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Abstract: Photovoltaic (PV) systems are one of the promising renewable energy sources that have
many industrial applications; one of them is water pumping systems. This paper proposes a new
application of a PV system for water pumping using a three-phase induction motor while maximizing
the daily quantity of water pumped while considering maximizing both the efficiency of the three-
phase induction motor and the harvested power from the PV system. This harvesting is performed
through maximum power point tracking (MPPT) of the PV system. The proposed technique is applied
to a PV-powered 3 phase induction motor water pumping system (PV-IMWPS) at any operating
point. Firstly, an analytical approach is offered to find the optimal firing pattern of the inverter (V-F)
for the motor through optimal flux control. This flux control is presented for maximizing the pump
flow rate while achieving MPPT for the PV system and maximum efficiency of the motor at any
irradiance and temperature. The provided analytical optimal flux control is compared to a fixed flux
one to ascertain its effectiveness. The obtained feature of the suggested optimal flux control validates
a significant improvement in the system performances, including the daily pumped quantity, motor
power factor, and system efficiency. Then converting the data from the first analytical step into an
intelligent approach using an adaptive neuro-fuzzy inference system (ANFIS). This ANFIS is trained
offline with the input (irradiance and temperature) while the output is the inverter pattern to enhance
the performance of the proposed pumping system, PV-IMWPS.

Keywords: photo-voltaic; induction motor; water pumping system; adaptive neuro-fuzzy inference
system; optimum operation; maximum power point tracking

MSC: 37N35

1. Introduction

Renewable energies are seen as the solution to reduce the consequences of energy
production in terms of negligible carbon dioxide emissions [1]. Solar energy stands out
among these alternative energy sources because it offers several benefits, including no fuel
costs, minimal maintenance needs, and environmental friendliness [2]. Of the available
renewable sources, Photovoltaic (PV) represents the highest generating level. The predicted
solar energy would make up almost 60% of new clean energy capacity over the last five
years [3]. It is expected that solar energy will produce 27% of the electricity produced
globally by 2025 [4]. PV systems meet many applications for both on and off-grid [5].
One of the cost-effective and applicable applications for irrigation in remote areas is solar
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pumping systems [2,6,7]. Pumping systems have many considerations and factors during
their design [8,9].

Numerous studies on PV water pumping systems have been presented [10–12]. The
effectiveness of these systems had been evaluated and investigated under various climatic
circumstances and solar insolation [13–15]. In particular, intermediate uses, such as small
communities and moderate agricultural needs, benefit from the usage of solar pumps.
The first plant in Saudi Arabia has been put into operation for desalination and water
pumping in a distant area using PV pumping [16]. The design of this plant considered
some specifications including depth, quality, and quantity of water. A design of a water
pumping system in Karansar, India was presented in [17]. This design takes into account
some factors, including the system’s location, PV array size, controller, pumping unit,
and water supply network. All these studies highlighted the feasibility and effectiveness
of employing PV in pumping applications. These systems use various pumps, run un-
der varied climatic circumstances, and are operated with AC or DC, directly connected,
or battery-powered.

Many research studies were presented to maximize the ratio of water flow rate to
generated energy in pumping systems. These studies concentrate on the maximization
of motor efficiency in addition to maximizing the energy harvested from the PV systems
through maximum power point tracking (MPPT) techniques at any operating point. Such
techniques work on the premise of driving the DC output voltage through a DC-DC
converter to a value that equates to the maximum power value [5,6]. Many tracking
control systems were presented for MPPT of PV systems [5,6,18]. These techniques are
mainly based on regulating the duty cycle of the converters to force the PV to operate at
the maximum power point. Among them, the most popular systems which are widely
employed in many commercial DC-DC converters, are perturb and observe (P&O) [19]
incremental conductance (INC) [20] and constant voltage (CV) [21]. But these systems
have some drawbacks, including high costs, challenges, complexity, instability, low effi-
ciency, and sensitivity to the perturbation step [22]. Some modifications were applied to
overcome these shortcomings in the MPPT techniques by using some soft computing and
artificial intelligence (AI) techniques as in [5]. Most of these MPPT techniques employed
PID controllers.

The PID controller has been and is currently widely used in many applications, partic-
ularly in renewable energy systems. This is due to its many configurations, which include
effectiveness, affordability, and simplicity. The non-linear nature of renewable energy sys-
tems makes it difficult to adjust the PID controller parameters. Because of the uncertainty
caused by their reliance on environmental circumstances, renewable energy technologies
add to the complexity of the adjustment. Variations in the environmental circumstances,
such as temperature and solar radiation for PV systems and wind speed for wind energy
conversion systems, are a representation of this reliance.

