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This paper presents a new design of a standalone photovoltaic system which
is supplying the required power to a direct current water pump that have
difficulty to supply by the utility electricity. The system is controlled by an
artificial neural networks (ANN) algorithm with function softening by PI
controller that to guarantee the maximum power point tracking (MPPT)
working conditions. A parallel connected PV array is designed to supply the
required power to the water pump. The proposed design considers Permanent
Magnet DC motor (PMDC) of 48 Volts, and 500 Watts as a water pump’s
motor, the direct current (DC) pump is adopted to avoid the complexity of
the alternating current AC pumping system which includes inverter, power
filter, and insulated step up transformer, so the presented design avoids the
mentioned AC system components. A feed forward ANN algorithm is
adopted in this study to produce the reference voltage for the MPPT
functioning of the PV system, Proportional Integral (PI) controller is inserted
to soften the MPPT controller performance. System design, MATLAB
simulation with results and the results’ analysis all are presented in this

paper. The study conclusion confirms the effectiveness of the proposal

Standalone PV system ! > !
as a successful system for practical applications.
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1. INTRODUCTION

Due to the difficulty of reaching the grid electricity to the remote farms, the renewable energy
sources are representing an ideal alternative to supply the required electrical power to the remote farms loads
such as water pump. Solar energy is playing major role as an important renewable energy source due to its
cleanness, zero cost and everywhere availability. Photovoltaic (PV) system function is producing the required
electricity by converting the solar energy to direct current electrical power. The PV panel produced electricity
is affected by the weather conditions, such as irradiation and temperature levels. These levels are fluctuate
the instantaneous output power of the PV panel. The harvested power from the PV panel is affected
positively by the irradiance while affected negatively by the ambient temperature [1-4]. The PV panel
contents a matrix of basic solar unit which is a solar cell, these cells are connecting in series and/or in parallel
based on the required specifications from the panel. In other words, to increase the level of panel’s output
voltage, the number of serially connected cells will be increased whereas to increase the level of panel’s
output current, the number of parallel connected cells will be increased.

Due to the non-linearity of the solar power response during the fluctuation in the weather
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conditions [5-6], in grid connected and standalone PV systems, many algorithms and techniques are proposed
in literature to work at the maximum power point MPP location [6-21]. In [6-10], different MPPT methods
are reviewed in [6], whereas different methods of Constant Voltage (CV), Perturb & Observe (P&O),
Incremental Conductance (IC), and short circuit current are proposed to harvest high power by guaranteeing
the MPP work conditions of a PV panel/matrix.

Due to the slow tracking, the low robustness, and the oscillated response of the above algorithms,
Fuzzy Logic Controllers (FLC) was proposed in [11-17] to have better MPPT functioning through the higher
robustness and fast tracking response. A fast and accurate response of fuzzy logic controller FLC is presented
based on sensorless methodology in [11]. In [12], FLC supports the Hill-Climbing algorithm to have better
performance of MPPT. The membership effects of input and output variables on the effectiveness of the FLC
performance are shown in [13-14]. Whereas the studies of [13-15] were presented for more stable system
response and faster tracking function through the FLC controllers.

Machine learning algorithms are proposed in [18-21] through the Artificial Neural Network (ANN)
to guarantee better MPPT functioning. Effective PV system based on ANN guarantees the very fast response
during the variation of the climate status.

In other studies, a standalone PV systems is representing for remote farms applications as
an effective alternative to replace the grid connected system. At the same time, these systems are adopting the
direct current electrical loads to reduce the PV system complexity through canceling the needs of alternating
current items such as DC to AC inverter, low or high order filter (L, LC, LCL, or LLCL filter), and
insulation/step up transformer, as these items are necessary in the grid tied system [22-23].

This paper focuses on the challenge of supplying electricity to the water pumps in the remote farms
using the PV system, how guaranteeing the MPPT working conditions based on artificial neural network
(ANN) algorithm, with softening the system performance through PI controller.

The paper remaining is arranged as follows: The details of power requirements to the water pump
are shown in Section II. The proposed PV system description based on ANN, and the designed PV array with
its I-V and P-V curves all are shown in Section III. In Section IV, simulation results with analysis are shown
and explained, whereas the summary of the concluded points is shown in Section V.

