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ABSTRACT

This paper presents the design and performance evaluation of the hybrid photovoltaic thermal
water pumping system (PVTWPS). The photovoltaic panel generates the electricity needed to
supply the water pump. A flat-plate sheet and tubes absorber is attached at the bottom of the
PV panel. The water that flows through the absorber cools the PV panel. The proposed
configuration aims to increase the efficiency of a low-power standalone PVTWPS and produce
hot water. A detailed model has been built for each component using the Matlab platform. To
operate the proposed system at maximum power point (MPP), a fuzzy logic controller (FLC)
and a modified perturb and observe approach (P&O) were used. The electrical and thermal
performance of a PVT water collector was determined under various levels of irradiance. At
each irradiance level, various mass flow rates were introduced. Electrical, thermal, and overall
efficiencies were assessed. The simulation results show that the proposed system is effective
and efficient.
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1. INTRODUCTION

Advances in electronics and digital control have contributed to the increased focus on
renewable energy as a more environmentally friendly and price efficacious generation source.
It is gaining importance as it addresses climate change, high fuel prices, energy deficiencies,
and limited fossil fuel sources worldwide. Solar energy has stood out as one of the most
convenient alternatives to conventional energy, commonly passed through transportation and
distribution lines due to its abundance near the load center. The sun's energy can be harnessed
in various other ways, including solar warming, photovoltaic, solar thermal energy, etc. [1]. PV
devices (solar cells) have several features as a source. PV devices require no repair once
installed, has no movable parts, and converts energy cleanly and directly. The conversion
efficiency of a PV system, on the other hand, varies between 10 and 20% depending on factors
such as type, module temperature, irradiance , a spectrum of sunlight, dirt, shading, and varying
loads [2].

The solar radiation, absorbed but not converted into electricity, raises the module's temperature
and reduces its electrical efficiency. As a result, heat extraction is required to maintain a
satisfactory level of electrical efficiency, which can be achieved by using either water or air
heat recovery [3]. For this purpose, PVT technology is developed. It is a technology that
integrates photovoltaic and solar thermal collectors into a single module to improve solar
conversion efficiency and utilize the space efficiently [4]. It can produce both power and heat
simultaneously, allowing it to take advantage of both Solar panels and solar thermal collectors.

Kern and Russell [5] presented the first PVT module design in 1978. Florschuetz constructed a
theoretical and experimental model for the PVT module performance with a solar collector
model in 1979[6]. Fudholi tested three water flow paths: web-flow, straight flow, and spiral
flow for a photovoltaic thermal collector. The best performance resulted from the spiral
absorber [7]. Al-Shamani [8] also tested PVT modules using a variety of nanoparticles (SiC,
Si02, and TiO2). The fluid, including SiC, showed the best performance, according to the
results. Yu [9] developed an unglazed PVT with a thermo-laminating bonding method for
attaching the absorber plate. The electrical and thermal efficiency improved as a result. Two
passes and vertical fins in the PVT lower air path were designed by Kumar et al. [50]. They
observed that large-area fins could reduce cell temperature from 88 °C to 66 °C. Cooling PVT
modules with phase change material were investigated numerically (Kazemian [11], Fayaz [12],
Gaur [13], AL-Musawi [14], and in an experimental investigation, the thermal efficiency was
72% Al-Waeli et al., [15]. The electrical combination's efficiency was enhanced from 1.7 % to
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13 % Hossain et al. [16].In addition, A PVT collector was also used in a household for
integrated cooling, warming, and electricity production (Ramos[17], Herrando[18], where the
PVT collector output supplied 60% of the heat requirement and 100% of the cooling need.

Based on the nonlinear 1-V characteristics and efficiency decline of the PV system under
operating conditions, an MPPT was required. The MPPT control ensures that maximum
electricity produced is delivered to the loads [19]. The various MPPT strategies are proposed
to obtain an optimal duty cycle to the converter so that the operating point can be relocated to
the maximum power point. Traditional approaches or intelligent algorithms can be used to track
the MPP. Traditional techniques include the incremental conductance, perturb and observe, Hill
Climbing, ripple correlation control, fractional open-circuit voltage, and fractional short-circuit
current method. The incremental conductance, perturb and observe algorithms in PV systems
are the most commonly used [20]. These techniques apply a fixed step to identify the optimum
duty cycle value, which may result in incorrect or slow results when temperature or solar
irradiation changes unexpectedly and suddenly. Artificial intelligence techniques such as neural
networks, fuzzy logic, and neuro fuzzy[21]. These techniques apply a variable step to identify
the optimum duty cycle value resulting in a faster response and more constancy under all
conditions. The performance of different MPPT strategies were compared [22].