The non-linearity issue was handled by using many optimization techniques for
optimal tuning of the PID controller parameters. Cuckoo search for optimal tuning of PID
controller presented for MPPT application was investigated in [23]. Another optimization
technique, harmony search was introduced for the optimal tuning of these parameters for
grid-tied PV applications [24]. However, the optimization techniques are unable to address
the impact of uncertainty on the tuning of the PID controller parameters. This arises from
the fact that the tunned parameters are adjusted offline before being implemented in the
system. In other words, the tuning is performed at only one operating point, and the
environmental changes will not impact the parameters as they were turned off-line. The
availability of abundant and affordable computer power makes tracking control systems
based on soft computing (SC) approaches more alluring [25–33]. A complete review of
using SC in MPPT was discussed in [26]. This requires using adaptive techniques for
mitigating these issues. Ref. [34] presented an adaptive reference PI controller for an on-
grid PV system to update the controller parameters adaptively. The well-known adaptive
controllers with shown advantages over conventional controllers include ANN and ANFIS.
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Numerous applications of ANFIS control outperform traditional PID controllers such as
robot arms [35] and improve the integration of wind systems [36]. Another application,
MPPT for an off-grid PV system was developed using ANN [37]. To track the highest power
from PV, the application used various optimized PI controller parameters that were tracked
under various operating conditions. Afterward, a lockup table is conducted utilizing the
modified environmental variables (temperature and irradiance) as inputs to the ANN, and
the output is the optimum duty cycle of the DC-DC converter, which corresponds to each
group of PID controller parameters. This ANN was implemented in the form of a very
cheap and effective NI-X series DAQ for simulating the table and a LabVIEW platform was
used for generating the duty cycle adaptively. This proposed ANN increased the maximum
power extracted from the PV system to levels higher than 90% with minimum ripples.

Pumping systems for remote locations are one of the off-grid applications for solar
energy systems. PV systems must be used in conjunction with an energy storage system,
such as batteries, in off-grid applications. The efficiency of the water pump rises with
the usage of these storage devices, but the cost of the entire system rises due to increased
installation and maintenance expenditures. When solar energy is available, some water
tanks will be filled, and that water will be used when it is not, eliminating the need for
energy storage devices in pumping applications. We can infer from these conversations that
the PV pumping system with storage tanks is a more convenient, efficient, and affordable
option for off-grid water pumping systems.

DC motors are employed in many PV water pumping systems, because of direct cou-
pling with PV array, less expensive, and have simple speed control. Periodic maintenance
is still a significant disadvantage [22]. Due to the significant developments with dramatical
cost reduction in power electronics, AC motors that are driven by DC/AC inverters are
widely deployed [38–40].

Induction motors (IMs), are still an attractive and competitive technical choice in PV
pumping systems compared to DC and synchronous motors, due to low cost, reliability, and
robustness [39]. This system uses solely DC-AC inverters without using DC-DC converters,
which is an additional benefit for such systems.

A grid-tied solar pumping system that utilizes an IM was investigated in [35]. This
study aimed at providing a straightforward and less expensive configuration for PV pump-
ing systems using IMs. To enhance the IM performance for PV-water pumping applications,
numerous DC-AC inverter control techniques have been presented. The majority of these
applications forgo DC-DC converters and link the PV system’s DC output directly to the
load/network for off/on-grid applications respectively. This direct connection reduces the
cost and simplifies the system. The MPPT method used in these IM PV-water pumps is
completely different from that used in DC-DC converters. In Betka and Attali [38], Field-
oriented and MPPT controls have been introduced for global efficiency improvement. The
authors in [41] employed an open-loop sensorless vector control strategy with a PV push-
pull converter. In Corrêa et al. [42], the IM is controlled via a V/F strategy for minimum
losses operation with PV MPPT control. In [43], the authors focused on the design of a
converter more suitable to drive the three phases-IM in the case of batteryless applications.
A V/F IM control strategy is employed with a DC-DC converter suitable for the IM drive.
All these applications for using IM for water pumping-based PV systems had presented
different control techniques however they did not present any AI technique. These AI
techniques proved better performance and wide ranges of operations besides the adaptivity
control when the operating conditions varied in the systems, especially non-linear ones [44].
The variation in the operating conditions appears clearly in PV-IMWPS systems in the
temperature and irradiance changes and the non-linearity in the power electronic switches
used in such pumping systems.