2. POWER REQUIREMENTS FOR WATER PUMP’S DC MOTOR

Water pump of direct current motor offers simple system with low cost compared to the alternating
motor based pump system. In addition, the system of a permanent magnet DC (PMDC) motor is more
reliable, and low items number required compared to the AC pump system. In AC pump based PV system,
an inverter, a high order filter and an insulation step up transformer all are needed that is leading to
complicate the system as well as increase the overall system cost [24-25]. The rated power of 500 Watt is
adopted for the selected PMDC motor in this paper, in addition to the maximum working hours during the
day timing reaches to 5 hours and during the night timing also reaches to 5 hours. In other words, the total
number of daily work hours reaches to 10 hours. The details of the required Watt hour power per day for the
proposed water pumping system are shown in Table 1. Based on the fact of that the solar energy conversion
will be considered during the 5 hours only of day timing, and based on the selected battery bank of 48 V of
100 AH, and the selected power of the DC motor of 500 W, so the PV array is designed to be able to
produce =1000 W that to use a half of it in running the water pump during day hours, whereas the second
500 W of the 1000 W will be used to charge or storage in the battery bank to be used later in running the
pump at night hours. The details of the power delivery and requirements are shown in Table 1.

Table 1. Details of daily power produced from PV array and daily required power
for pmdc pump motor and batter bank charging

Component Rated Power (W) Daily Hours Daily Watt-Hour
3 of Solar Panels of SPR-E20-327-COM 3x327W =981 W 5 4905
48 VPMDC 500 W 5 Morning + 2500 from PV
Motor 5 Evening 2500 from Battery
Hours
Battery Bank 4x12 Volts of 100 A.H 5 Morning =48V x10Ax5H
=48 V of 100 A.H, Hours for Battery =2400
1 Normal Charging = Charging

10% of 100A =10 A
Total Required Power (W +H) at 5 hours (day timing) = 4900 W-H, Total working hours at night timing by battery = 5 Hours
Total daily working hours of water pump = 5 Hours (morning) + 5 Hours (evening) = 10 Hours
Required Rated DC Current (day timing) = DC pump current + Battery Charging Current = (500 W/48V) + 10 A= 20 A
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3. PROPOSED SYSTEM

A standalone PV system is proposed in this study to deliver the electrical power to water pump of
direct current motor type. Figure 1 shows the block diagram of the proposed system, the system is started by
a parallel connected solar PV array which includes 3 panels of SPR-E20-327 module. For efficient harvesting
of electrical power from solar energy to be used as DC link power, an artificial neural network (ANN) with
proportional integral (PI) controller are designed to control the included buck-boost DC-DC converter that to
guarantee working in maximum power point (MPP) conditions. The converter is responsible to deliver the
required electrical power to the next block of a direct current load. The DC load is represented by battery
charger, battery bank of 48 V and 100 A-H (four serially connected batteries of 12 V and 100 A, and DC
drive with DC motor. The role of battery bank is guaranteeing the pump working during the night hours. To
control the speed of the water pump’s DC motor of 48 Volts, and 500 Watts PMDC motor, a direct current
speed drive is included in the proposed block diagram, the speed drive is responsible on controlling the pump
speed by controller is included in the proposed system block diagram. The study in this paper focuses on the
challenge of guaranteeing MPP work conditions by integrating the ANN algorithm with the PI controller.
In addition, the required power calculation for remote water pump applications is presented.

DC Load
Battery pc DC
PV [ Becst | |Charger™] Motor [ Motor
Vev &
Array DC-DC & Speed
= |» Battery = Water
Converter Bank = Drive —» Pump
PWM
Pulses
VPV ANN & PI
A “;- = Controller
Te':“;_l—- for MPPT

Figure 1. Block diagram of the proposed stand-alone PV system for water pump application

3.1. PV array design

The presented design of the PV array includes three parallel connected panels of module type
SPR-E20-327, this module consist of 96 serially connected solar cells of efficiency 20.4%, and
Monocrystalline type. The specifications of the selected solar module are shown in Table 2.