Irrigation pumps and rural water supply is the essential application for standalone PV systems
[23]. Many novel schemes for improving photovoltaic pumping performance have been
reported in the literature. PVPS design procedure for system sizing, installation, mounting, and
monitoring is reviewed in [24]. Katan et al. [25] investigated the performance of PVPS that
included a PV array, permanent magnet motor, sun tracker, and helical rotor pump. They
reported that applying an MPPT and a sun-tracker improved the system's performance. A solar
PVPS is developed using a buck converter to boost the current to the DC pump [26].To reduce
costs and maintenance, the system does not use a battery or an inverter. In addition, the
economic and environmental study indicated that photovoltaic pumping systems are feasible
compared to standard diesel-powered systems [27]. Applications of PVT collector included
solar cooling consume 7 % of total energy, solar thermal technologies, such as solar air heating
and tap water heating, 39 % and 45 %, respectively, industrial heating 6%, drying 3%, and
pool heating 0.2 % [6] [28].

The current study aims to design and evaluate the performance of a hybrid PVT water pumping
system. The proposed plan meets the electricity needs for water pumping and produces hot
water used for residential applications. A flat-plate sheet and tube collector using water as a
coolant is designed to be installed at the bottom of PV panels. Proper design of the PVT hybrid
system would increase the overall solar conversion efficiency. The performance of the hybrid
PVT system depends on the solar irradiance, operating temperature, inlet water temperature,
and water mass flow rate. To evaluate the system performance, a detailed system model was
built in the Matlab Simulink environment. A fuzzy logic controller (FLC) is employed to
operate the proposed system at maximum power point (MPP). The results of an FLC are
compared with a modified perturb and observe (P&O) MPPT algorithm under constant
radiation and abruptly fluctuate. The performance of a hybrid PVT sy292stem is evaluated in
terms of the electrical efficiency of PV panels, thermal efficiency of collectors, and overall PVT
efficiency.

The paper is arranged as illustrated below. Section 2 presents the details of the proposed system.
Modeling and simulation of the PVTWPS are presented in section 3. Maximum Power Point
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Tracking is discussed in section 4. Results and discussion are illustrated in section 5. The final
section includes the conclusion.

2. THE PROPOSED SYSTEM

The proposed system is standalone PVTWPS without backup batteries, as shown in Fig.1. It
consists of PV modules with flat plate sheet and tube collector, dc water pump, control valve,
and MPPT to track MPP, including a boost converter and MPPT algorithm. The flow of water
from the pump is diverted in two paths. One path is going directly for water pumping into the
water storage tank of irrigation. The other part passes through a regulating valve to the thermal
collector beneath the PV panel for panel cooling. The hot water exit from the PV panel is stored
in a hot water tank for domestic utilization. The hot water storage tank can also be used in many
other applications that require thermal energy, such as crops drying.

Hot Water —

Collector Water From The Pump

LIy

Pumped Insulated Hot Water
Water Tank Storage Tank

Fig. 1: The proposed standalone PVTWPS.
3. MODELLING AND SIMULATION OF THE PVTWPS
3.1 Electrical Model For PVT Collector

Photovoltaic converts sunlight into electricity by using semiconductor materials. Because a
typical PV cell generates less than 2 watts at approximately 0.5 volts, the cells must be
connected to the module in a parallel series arrangement to deliver sufficient power. A PV array
is a collection of several PV modules electrically wired in series and parallel sequence to
provide sufficient required power to match the desired load [29]. As many researchers have
reported, solar radiation, temperature, and load current affect the generated current [30,31, 32 ].
Fig. 2 illustrates a PV cell equivalent circuit.

m@ fa‘lSZ §R5H " Voy

Fig.2: Solar cell equivalent electrical circuit[29].