This paper presents a novel approach for the ANFIS controller of PV-IMWPS for
optimum operation. ANFIS controller is used for computing the optimum inverter output
(V/F) patterns for optimizing some control objectives. These objectives are harvesting the
maximum power from PV systems through MPPT and maximizing both the pump flow rate
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and the IM motor efficiency. ANFIS controller, as an adaptive controller, will adaptively
and quickly update the modulation indices for new operating points as a function of
the insolation level, irradiance, and temperature. The proposed controller showed better
performance when compared to other analytical controllers.

2. Steady State Model of PV-IMWPS

The under-study isolated system consists primarily of a solar cell array, inverter, and an
IM coupled to a centrifugal pump as shown in Figure 1. A steady-state mathematical model
for each device and a complete combined system are developed in the following sections.
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2.1. PV Module Model

The equivalent circuit of the PV module is represented by a single diode in parallel
with a current source with series and parallel resistances as depicted in Figure 2.
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PV module converts the solar energy into electrical energy acting as a PV generator
capable of delivering the appropriate value of output voltage and current [5,45,46].

The solar insolation, module working temperature and connected pattern of cells are
the main contributors to the PV generator Power-voltage characteristic as given by [45,46];

Pg = GIphgVg − IogVg (eΛgVg − 1 )− (Vg
2/Rsh ) (1)

At maximum power operation ( ∂Pg
∂Vg

= 0), voltage-current equation will be as fol-
lows [47];

GIphgVg − Iog (eΛgVg − 1 )− IogVgΛgeΛgVg −
(

2Vg

Rsh

)
= 0 (2)

where;
Λg = q/Ns AKT; Iog = NP Io; and Iphg = NP Iph [47].
Appendix A provides a summary of the PV module’s primary electrical characteristics.

2.2. Motor-Drive Pump Model

The selected water pump in this work is a centrifugal type for its higher utilization
efficiency. Its load torque is proportional to the square of its rotor speed, which is the shaft
speed of the coupled 3-phase squirrel cage IM. To adapt the PV generator output to the IM,
this converter is placed to link the PV output and the IM. This converter is a three-phase
pulse width modulation (PWM) inverter with a variable amplitude modulation index (M)
and a frequency modulation index (P). Given that the converter is ideal, then there are no
losses, so input power equals output power.

The relation between the RMS fundamental amplitude line to neutral voltage Vm and
input DC voltage can be expressed in the range of 0 ≤M ≤ 1 as follow [48];

Vm = MVg/
√

2 (3)

To vary the output of the water pump, the motor mathematical motor–pump model
may be described as follows;

The motor torque equation under steady-state is;

Te =
1

ωs
(Pin − 3R1(Vm/|Zin|)2 ) (4)

where;
Zin = Rin + J Xin (5)

Rin = R1 +
(R2/S)(Zmr + Zmi)

2 + Zmr(R2/S + X2)
2

(Zmr + R2/S)2 + (Zmi + X2)
2 (6)

Xin = X1 +
X2(Zmr + Zmi)

2 + Zmi(R2/S + X2)
2

(Zmr + R2/S)2 + (Zmi + X2)
2 (7)
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Zm = Zmr + J Zmi (8)

Zmr =
Rm(Xm)

2

(Rm)
2 + (Xm)

2 (9)

Zmi =
Xm( Rm)

2

(Rm)
2 + (Xm)

2 (10)

The pump torque equation under steady-state is;

TL = KP ∗ωm
2 = KP ∗ ((1− S)ωs)

2 =
9.810 ∗Q ∗ H

ηP∗ ωm
(11)

At steady state (Te = TL), motor—pump equation will be as follow;

Vm
2 + (Zin

2/3R1 ) [ KP(1− S )2ωs
3 − Pin ] = 0 (12)

Or
Vm

2(1− Rin/R1) + (Zin
2KP(1− S)2ωs

3/3R1 ) = 0 (13)

The water flow rate can be calculated as shown below based on the motor-working
pump’s point.;

9.810 QH = ηP KP(1− S) ( Pin − 3R1 (Vm/|Zin| )2 ) (14)

In Appendix A, the key characteristics of the motor and the centrifugal pump in use
are outlined.