Table 2. PV module spr-¢20-327 specifications with array arrangement

Parameter Value
Rated Voltage (Vmpp) 547V
Rated Current (Impp) 598 A
Open-Circuit Voltage (Voc) 649V
Short-Circuit Current (Isc) 6.46 A
Avg. Panel Efficiency 20.4%
Max. Power (Pmpp) 327 W
Power Tolerance +5/-0%
No. of Cells 96
Number of parallel lines (Np) 3
Number of series panels (Ns) / line 1
Array power (Pmpp) =3 x 327 W 981 W

The quantity of the produced power has nonlinear proportionality with the irradiation level and the
ambient temperature. Irradiation level of incident light has positive proportionality whereas the ambient
temperature has negative proportionality. Figure 2 shows the equivalent electric circuit of the solar cell,
in which the output current of solar cell /py represents the total generated current /sc minus the diode current
Ip and minus the shunt resistor Rp current. The output current is passing through the serial resistor Ry.
At series connection of the solar cells, the resultant voltage will increase to a level proportional to the number
of series connected cells N, at the same connection, the total series resistance Rsgp is also proportional
with Ns. On the other side, in parallel connection of solar cells, the resultant level of output current will
positively proportional to the number of parallel connected cells Np, and the total parallel resistance Rp.gp is
inversely proportional with Np. (1) to (9) are showing the above explanation with respect to the equivalent
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circuit of the solar cell of Figure 2 [3-21]. The output PV array voltage equals to the voltage of one panel due
to the parallel connection whereas the total current of the PV array equals to the summation of the 3 panels’
currents as shown in Figure 3 and (6), and (7). As shown in Figure 3, the total output current at maximum
power point (MPP) condition equals to 18 A approximately, whereas the level of the delivered power to the
direct current load reaches to 1 kW approximately.

Ise = Ip+1p+ Ipy (D
Ipy = Isc —Ip— Ip 2
Vp
ID = 10 <eVT_1> (3)
Ip =2 @
Rp
Vov = Vp — Rslpy (5)
VPV_Array = Vpy (6)
Ipy array = Ipy X No.of parallel lines @)
N
PEQ — . Kp
R Ni R (3)
N
SEQ = 5. Is
R Ni R )
Ipy
AAN—p—s
Isc Y, Ir Rs +
o Re IVPV

Figure 2. Equivalent circuit of solar cell

Solar PV Array 3 x 1
SPR-E20-327W

Figure 3. The solar PV array connection

The I-V curves of the solar array at 4 different levels of irradiance (400 W/m?, 600 W/m?, 800
W/m?, and 1000 W/m?) with fixed ambient temperature of 25 °C, and at 4 different levels of ambient
temperature (15 °C, 25 °C, 35 °C and 45 °C) with fixed irradiance level of 1000 W/m? all are shown in
Figure 4. The nonlinearity behavior of the I-V curves are clearly monitored at different testing conditions.
The P-V curves at same testing conditions are shown in Figure 5. From power curves, it is noticeable that the
importance of working in MPP conditions for harvesting the maximum allowable levels of produced power.
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Figure 4. PV array of module (SPR-E20-327) characteristics; (a) I-V curves at fixed ambient
temperature of 25 °C; (b) I-V curves at fixed irradiance of 1000 W/m?
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Figure 5. PV array of module (SPR-E20-327) characteristics; (a) P-V curves at fixed ambient
temperature of 25 °C; (b) P-V curves at fixed irradiance of 1000 W/m?

The design in this study considers 13.7 V to 14.7 V voltage range [25] as an allowable voltage for
charging the 12 V battery. In other words, by adopting 13.7 V as the required voltage for normal charging,
this is leading to the need of 55 Volts for charging function to the battery bank of 48 V with normal charging
current of 10% of the battery AH.

3.2. Buck-boost DC-DC converter design

The function of the converter is controlling the output voltage V, of the converter [13-15], [21-24]
by bucking the input voltage ¥, when the duty cycle D width of the deriving pulse width modulation PWM
pulses in a range less than 0.5, whereas boosting ¥, when the duty cycle D width in a range more than 0.5
as shown in (10). Here, it is deserve to mention that PWM is a common technique in literature. [2-24].