Using Kerchief's current law as a basis, the solar cell's output current is calculated as follows:

Ipy = Ipy — Iq — Isy M
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Lo = Lo —1 [ex (q(VPV +IPVRS>_1]_ Vev + IpvRs '
PV pH — Is |€Xp T KT A T Rey C

IpH = [Isc + KI(Tc - TREF)] A C

Vpy IS the output voltage of the solar cell, Ipy is the light generated current, Ig is the diode
saturation current, A ideality factor of the diode (from 1 to 2), q is the electron charge
1.6 x 10712 ¢, K is the Boltzmann constant (1.38 x 10723J/K), T is the actual cell
temperature (°C), Trer is the reference temperature (usually 25 °C), K; is the temperature
coefficient, Isc is the short circuit current, A irradiation on a surface (W/m?) / nominal
irradiation(1000 W /m?). The last term in equation (2) becomes relatively small compared to
the other terms [29] because the shunt resistance Rgy is much greater than the series resistance
Rg. As a result, the last term will be discarded because it will not make a significant error in the
PV cell model. The PV module I1IS4000P 300 was selected to drive PMDC Motor [33,34].
Table 1. represents the parameters of the module.

Table 1: Electrical parameters of the IS4000P 300 PV module.

Electrical parameters Value
Maximum power (Pmz:) 300 W
Voltage at maximum power point (WVimmp) 376V
current at maximum power point {Vimy) T98 A
Open circuit voltage (Vac) 45V
Short circuit current (Isc) 854 A
Temperature coefficient of I 0.06 % /°C
Temperature coefficient of Vac -0.31% /°C

3.2 Thermal Model For PVT Collector

More electricity is generated when a PV module is cooled. The heat rejected from PV can be
used for many applications. The PVT collector has commercial appeal due to its integral
characteristics and decreases space and cost per unit of useful power generation. A one-
dimensional steady-state model for PVT collector was developed to analyze the thermal and
electrical performance [7, 8]. A detailed arrangement of a front view of a flat plate sheet and
tubes PVT collector is shown in Fig. 3. The various parts include the glass cover, photovoltaic
module, absorber plate connected to the bottom of the panel via a layer of adhesive, and a
metallic bond connecting the tubes to the absorber plate [35].

Sun

Incident solar

Reflection radiation

Radiation loss

L— Glass cover

NN NN N N E=—— Module PV

O O O 0O OX0O O

Adhesive layer

Air gap

Absorber

Insulation ————=

Convection

Fig. 3: A front sectional view of a sheet and tubes PVT collector [35].

The following assumptions are used to facilitate mathematical models of the thermal energy
balance of a water PVT collector:
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— Constant thermophysical properties.

— Wind speed is uniformly distributed around the collector.

— Uniform water flow.

— Only the top of the PVT collector loses heat; the back and edge are well insulated.
— No partial shading or dust.

— Quasi-steady system.

Eq. (4) can be used to determine the useful heat gain under these conditions
Qu = rhCp(To - Ti) 4)

Where mi is the mass flow rate, C, is the heat capacity of water, T, T; is the water temperature

at the inlet and exit of the collector, respectively. Q, can also be written in terms of the
difference of absorbed irradiance, generated electrical energy, and heat loss [36]:

Qu = A, [GT(Ta)PV - U (Tpm - Ta) - Qe] ®)

Where A, is the collector area, T, is the ambient temperature. U, IS the collector heat loss
coefficient, Q, is the electrical power produced from the module, and za is the photovoltaic
module's transmittance absorptance product. T, is the mean absorber plate temperature. Since
T, is affected by many factors, including different collector designs, working medium
properties, and solar irradiance, it is hard to measure or calculate [36]. To simplify the analysis,
Hottel and Whillier [37] adjust the formulae for a flat plate collector by substituting

the mean absorber temperature by the inlet temperature, which has been frequently utilized in
designing and assessment of liquid and air solar collectors.