3. Proposed Optimum Operation Technique

The proposed optimum operation technique is based on determining the optimum
inverter modulation index which can be obtained by solving Equation (3). The input voltage
of the 3-phase sinusoidal pulse width modulation (SPWM) inverter Vg is constrained to
that corresponding to PV-MPPT, considering insolation and temperature effect. This has
been achieved by solving Equations (1) and (2). While the output voltage of the inverter Vm
is constrained to that the motor-pump power equal PV-MPPT, which can be achieved by
solving Equation (12). But it is crucial to realize the relationship between inverter voltage
and frequency (Vm , f ), which can be determined by motor characteristics operation as
detailed in the next three subsections.

3.1. Approximately Constant Flux Operation

To retain the maximal torque under a specific working condition, the flux in the motor
must be kept constant. In other words, it is necessary to maintain a consistent voltage to
frequency ratio. In order to regulate the basic voltage of the inverter with its frequency, the
modulation index of the carrier signal must be modified [49].

So the inverter frequency f , can be represented as;

f = [( fr/Vr)·(Vm −Vo)] (15)

Using Equations (3), (12) and (15), the optimum modulation index Mop and voltage-
frequency patterns (Vm , f ) can be determined to achieve approximately constant flux drive
at PV-MPPT. The controller is set to change the modulation index within its linear region
0 ≤M ≤ 1, and acts as MPPT element.

3.2. Optimum Flux Operation

The most efficiency and best performance cannot be guaranteed in an operation with
roughly constant flux. Consequently, the motor must run in a controllable voltage-frequency
pattern to obtain maximum efficiency. For maximum efficiency operation over speed range,
the applied voltage must be tuned to suit the applied load torque for each frequency. Thus,
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the motor torque and speed must be regulated by shaping voltage-frequency patterns
applied to the motor to match the load torque and ensure operation at the speed specified
for maximum efficiency motor operation [50]. In other words, the motor efficiency will
be the maximum overall speed range as the motor run with optimum flux. The IM stator
current in terms of rotor current can be written as follow;

I1 = I′2

[(
Xt

Xm

)2
+

(
R′2

SXm

)2
]1/2

(16)

where;
Xt = X′2 + Xm (17)

The no-load current Io can be deduced to be;

Io = I′2 ∗

(
R′2
S

)
+ J(X′2)

(Rm)
(18)

The iron losses Pir can be calculated as shown;

Pir = 3 Io
2Rm = 3

(
I′2
)2 ∗

(
R′2
S

)2
+ (X′2)

2

(Rm)
(19)

where

Rm = Rmb

(
50
f

)1.1
(20)

Also the copper losses Pcu can be deduced as follow;

Pcu = (3
(

I′2
)2
) ∗
{[(

Xt

Xm

)2
+

(
R′2

SXm

)2
]

R1 + R2

}
(21)

The IM power losses can be written as follows;

Ploss = 3I2
′2 [A + B/S2 ] (22)

where:

A =

(
Xt

Xm

)2
R1 +

(X′2)
2

(Rm)
+ R2 (23)

B =

(
R′2
Xm

)2

R1 +
(R′2)

2

(Rm)
(24)

Also, the motor efficiency may be calculated as shown;

ηm = 1−
[
A + B/S2](

1−s
s

)
R′2 + [A + B/S2]

(25)

So at maximum efficiency operation ( δη
δs = 0), the slip at which maximum efficiency

occurs Sη can be calculated as follows;

Sη =
−B +

√
B(A + B)
A

(26)

Using Equations (3), (12), (13), (16) and (26), the optimum modulation index Mop and
voltage-frequency patterns (Vm , f ) can be determined to achieve optimum flux drive at
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PV-MPPT. The controller is set to change the modulation index within its linear region
0 ≤M ≤ 1, and acts as an MPPT element beside the maximum efficiency element.

3.3. Methodology and Implementation of the Proposed Optimum Operation Controller

The suggested optimum operation controller is based on sensor values for solar
insolation, cell working temperature, and converter modulation index.

The computing procedure of the proposed optimum operation technique is depicted
in the flowchart shown in Figure 3 where the maximum water flow rate value according to
different operating conditions can be determined by Equation (14).

Mathematics 2023, 11, x FOR PEER REVIEW 8 of 21 
 

 

𝑆ఎ = −𝐵 + ඥ𝐵(𝐴 + 𝐵)𝐴  (26)

Using Equations (3), (12), (13), (16) and (26), the optimum modulation index Mop and 
voltage-frequency patterns (𝑉௠ , 𝑓) can be determined to achieve optimum flux drive at 
PV-MPPT. The controller is set to change the modulation index within its linear region 0 
≤ M ≤1, and acts as an MPPT element beside the maximum efficiency element. 