Vo = = Vi () (10)

1—

When the converter working in continuous conduction mode (CCM), the minimum value of the
converter’s inductor can be determined for a certain load R at a certain switching frequency fs using (11).

Lmin = R (1_D)2
2fs

an
The circuit of the converter includes capacitor of the minimum value limited by (12), where Vo is
the converter output voltage, and 4V is the ripple of Vo.

D V,
R fs 4V,

(12)

3.3. Artificial neural network (ANN) design

Artificial Neural Network (ANN) represents a one of the common machine learning techniques
which is able to solve problems of different types and levels of complexity. ANN is characterized by fast
action in learning and response process with ability of producing accurate results regardless the system
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function [18-21]. To have accurate ANN performance, big data size of the input and output system’s
variables are required to be used for training or learning process that to have good trained relation between
the input and the output variables to/from ANN respectively.

Currently neural networks are used as an efficient technique for maximum power point tracking
MPPT objective by determining the reference voltages at any weather condition of different irradiance and
ambient temperature. The reference voltage of the ANN is used to be tracked by the system converter that to
guarantee the MPPT.

Normally the structure of the neural network ANN includes many layers starting by input layer,
and ending by output layer, whereas in between these 2 layers, there is/are one/more than one hidden layer/s.
The input data are received by input layer, Here it is deserve to mention that it is preferable the range of input
data between minimum (0) and maximum (1), these data will be processed in the intermediate steps by the
hidden layer/s, then the result of ANN processing will be delivered at the output layer of the ANN to be used
as reference value in the controller. Figure 6 shows the structure of the fundamental unit in neural network
which is the neuron.

The (13) shows a linear combination for all of the input variables (X,;, X.2, Xu3, Xus..., Xun) in the
neuron to produce Z, which will be processed later by the activation function before delivering as final result
yn of neuron’s processing [26].

Z = Z£V=1 Whi Xni + B (13)
There are 3 types of activation functions that can select one of them to do the desired process on the

input Z to the function. The (14)-(16) show the sigmoidal, the hyperbolic and the linear transfer functions
respectively [21].

Yo =f(2) (14)
O — (15)
f@) = (16)

There are 2 types of ANN, feed forward ANN, and feedback ANN. Feed-forward type allows
travelling the signal from in to out, i.e. forward direction only without feedback, whereas the second type
takes feedback information for adjusting the weights to reduce the error level [21, 26]. The adopted ANN
type to do the MPPT function in this study is feed forward ANN.

Back propagation process is selected for learning process and updating the weights in the neural
network algorithm. The mean square error (MSE) represents an important parameter to evaluate the accuracy
of the designed ANN. MSE indicates the difference between the estimated value of the ANN and the target
value as shown in (17) [26]. Low MSE means accurate ANN performance and vice versa.

MSE = 3 52 e(l)? = ¢ TR, (t(0) — a(k)? an

Where Q is the elements number of the input vector, e(k) is the error, t(k) is the target , whereas a(k) is
the ANN estimated output vector.

Input/s Weight/s

Xar [ War | Adder Activation

Xnz Function

Koz Output/s
y. (7] Z P

. f—v

| Ao

— Bias (5)

Figure 6. Neuron structure
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Figure 7, shows the detailed diagram of the proposed MPP tracker based on ANN algorithm and
PI controller. As shown in Figure 7, the main function of the ANN is producing the estimated reference
voltage which represents the PV array voltage at MPP, this voltage will be in different levels based on the
weather conditions of irradiance and ambient temperature. The weather conditions will be monitored by these
two input variables of ANN which receives the input variables by the 2 neuron input layer. The next layer is
represented by the hidden layer of 20 neurons, all of these neurons receive the outputs of the input layer and
doing the intelligent process to estimate the reference voltage, and this voltage will be delivered through the
outside of the output layer. To work at MPP, the PV system must track the reference voltage, so the actual
output voltage of PV array is measured to determine the difference with respect to the reference that to track
the reference voltage based on the level of error signal by controlling the duty cycle of the pulse width
modulated pulses. The pulses are driving the buck boost DC-DC converter to control the DC load voltage
that to guarantee the maximum load power. The proportional integral PI controller is inserted after the ANN
to soften the tracking function to the next reference levels and avoiding the sudden change in the error
voltage Erry.