Qu = AcFRr[Gr(ta)py — Ui(T; — To) — Qe (6)
Fy is the heat removal efficiency factor, which is defined as follows:
meC AUF
4 cYl
— _ _ 7
Fg A, ll exp( e, )l (7
Where F is the collector efficiency factor which is defined as follows:
1
0, 1 1

F=

+_

LD+ W-D)F | C © 2(a+b)hy (8)

W is the distance between tubes, D is the tube diameter, C, is The bond conductance, hg; is the
heat transfer coefficient of the fluid, and F is the efficiency factor, which is defined as follows:

tanh (M w 2_ D)

W —D
2

F= (9)

M
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Where M is the thermal conductivity of the absorber and the PV cell, which is defined as follows
[38]:

U
M = (20)
\/kabslabs + kPVlPV

Where [,,,, is the PV panel thickness, K,,, is the PV thermal conductivity, [, is the absorber
thickness, K, is the absorber thermal conductivity, and U, is the overall loss coefficient is
defined as follows|[6]:

U =U,+U,+U, (112)

U, is the edge loss coefficient, U, is the Loss coefficient of the bottom, and U, is the top loss
coefficient is calculated as follows:

-1

N 1 Tym + Ty) (Tom? + T,
e el G "o 1a)g15n}rf—ilo13se (12)
L |Ipm ~ fa] fw - 1556p
gl RS (ep +0.00591 Nh,,) + 5 N
Where
C =520(1 - 0.000051B2) (13)
f = (1+0.089h, — 0.1166h,&,)(1 + 0.07866N) (14)
100
e=043(1-— (15)
Tym
Q/A
— 16
Tym = T; + FRUIC (1= Fp) (16)
h, = 2.8+ 3.0v (17)

g, Is the plate emittance, o is the Stefan Boltzmann constant, N is the number of covers, B is
the collector mounting, &, is the glass emittance, T,,, the mean plate temperature and h,,, is the
wind heat transfer coefficient [39]. The PVT collector characteristics are listed in Table 2. The
simulation model of the PVT collector is shown in Fig. 4. Thermal efficiency of the PVT

collector (n,5) is a ratio of the useful thermal energy Q,,, to the overall incoming solar radiation
G, and can be written as:

=
Nth = ¢4 (18)

The electrical efficiency (npy) of the PVT collector is calculated by the following relations:
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Vindm

Npy = GA

(19)

Where I, is the maximum current and V,, is the maximum voltage. The overall PVT efficiency
was used to assess the system's overall performance and is written as follows [36]:

Npyr = Nen T Npy

(20)
Table 2: Design parameters for the flat plate water PVT collector used in this work [6,7,38,42].
Description Symbol Value Unit
Collector area Ac 1.8 m?
Number of glass cover N 1
Emittance of glass Eq 0.88
Emittance of plate & 0.95
Collector tilt B 30
Transmittance T 0.88
Absorbance s 0.95 -
Heat tranzfer inside tube g 333 Wim *C
Specific heat of working fluid c, 4180 Iikg °C
PV panel thickness gy 0.003 m
PV thermal conductivity Epy 130 Wim2 *C
Abserber conductivity [ 401 Wim2 *C
Abzorber thickness labs 001 m
Fin thicknesz a 0.0005 1
Fluid mass flow rate m 0.015-0.045 kgfs
Diameter of collector D 0.0127 m
Tube zpacing W 0042 mn
—
; TRVT
—  Lecw L_g K N : i Tpwt]
= o ] -
Mass flowrste I bystemis Fy—
Subsystemi Display7 _.:|I:|
I Display 10
[ce 1 —
T Ln_ L
_.;R Display® ’—@ @ ul
. o ol Display® reT PRI r DisplayS o Db
e Ut T Fazen | =l | = *Tp-m
. TE I—'UT Subsystenz ut
G | Subsystem3 SubsystemB i
e _Ijif;;y
H Displays
L i == gle >
wind speed &mall
Subsystemi1 Subsystem10 i
Subs)stemd
Sutsysime Subsystem?

Fig. 4: MATLAB Simulink model of the PVT collector.
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3.2.1 NOCT And The Temperature Of PVT Collector

The electrical energy produced by the PVT or PV panels can be calculated when the panel
temperature and radiation are known. Several mathematical models, steady-state and dynamic,
have been introduced to evaluate the panel temperature. The latest models for determining the
temperature of the photovoltaic thermal collector are listed in [40]. Although, the evaluation
stays difficult due to a lot of info on heat transfer characteristics and thermal properties that are
needed. As a result, the assessment is taking a long time, and the methodology is not practical.
Ross [41] proposed different methods to compute the temperature of a PV panel by evaluating
the nominal operating cell temperature NOCT.