3.3. Methodology and Implementation of the Proposed Optimum Operation Controller 
The suggested optimum operation controller is based on sensor values for solar in-

solation, cell working temperature, and converter modulation index. 
The computing procedure of the proposed optimum operation technique is depicted 

in the flowchart shown in Figure 3 where the maximum water flow rate value according 
to different operating conditions can be determined by Equation (14). 

 
Figure 3. The proposed optimum operating technique’s calculation process. Figure 3. The proposed optimum operating technique’s calculation process.



Mathematics 2023, 11, 731 9 of 21

The inverter used in the proposed optimum operation technique is a 3-phase SPWM.
The process of PWM generating signals involves hardware and software considerations.
The software controller computes the optimum modulation index Mop for the used PWM
signals to drive each of the inverter legs, while the computed modulation index depends
on the desired operating state and the measured state of the system (G, T, Mo). It makes the
actual operating state of both motor and PV follow the desired trajectory.

Once the desired modulation index and hence duty cycle have been computed by
the processor, the PWM generating units (comparators and timers) produce accurately
timed signals to drive the inverter switches gates to reflect the desired timing waveforms
to be applied to the motor. Figure 3 illustrates the flow chart for the PV-MPPT at IM
maximum efficiency controlling process. The water flow rate is calculated for various
operating conditions that are determined by variations in solar insolation, (G), cell working
temperature, (T), and converter modulation index, (M).

4. Optimum Operation Controller Using ANFIS Techniques

As it is desired to reach the optimum modulation index accurately and fast due to
unexpected changes in the surrounding conditions, the ANFIS technique will be presented
in this work.

The system initially operates at any operating point, and then the modulation index is
changed until the optimum operation point (OOP) is reached with the modulation index
Mo. When the environmental conditions change, the optimum modulation index Mop is
adjusted for OOP. This can be mathematically expressed as follows;

Mop = f (Mo, G, T) (27)

The optimum modulation index is obtained first by iterative Equations (1)–(3) and (12).
It is noted that these equations are non-linear, resulting in a complex mathematical model.
Alternatively, ANFIS is used to estimate the optimum modulation index Mop accurately
and adaptively.

4.1. Adaptive Neuro-Fuzzy Inference System (ANFIS)

A fuzzy inference system and a neural network are both components of the hybrid
intelligence system known as ANFIS. The key advantages of ANFIS deal with dealing with
linguistic expressions that are understandable to human specialists (if-then) rules and might
be trained by samples of input-output data.

Using a fuzzy system to represent knowledge, controller design has the learning capa-
bilities of a neural network and may directly modify the membership function parameters
based on data to enhance system performance [48,49]. The ANFIS network is based upon a
first-order Takagi–Sugeno model and is comprised of five layers.

Many membership functions are used in ANFIS [51]. The selection of each function
is based on the system data. The classification and popular functions are given in detail
in [51].

In this work, membership functions are chosen to be psigmf membership functions
for all the inputs since it gives a good output compared to the other membership functions
as shown in Figure 4 [52]. Psigmf membership functions are a product of two sigmoidal
membership functions [53,54].

The lowest error value of three input weights is determined by rules firing strengths
determination in the second layer. While normalizing the rule firing strengths in the third
layer. Calculate each rule’s contribution to the final output in the fourth layer. In the fifth
layer, the total result is the sum of the contributions from each rule.

4.2. PV AC-WPS with ANFIS Controller

In this section, the identification method for the ideal modulation index that was
previously discussed is used to develop the PVWPS with the ANFIS controller model.
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Extensive simulations are run to examine how the suggested strategies function in various
scenarios. Figure 5 depicts the schematic layout of the suggested simulated system.
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5. Results and Discussions

This section will examine the system’s operation using the optimum flux controller
and give a comparison between it and the constant flux controller. Then the integration of
the ANFIS controller will be studied.

The proposed optimization system tries to determine the suitable duty cycle and
consequently achieve optimum flux control to maximize the motor efficiency through
following the maximum power point of the PV power. Besides maximizing the water
flow rate.

