maximum power per ampere, and DSSC array
output power maximization (working at maximum power point) was implemented via the
motor inverter. The perturb-and-observe maximum power point tracking technique is used
in this study to maximize the DSSC array’s output power, while conventional field-oriented
methodology is used to control the SynRM.

3.1. Field-Oriented Control (FOC) Technique

This methodology uses two reference signals, as illustrated in Figure 4d. The system
power flow is controlled via the speed signal (w;*), which is one of the two reference signals.
The SynRM current is controlled via the second reference signal, which is the d-axis current
signal (i3*). As a result, the SynRM works properly at the maximum power per ampere.
The maximum power point tracking methodology provides the speed reference single
(wr*), as shown in Figure 4d. Moreover, the second reference signal (d-axis current single
(ig*)) is extracted based on the FEM in LUT, which correlates the reference current signal
(ig*) and the motor torque. The trial-and-error principle was used for determining the PI
controller’s parameters [44,47].

3.2. Maximum Power Point Tracing Technique

In this study, the DSSC array used for feeding the motor consists of a number of series
and parallel modules in order to obtain the required power for motor driving. In order
to get the maximum power output from the array, the maximum power point tracking
technique is required.

The perturb-and-observe maximum power point tracing technique is proposed, as
shown in Figure 4e. The maximum power point tracking technique provides the motor
reference speed. The array voltage and current are measured, and the array output power
is calculated. The array’s power and voltage at each time instant (t;) are compared with
their previous values at time instant (tp). This comparison continues until the maximum
power point is reached.

3.3. The Complete Proposed Pumping System Performance

The MATLAB toolbox was used in this study for operation validation and assessment
via simulation. In this context, two different irradiation levels (500 and 1000 W/m?) were
investigated, while the partial shading case was neglected thanks to the small area (17.67 m?)
of the proposed modules. This is a very important advantage compared with conventional
silicon solar cells, which need nearly 36 m? as the required area for the same application.
In order to drive the system properly, a proposed control system for maximum power
point tracking for the DSSC module array and vector control methodology for the SynRM
driving is proposed, as illustrated in Figure 4d. Figures 5 and 6 show the performance of
the proposed water-pumping system fed by the DSSC module array. The SynRM speed and
torque behavior in the presence of the proposed control system are shown in Figure 5a,b,
respectively. The results reveal how the SynRM speed successfully follows the reference
speed obtained from the maximum power point tracking algorithm. Additionally, the
motor succeeded in delivering the necessary load torque.
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Figure 5. (a) SynRM speed versus time; (b) SynRM torque versus time; (¢) SynRM d-axis current
versus time; (d) SynRM g-axis current versus time.

Figure 5¢,d show the SynRM motor dg-axis current components. From these figures,
it is clear that the SynRM currents match well the corresponding reference signals. It is
well known that the d-axis current component varies based on the required load torque for
ensuring a maximum torque per ampere condition, while the g-axis current component
varies based on the reference speed for increasing SynRM power.

Figure 6a shows the output power extracted from the dye-sensitized solar array
and the SynRM input power. It can be noticed that dye-sensitized solar array output
is at the maximum point, thanks to the maximum power point tracking technique, as
shown previously in Figure 4e. The SynRM power losses and efficiency are illustrated in
Figure 6b,c, respectively. The performance results tell that SynRM efficiency is high, at the
500 W/m? irradiation level, which represents a partial loading condition. Figure 6d shows
the water pump flow rate in the proposed application. As a result, by using the proposed
SynRM and dye-sensitized solar array, the whole-system efficiency will be high, resulting
in energy production at a lower cost.
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Figure 6. (a) The PV array output power and the motor input power versus time. SynRM q-axis
current versus time. (b) SynRM motor power losses versus time. (c) SynRM efficiency versus time.
(d) The pump flow rate versus time.

4. Experimental Confirmation

The presented work in this paper was validated via an experimental laboratory test
bench, as illustrated in Figure 7a, to check the accuracy of the proposed system analysis. In
the experimental model, a 5.5 kW SynRM (1) is connected with a 9.3 kW induction motor
(2) via a torque sensor unit (3). A three-phase voltage source inverter (4) is used for driving
the SynRM, while a DS1103 unit (5) is used for implementing the proposed control system,
explained previously in Figure 8, for SynRM driving. Three identical current sensors
(LA25-P) are used for measuring the SynRM currents, while the speed is measured via
an incremental encoder of 1024 samples/revolution. The system’s electrical components
(voltage, current, power factor) are measured via a power analyzer (6).

An induction motor controlled via a commercial drive (7) is used for emulating the
pump loading conditions, while a controlled DC supply (8) is used to emulate the PV array.

A 3000 rpm motor-rated speed is given to the control system (Figure 7b) as a reference
value, while the load torque is set at the rated value of the water pump. The reference
current id* in the control system is determined from a lookup table generated from FEM
based on the load torque for achieving the maximum torque per ampere condition for
the SynRM. Figure 7b shows the comparison between the motor speed and the reference
speed as a function of time. A comparison of the speeds reveals that the motor speed
successfully follows the reference speed, without deviation. The SynRM dg-axis currents
are presented in Figures 7c and 8a. The d-axis current is set to reach the maximum torque
per ampere case at different levels of load torque. From Figure 8b, it is understandable
that the motor output power is sufficient for driving the load during the entire working
time. These results validate the simulated results; moreover, a good match between the
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theoretical and experimental values is evident. Based on the experimental setup results, it
is clear that the motor can successfully supply the load with the required torque.

Both measured and simulated power factors of the motor at different winding currents,
up to the rated value, are shown in Figure 8c. The loading condition is represented by the
winding current of the motor, where the rated load is, of course, at the rated current.

The efficiency map of the motor and the inverter for different loading levels, up to the
rated value, are displayed in Figure 8d. The results show that the efficiency of the SynRM
is always high enough, even at low loading conditions, leading to an increase in the whole
PV system’s efficiency. From the above, it is evident that the proposed system’s simulated
results are validated by the experimental results.
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Figure 7. Experimental test bench (a); reference and motor speeds (b); g-axis current (c).
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Figure 8. The d-axis current of the SynRM at the rated condition (a); power of the motor and pump
at the rated condition (b); measured motor power factor at different currents (c); measured efficiency
map of the whole drive system (motor + inverter) (d).

5. Conclusions

In this work, an efficient and low-cost photovoltaic water-pumping system based
on a DSSC module array is recommended. The DSSC module uses the dye-sensitization
approach as a fabrication technology. The DSSC module array was used for feeding a
synchronous reluctance motor in the proposed water-pumping system. The proposed
system was experimentally validated. The system modeling and analysis were done
via a proposed methodology that used a motor inverter, which was derived from the
proposed control system. The proposed methodology does not have a DC-DC converter or
batteries, hence allowing the dye-sensitized solar array and the SynRM to work efficiently
at maximum output energy and low cost.

The suggested DSSC module array water-pumping system has a lot of merits in
comparison with other systems reported in the literature. The proposed system’s efficiency
is high and its cost is low due to the use of the DSSC module array and the SynRM. In the
proposed system, the required active surface for the DSSC array is 17.67 m?. This area is
low in comparison to that of the 36 m? required for a silicon solar array to power the same
motor. This small size of the proposed DSSC module array leads to cost reduction and
avoids partial shading problems, which usually badly affect the solar array’s performance
and result in low efficiency and power instability.
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