The NOCT is the temperature of the module with a radiation 800 W /m?and a temperature
of 20°C. The manufacturer usually provides the NOCT values, and the PV panel temperature
can be approximated. Ross' correlation outcomes are in very good agreement with the
experimental data [43]. This strategy is more effective and practical than the others. The
following is the formula for calculating cell temperature:

G
Tpy = Ta +ggg (NOCT —20) (21)
Manufacturers frequently include the NOCT in the datasheet for the module, which is about
45°C for monocrystalline and polycrystalline. The temperature of a PVT collector is expressed
by applying the energy balance.

The solar radiation captured by the PV panel is transformed into thermal energy in the
circulating water and heat loss under no electrical load. As a result, the thermal energy balance
for the PVT collector is addressed, and the NOCT of the PVT collector is represented as follows
[40]:

Ti - Ta
NOCT = 800Fg

+ Z—a(1 — Fz)800 + 20 (22)
l

3.2.2. MODEL VALIDATION

A theoretical model was prepared for a water-type PVT collector using Matlab/Simulink
platform. Validations for the present study were performed using the previously published data
of A.Fudholi etal. (2014) [7], as shown in Fig.5.The Indoor experimental model of A. Fudholi
et al. (2014) consists of three absorber designs inserted below the PV panel. The absorber types
include web-flow, spiral-flow, and direct-flow. In the present study one-dimensional model is
developed , and one geometry is designed to transfer the heat from PV. The absorber is a direct
flow circular tube and sheet. The electrical and thermal performances of a PVT collector were
investigated. The results show the effectiveness of the simulation model.
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Fig.5: Comparison of the output temperature of the
current study with the previously published data [ 7 ].

3.3 BOOST CONVERTER

0.04

0.05

The boost converter is one of the simplest power electronic circuits to step up the DC voltage
from the PV panel to the desired level. The basic boost converter circuit is represented in Fig.6.
It comprises an inductor, a power electronic switch (typically a MOSFET or an IGBT), and a
diode. It may have a filter capacitor to smooth the output [43].

I

|

lo

+

+ v -

()

fe
= \

L1

[

;

|

}VO

Fig.6: The boost converter circuit diagram[43].

Assuming there are no losses in the power circuit, we have output power Py, = input power
P;,,. Because output voltage V,,; > input voltage V;,,, the input current I, > the output current
I, Switching to a boost converter is achieved by using IGBT as a switch. The energy supplied
is stored in the inductor as magnetic energy when the switch is closed or conducts current. As
a result, the inductor current increases. When the switch is opened, the current passes through
the inductor, starts to drop, and is released through the diode and the load. The relation between
duty cycle D and output voltage V, is given by Eq. (22).

Vin
V =
ouT = 7_p

loyr = IIN(]- - D)

Ry = Rouyr (1 - D)Z
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It is evident from Eqg. (23) and (24) that the MPP tracking algorithm can change the value of
R by adjusting duty D. The converter operates at MPP when R, = R,ptimai, @and hence

maximum power is transferred to the load [44]. The designed parameters for the boost converter
are represented in Table 3.

Table 3: Designed parameters for the boost converter.

Electrical parameters Value
Capacitance () 2200 uF

Inductance (L) 5mH

Frequency 3kH=

3.4 MOTOR PUMP SET

The solar PV pumping system is a frequently utilized application in rural areas to assure water
supply for communities without access to the grid. There is widespread agreement that DC
motors in general, and PM DC motors in particular, are more efficient and effective in PV
applications. As a result, PM DC motors are an appropriate candidate for PV pump systems.
Positive displacement (PD) and centrifugal pumps are the most popular pumps utilized in
PVPS. The PD pump is the best and most appropriate option for subterranean water pumping
applications, as this type of pump performs well in higher head applications [25]. This paper
will combine the PM DC motor with the PD pump to achieve a more efficient, simple, and low-
cost PVPS. The PMDC motor's mathematical model is as follows:

I

V,= Ry, +1L d; +K, o (26)

T, = K,I, (27)
dw

Jo7=Te—T, —Bo (28)

Where w is the motor speed (rad/sec), R, is the armature resistance (Q), V, is the motor
voltage, and I, is the armature current (A). J is the moment of inertia, K, is the voltage constant
(V.sec/rad), K; is the torque constant (N.m/A), B is a viscous torque constant, and T, is the
electromagnetic torque. T, is The load (pump) torque (N.m), which is constant for the PD
pump [2]. The equivalent circuit of the permanent magnet dc motor is shown in Fig.7. The
motor parameters are listed in Table 4. [34].

Rm  Lm
—AM AN
+ —

i
VITI @ e'm

.

Fig.7: Equivalent circuit of the PMDC motor[23].
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Table 4: The PMDC motor parameters.

Motor parameters Value
Armature resistance 7.8
Armatore inductance 016273 H
Back e.m f constant 1.25V/irad/s
Mechanical inertia 0.0236 Kg. m2
Friction coefficient 0.003 N.m/rad's
BEated armature current 2TA

Spead 1300 revimin

4. MAXIMUM POWER POINT TRACKING

MPPT is a link between the load and PV generator, enabling the system to follow the MPP.
The converter and the MPPT algorithm are the main components of the MPPT. In this paper,
both FLC and a modified P&O approach are utilized to calculate the optimal duty cycle D of
the converter; thus controlling the equivalent input resistance, R;y at terminals of the module
adjust it to optimal value R p¢imaq:, hence compensating for the MPP error e and ensures perfect
tracking of the maximum available power. The proposed PVTWPS is simulated under three
different cases. Figure 10 presents the direct-coupled system without MPPT. Figure 11
introduces the system with a modified P&O algorithm, and Fig.12 presents the system with
FLC.

4.1 MPPT Using A Modified P&O

A modified perturb and observe (P&0) approach is generally used by a large number of authors.
It is simple and only requires measuring the voltage (V) and current (I,,) of the PV panel,
respectively, and It can also locate the maximum PowerPoint. While the temperature and
radiation fluctuate, the algorithm of the P&O is represented in the flowchart Fig.8. Vpv (k)
and Ipv (k) are measured at each cycle to calculate Ppv (k) and Ppv(k — 1) value calculated
in the previous cycle by Vpv (k — 1) and Ipv (k — 1) The operating voltage (Vpv) is increased
(perturbed) by a small decrease (dD) in the duty cycle of the boost converter and observing the
change in power divided by the change in current (dP/dl). When (dP/dl) < 0, the system
iIs moving towards the MPP, the perturbation of the operating voltage point should be in the
same direction by decreasing the duty cycle. At (dP/dl) = 0 the system is operating at MPP
and for (dP/dl) > 0 the system is moving away from the MPP.the perturbation of the
operating voltage point should be in the opposite direction by decreasing the duty cycle [45].
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Measure V,,,and I,

l

Calculate Py, = I, * W}

l

dP = P, (K) — P, (K — 1)
dl = I, (K) — I, (K — 1)

dP >0

No Yes No Yes

DIK)=d{K-1)+dD D(K) =d(K—1)—dD DIK)=d{K-1)—dD D(K) = d{K— 1)+ dD

l I l l

Fig.8: A modified P&O algorithm.
4.2 MPPT Using FLC

Loftih A. Zadeh, a computer science professor at the University of California, Berkeley, was
the first one to introduce fuzzy logic theory. Mamdani, on the other hand, implemented the first
practical fuzzy logic controller in 1974.

Fuzzy logic mimics the way humans think. It is based on linguistic variables with IF-THEN
rules. A fuzzy logic controller is divided into a fuzzification block, a rule-based inference
system, and a defuzzification block. The fuzzification block converts crisp input values to
linguistic values, and the inference system determines the output linguistic variables based on
the crisp values. The defuzzification block transforms the linguistic variables into crisp values
[21,34].