5.1. Motor Operation Characteristics

The voltage/frequency ratio is nearly constant for constant flux operation but not
for controllable one. The motor input voltage for both constant and controllable flux is
shown in Figure 6. At low speed, the voltage is decreased to a certain level at which the
flux is constant, while the voltage is decreased to lower levels when applying optimal
flux control. This control reduced the voltage and consequently improve the system
performance according to the load value and profile.

The motor characteristics for both approximately constant and optimum flux operation
will be explored. When using the optimal flux control technique, the motor draws less
current than when using the constant flux control technique at low speeds, as in Figure 7a.
This reduction was nearly 67% at 900 rpm.
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Figure 6. Motor input voltage variation with speed at approximately constant and optimum
flux operation.
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The motor power factor is increased extensively with the proposed optimum flux
method. The power factor reaches nearly 0.9 while 0.5 for the proposed and constant flux
control methods respectively as in Figure 7b. The optimum flux control method results in a
considerable increase in power factor and a significant decrease in stator current, which
significantly improves motor efficiency as illustrated in Figure 7c.

5.2. PV AC-WPS Optimum Flux Controller

The primary goal of the presented work is to increase the water flow rate while
maximizing the amount of energy that is gathered from the PV system by boosting the IM
efficiency at various environmental variations. As previously discussed, both changes in
temperature and solar irradiation have an impact on the power generated by PV panels.
The simulated power/voltage characteristics of the PV module are depicted in Figure 8.
From this figure, it is obvious that the operating temperature and solar insolation have an
impact on the maximum power point.
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Figure 8. PV characteristics at various solar insolation and temperatures.

To determine the effectiveness of the suggested optimal flux controller’s ability to
maximize the water flow rate while satisfying the MPPT and maximization of the IM
efficiency, two test scenarios will be conducted. The first one is at a constant temperature
with variations in solar insolation, whereas the second is the opposite.
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In this instance, the water flow rate will be examined to evaluate the performance of
the suggested optimal flux control over the fixed flux one through studying two different
scenarios. Those are steady temperature and fluctuating irradiance, and the opposite in
the alternate case. Figure 9a,b showed that, in the two scenarios, the given optimal flux
control could function more effectively than the fixed flux control. The obtained results
confirm the fact that the PV output power is inversely related to temperature and directly
proportional to irradiation.
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Figure 9. Water flow rate variation.

The motor efficiency was maximized by the optimal flux control described in this
research at ranges of 80% with irradiance fluctuations from 100 w/m2 to 1100 w/m2 at a
fixed temperature of 25 ◦C, as shown in Figure 10a. The motor efficiency was relatively
low in this case, with a range of less than 50% at lower irradiance levels with constant flux
regulation, as shown in Figure 10a.

In the second case, a constant irradiance of 500 w/m2 will be used to test the proposed
optimal flux control while varying the temperature from 16 ◦C to 57 ◦C. The motor efficiency
was significantly increased by the optimum flux control technique over the constant flux
one, as illustrated in Figure 10b.
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Figure 10. Motor efficiency.

From Figures 9 and 10 it is noticed that the motor efficiency and the water flow
rate are enhanced after optimum flux control, especially at low radiation levels and high-
temperature levels.

To assess the ability of the proposed flux control to monitor the maximum power
extracted from the PV, the IM output power is plotted. Figure 11 demonstrated this power
when varying the irradiance from 100 W/m2 to 1000 W/m2 at a constant temperature of
25 ◦C. At this constant temperature and irradiance of 600 W/m2, the motor output power is
close to 420 W and its current efficiency is 84% meaning that the input power to the motor
(PV output power) is 500 W. The PV maximum power at this point is 500 W according to
the PV characteristics (Figure 8). This proved that the motor input power using the optimal
flux control technique corresponds to the PV generator’s maximum power at this point.

As for each operating point, the corresponding control signal (modulation index) at
the optimal operation should be calculated. Although it takes less time, the calculation is
performed offline. Moreover, a system that can forecast all operating points, including those
that have not been trained, is required. Hence the analytical control approach’s primary
flaw is that it does not quickly and adaptively modify the control signal for the inverter
when there are changes in operating conditions and operate only at the predetermined
points. This necessitates the use of yet another adaptive control method. ANFIS controller
will be employed as an adaptive controller.
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5.3. PV AC-WPS with ANFIS Controller

In this search, ANFIS will be used to mitigate the drawbacks of employing the analyti-
cal approach offered for controlling the control signal.