ANN needs to train or learn by using big size data as possible, in this study, the input variables are
irradiance levels (G) and ambient temperature (7), whereas the output variable is the reference voltage at
MPP condition for the PV array, and the range of trained data of the irradiance is from 25 W/m? minimum to
1000 W/m? maximum, whereas the range of trained data of the ambient temperature is from 5 °C minimum to
45 °C maximum. Here it is deserve to mention that, the arrays of input variables and the output variable are
normalized before the training process that to have higher accuracy of ANN performance.

PV Array 3 x SPR-E20-327W

£ & &

Diode
Id
™

,_
Y
el
n
§

1 MprT
by
Controller|  anm

Feed Forward Artificlal Nueral Network c
Hidden
Layer

Figure 7. The proposed standalone PV system for MPPT function based on ANN algorithm

4. PROPOSED SYSTEM

The proposed PV system is simulated, tested and effectiveness evaluated via Simulink of MATLAB
software. The system performance based on the designed neural network is evaluated with and without IP
control, in addition, the system is evaluated without any controlling algorithm that to show the positive effect
of the ANN role on the PV system effectiveness. Table 3 shows the designed parameters for the converter
components and PI controller. The details of the simulated neural network are shown in diagram of Figure 8.
As shown in Figure 8 (a), the designed ANN includes 2 input variables, hidden layer of 20 neurons,
and output layer of 1 output variable. The ANN performance in terms of Mean Squared Error MSE is shown
in Figure 8 (b). It is clearly noticeable the acceptable value of MSE at epoch 10 as shown in Figure 8 (b) that
is equal to 7.4747e-5. Figure 9 shows the simulation results of load power levels for four equally intervals in
a 2 sec period. The DC load’s power is measured with and without using the proposed MPP tracker of ANN
and PI controller to show the performance effectiveness of the proposed solution. The results at fixed ambient
temperature of 25 °C and irradiances of (600 W/m?, 750 W/m?2, 900 W/m?, and 450 W/m?) indicate the high
effectiveness of the proposal in this study.
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Table 3. Proposed system parameters

Component/Parameter Value

DC Link Capacitor 2.2 mF
Converter Capacitor C 2.2 mF
Converter Inductor L 2 mH
Switching Frequency fs 30 kHz
Load Resistor R 3.1Q

Duty Cycle D (without Control) 0.5
PI Parameters P, [ 0.011, 0.005

D Fed e e —] . Best Validation Performance is 7.4747e-05 at epoch 10
w
. Train
Hidden Output validation
. Test
- Best
w
E
g 1w0*
w
=
2
o 3
ERRTH
o
w
=
H —
= 10 ““-ﬂ——_____._eaf____ —]
107 , .
o 2 4 & & 10 12 14 16
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Figure 8. The designed artificial neural network ANN, (a) Feed-forward neural network structure,
(b) MSE performance
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Figure 9. Simulation results of load power with and without the proposed ANN & PI controller
for MPPT function

5. CONCLUSION

A new design and simulation results of a certain MPP tracker based on the neural network algorithm
with the PI controller is proposed in this study. The proposal focused on the challenge of delivering the
required electrical power to the water pump’s DC motor in remote farms. A full design of a 1 kW power PV
system is considered to deliver half of this power for pump’s motor running during day hours, whereas the
second half of the generated power is designed to use for battery charging. A three parallel connected PV
panels are adopted to produce the required DC electricity. To have maximum power point working
conditions, a new design of artificial neural network ANN is proposed to produce the accurate reference
voltage to be tracked by the designed buck-boost DC-DC converter before delivering to the DC load.
The proposed direct current solution avoided the needs of alternating devices such as inverter, high order
filter and step up transformer, this is leading to reduce system complexity and cost. In addition, indicates the
successful system for practical applications.
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