The input variables of FLC are dP and dI

dP = P, (K) — Pyy(K — 1) (29)
dl = Ly, (K) = Ly, (K — 1) (30)

The output variable is dD
dD =D(K)—D(K — 1) (31)

Where dP is the change in PV power, dI is the change in PV current, and dD is the change in
the duty cycle of the boost converter. Fig.9 shows the memberships function of input and output
fuzzy sets [19]. Each fuzzy set has four membership functions as follows {PB (Positive Big),
PS (Positive Small), NS (Negative Small), and NB (Negative Big)}. The fuzzy system rules
can be designed as shown in Table 3[33].
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Fig. 9: Membership functions of fuzzy system.

dI PB PS NS NB
dP
PB PB PB NB NB
PS PS PS NS NS
NS NS NS PS PS
NB NB NB PB PB
Table 5: Fuzzy rules table.
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Fig.10: A simulation model of the PV module direct coupled to PMDC Motor.
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Fig.12: A simulation model of the PV system with an FLC controller.

5. RESULTS AND DISCUSSION
5.1 Characteristics Of PV Module

The PV module 1S4000P 300 was selected to supply the PMDC motor coupled with the PD
pump. Fig. 13 shows the simulated characteristics of the PV panel obtained using the developed
model. THE PV MODULE'S characteristic P—V and -V curves under different radiation
levels and a constant temperature are given in Fig. 13 (a, b) for solar radiation values are
200,400,600,800, and 1000 W/m?while temperature keeps constant at 25 °C. It can be
observed that the output of the current and voltage rises as radiation increases. This leads to an
increase in output power. The effect of temperature variation is shown in Fig. 13 (c, d). The
temperature values are taken as 25, 35, 45, 50, and 55°C, respectively, whereas the radiation
level is constant at 1000 W/m?. The output current increases slightly when the operating
temperature rises, but the output voltage drops significantly. This results in an overall reduction
of power output.
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Fig.13: Characteristics of the PV panel.
5.2 Applying MPPT

The Matlab /Simulink model of PVPS was developed without MPPT (direct coupling) and with
MPPT using FLC and a modified P&O technique. The boost converter is an interface between
a PV panel and a PMDC motor for impedance matching and transfer of maximum power
between PV panel and motor. The proposed PVTWPS is simulated under different three cases:
Case 1: Direct coupling without MPPT at STC as shown in Fig. 14.

Case 2. With MPPT using FLC and a modified P&O at STC as shown in Fig. 15

Case 3: The radiation is fluctuating as step input while the temperature remains constant at
25°C. The radiation begins at 1000 W/m?and remains for 0.4 seconds before dropping to 750
W/m?2. At 0.5 sec, the radiation increased to 900 W/m?2. At 0.6 sec, the radiation goes up to
1000 W/m?, as shown in Fig. 16. In these conditions, the FLC technique could track the
maximum generated power effectively. The P&O approach tracked maximum generated power,
but oscillation around maximum power is bigger than that produced by the FLC technique.
The MPPT efficiency is calculated as shown in (13).

n = Ppv_ (32)

PMmpp
Ppy is the power generated from the PV panel, and Pypp is the panel's maximum power. The

efficiency of MPPT using the FLC technique is 99.77%, and the efficiency of the P&O method
is 98.85% which is smaller than that obtained using the FLC MPPT method.

5.3 Characteristics Of PVT Collector

Simplified one-dimensional model was devolved and one geometry was designed to transfer
the heat from the PV panel. The absorber is a direct flow circular tubes and sheet. A theoretical
model was prepared for a water-type PVT collector using Matlab/Simulink platform.
Validations for the present study were performed. The electrical and thermal performance of
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PVTWPS is determined under two levels of radiation (G =700 W/m?, 900 W/m?). At each
solar radiation level various mass flow rates are introduced (0.015, 0.025, 0.035, 0.045 Kg/s ).