The irradiance is changed from 100 to 1000 W/m2 and the temperature is raised from
17 to 57 ◦C to simulate the changes in the environment. These two environmental factors
serve as the first two inputs to the ANFIS, with the operating modulation index serving as
the third input. Targeting the best modulation index with the highest flow rate is the goal
of this training. The test and ANFIS data demonstrate ANFIS’s capacity to analyze trained
data to determine the optimal modulation index and, in turn, the flow rate. The simulation
is performed 30 times to obtain the input/output data for the ANFIS. Among these data,
24 were selected for training, while the 6 remaining points were used for testing as given in
Table 1.

Table 1. Sample testing data sets for calculated and predicted by ANFIS controllers.

Inputs Mn Q

Training

G T Mo Trained ANFIS % Error Trained ANFIS % Error

100 17 1 0.21806 0.218059 −0.00046 0.2983 0.2982 −0.03352

300 17 0.21806 0.30418 0.304176 −0.00132 0.9615 0.9617 0.020801

500 17 0.30418 0.36196 0.361957 −0.00083 1.67984 1.6796 −0.01429

700 17 0.36196 0.40841 0.408411 0.000245 2.42218 2.4217 −0.01982

1000 17 0.40841 0.46708 0.467059 −0.0045 3.56028 3.5603 0.000562

200 27 0.46708 0.3026 0.3026 0 0.49524 0.4952 −0.00808

400 27 0.3026 0.37271 0.372709 −0.00027 1.07157 1.0711 −0.04386

600 27 0.37271 0.42589 0.425891 0.000235 1.68732 1.6873 −0.00119

800 27 0.42589 0.46952 0.469514 −0.00128 2.32441 2.3256 0.051196

1000 27 0.46952 0.50923 0.509224 −0.00118 2.97705 2.9771 0.00168

200 37 0.50923 0.3512 0.3512 0 0.37625 0.376 −0.06645

400 37 0.3512 0.42231 0.42231 0 0.8325 0.8322 −0.03604

600 37 0.42231 0.47678 0.47678 0 1.33233 1.3329 0.042782

1000 37 0.5226 0.56259 0.562591 0.000178 2.40023 2.4005 0.011249

300 47 0.56259 0.46107 0.461071 0.000217 0.43052 0.4309 0.088265
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Table 1. Cont.

Inputs Mn Q

Training

G T Mo Trained ANFIS % Error Trained ANFIS % Error

800 37 0.47678 0.5226 0.522606 0.001148 1.85864 1.8586 −0.00215

500 47 0.46107 0.5205 0.520496 −0.00077 0.79726 0.7976 0.042646

700 47 0.5205 0.57124 0.571242 0.00035 1.19941 1.1987 −0.0592

900 47 0.57124 0.61399 0.614 0.001629 1.62441 1.6241 −0.01908

100 57 0.61399 0.58433 0.58433 0 0.09393 0.0942 0.287448

300 57 0.58433 0.57558 0.57558 0 0.28775 0.2878 0.017376

500 57 0.57558 0.62649 0.62649 0 0.54632 0.5468 0.087861

800 57 0.62649 0.69354 0.69354 0 0.99674 0.9971 0.036118

1000 57 0.69354 0.73485 0.73485 0 1.32482 1.3249 0.006039

Testing

100 20 1 0.23034 0.237378 −3.05548 0.271726 0.26482 2.541531

200 30 0.22034 0.340368 0.336733 1.067962 0.455055 0.44786 1.581128

300 40 0.340368 0.423373 0.424442 −0.2525 0.549494 0.56962 −3.66264

400 50 0.423373 0.531515 0.530505 0.190023 0.555043 0.5681 −2.35243

500 52 0.531515 0.569982 0.572696 −0.47616 0.674015 0.68986 −2.35084

750 25 0.569982 0.431626 0.440581 −2.07471 2.241114 2.2645 −1.0435

Table 1 depicts a comparison between the different calculated data and estimated data
by the ANFIS controller for PV AC-WPS for both the training and testing data. It illustrates
a very good agreement between data obtained by the prescribed methods as in Figure 12a,b
for the modulation index and flow rate respectively with RMSE of 5.3255 × 10−6. The
percentage error is also shown in Table 1 for the trained and ANFIS-perceived modulation
index and water flow rate. The effectiveness of the training process and the deployment of
such an adaptive controller was demonstrated by the fact that the modulation index error
and water flow rate error were almost both zero or very close to zero. For the testing data,
the percentage error is less than 3% for the modulation index and flow rate.
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900 47 0.57124 0.61399 0.614 0.001629 1.62441 1.6241 −0.01908 
100 57 0.61399 0.58433 0.58433 0 0.09393 0.0942 0.287448 
300 57 0.58433 0.57558 0.57558 0 0.28775 0.2878 0.017376 
500 57 0.57558 0.62649 0.62649 0 0.54632 0.5468 0.087861 
800 57 0.62649 0.69354 0.69354 0 0.99674 0.9971 0.036118 