5.3.1 Effect Of Mass Flow Rate On PVT Temperature And Outlet Temperature

The thermal performance of the PVT water collector is determined under two levels of
radiation. At each solar radiation level, various mass flow rates are introduced. The first
condition at G =900 W/m?and Ta = 40 °C and the second at G =700 W/m?2and Ta = 37 °C.
The results show that without active water cooling, the temperature of the PV panel reached
68 °C in the first condition. Variation of mass flow rate in the range of 0.015 to 0.045 Kg/s
exhibited that the temperature of PVT decreased from 49.23 °C to 42.18°C. The outlet
temperature decreased from 57.2 °C to 43.4 °C, as shown in Fig.17. In the second condition,
the temperature of the PV panel reached 57°C. Variation of mass flow rate in the range of
0.015 to 0.045 Kg/s. Results in decreasing the PVT temperature from 47.19 °C to 42.54°C. The
outlet temperature decreased from 48.7 °C to 41.6 °C, as shown in Fig.18.
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Fig.14: Output power versus time curve without Fig.15: Output powg}”ec‘;?:"i}mdiﬂed P&O
MPPT at STC.

technique and the FLC at STC.
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Fig.16: Output power of a modified P&O Fig. 17: Variation of PVT collector and output
technique and the FLC under different radiation temperatures with various mass flow rates at G
levels and constant temperature 25°C. =900 W/m? and Ta = 40 °C.

5.3.2 Effect Of Mass Flow Rate On PV and PVT Maximum Output Power

The electrical performance of PV and PVT water collectors is determined. The first condition
shows that PVT's maximum output power increased from 214 to 228 watts by increasing the
mass flow rate as compared to the maximum output power of PV 173.9 watt, as shown in
Fig.19. In the second condition, the maximum output power of PVT increased from 166.4 to
174 watts as compared to the maximum output power of PV 148.2 watts, as shown in Fig.20.
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thermal energy obtained from PVT at
G=900 W/m? and Ta=40°C.

5.3.3 Effect Of Mass Flow Rate On The Thermal Energy For PVT Collector

The thermal performance of the PVT water collector is determined. The results show that

in the first condition, the thermal energy of PVT increased from 1331 to 1347 watts by
increasing mass flow rate, as shown in Fig.21. In the second condition, the thermal energy of
PVT rose from 859.7 to 861.5 watts, as shown in Fig.22.

5.3.4 Effect Of Mass Flow Rate On The Electrical, Thermal And Overall Efficiency For
PV And PVT

The electrical efficiency of the PVT water collector is calculated .(see €g.18 ). Results show
that by increasing mass flow rate PVT, electrical efficiency increased from 13.25 % to
14.09% compared to PV electrical efficiency ( without cooling) = 10.73 % in the first
condition, as shown in Fig.23.In the second condition, the PVT electrical efficiency increased
from 13.95 % to 14.33% than PV electrical efficiency ( without cooling) =11.76 %, as shown
in Fig.23. The thermal efficiency of the PVT water collector is calculated. (see eq.19). Results
show that by increasing mass flow rate PVT, thermal efficiency increased from 82.18 % to
83.13% in the first condition, as shown in Fig.24. The PVT thermal efficiency increased from
68.19 9% to 68.35% in the second condition, as shown in Fig.24. The overall efficiency of the
PVT water collector is calculated. (see eq.17). Results show that increasing mass flow rate
PVT's overall efficiency increased from 95.43 % to 97.22% in the first condition, as shown in
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Fig.25. In the second condition, the PVT thermal efficiency increased from 96.27 % to 97.9
%, as shown in Fig.25.
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Fig.24: presents the effect of mass flow rate on Fig.25: presents the effect of mass flow rate
the thermal efficiency of PVT collectors. on the Overall efficiency of PVT collector.

6. CONCLUSION

Overheating caused by excessive radiation and high temperature is one of the most significant
challenges facing PV operations. For cooling PV, a mathematical model was constructed to
evaluate the performance of a PVT collector in generating thermal and electrical energy. The
proposed mathematical model's reliability was validated by comparing the current study to
previously published data in the literature. Simulation results show that at G =900 W/m2 and
Ta = 40°C. The electrical efficiency of the PVT collector increased by 31.2% compared to PV
module efficiency. Thermal efficiency of the PVT collector reached 83.13 %, and overall
efficiency was 97.22 %. A control system is designed to track the maximum power produced
from the PVT collector, supplying DC motor pump load. Simulation results show that the FLC
accurately tracks the MPP under various ambient conditions. The oscillation around MPP s
diminished, and the response is faster compared with the modified P&O technique. When the
tracking efficiency of both methods is compared, the FLC exceeds the modified P&O
technique.
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