1000 57 0.69354 0.73485 0.73485 0 1.32482 1.3249 0.006039 
Testing 

100 20 1 0.23034 0.237378 −3.05548 0.271726 0.26482 2.541531 
200 30 0.22034 0.340368 0.336733 1.067962 0.455055 0.44786 1.581128 
300 40 0.340368 0.423373 0.424442 −0.2525 0.549494 0.56962 −3.66264 
400 50 0.423373 0.531515 0.530505 0.190023 0.555043 0.5681 −2.35243 
500 52 0.531515 0.569982 0.572696 −0.47616 0.674015 0.68986 −2.35084 
750 25 0.569982 0.431626 0.440581 −2.07471 2.241114 2.2645 −1.0435 

Table 1 depicts a comparison between the different calculated data and estimated 
data by the ANFIS controller for PV AC-WPS for both the training and testing data. It 
illustrates a very good agreement between data obtained by the prescribed methods as in 
Figure 12a,b for the modulation index and flow rate respectively with RMSE of 5.3255 × 
10−6. The percentage error is also shown in Table 1 for the trained and ANFIS-perceived 
modulation index and water flow rate. The effectiveness of the training process and the 
deployment of such an adaptive controller was demonstrated by the fact that the modu-
lation index error and water flow rate error were almost both zero or very close to zero. 
For the testing data, the percentage error is less than 3% for the modulation index and 
flow rate. 
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This paper proposed a technique for the optimal operation of the PV-IMWPS system. 

This technique permits the PV to extract its maximum power, the IM to maximize its effi-
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at every operational point, the flow rate and subsequent daily water pumped volume are 
both improved. This can be realized by constraining the operation speed that corresponds 
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By adjusting the inverter frequency and the modulation index through optimum flux 
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of the PV generator becomes available to the load. Significant improvements in the effi-
ciency and power factor are obtained even at low insolation. The use of the ANFIS con-
troller for water flow rate maximization of PV-IMWPS has been demonstrated and is very 
effective for accounting for the complex characteristics of this system. A comparison be-
tween the presented optimum and fixed fluxes control is presented in terms of the motor 
efficiency and the water flow rate. The presented control technique boosts motor effi-
ciency to a high level—around 80%—nearly independent of environmental variations. On 
the other hand, the fixed one is greatly influenced by environmental changes and exhibits 
major fluctuations in motor efficiency between 20% and 70%. When employing the opti-
mal flux control instead of the fixed one, the water flow rate increased by more than 50%. 
With a percentage of errors less than 0.2% for both the modulation index and the flow 
rate, the ANFIS performs at an exceedingly high level. In the future, experimental imple-
mentation and transient stability may be studied. 
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6. Conclusions

This paper proposed a technique for the optimal operation of the PV-IMWPS system.
This technique permits the PV to extract its maximum power, the IM to maximize its
efficiency, and the water pump to maximize its flow rate. By increasing the mechanical
power at every operational point, the flow rate and subsequent daily water pumped
volume are both improved. This can be realized by constraining the operation speed that
corresponds to Sη as the insolation varies and tracking maximum power points.

By adjusting the inverter frequency and the modulation index through optimum flux
control, the optimum value of the motor efficiency is ensured, and the maximum power of
the PV generator becomes available to the load. Significant improvements in the efficiency
and power factor are obtained even at low insolation. The use of the ANFIS controller for
water flow rate maximization of PV-IMWPS has been demonstrated and is very effective
for accounting for the complex characteristics of this system. A comparison between the
presented optimum and fixed fluxes control is presented in terms of the motor efficiency
and the water flow rate. The presented control technique boosts motor efficiency to a
high level—around 80%—nearly independent of environmental variations. On the other
hand, the fixed one is greatly influenced by environmental changes and exhibits major
fluctuations in motor efficiency between 20% and 70%. When employing the optimal flux
control instead of the fixed one, the water flow rate increased by more than 50%. With a
percentage of errors less than 0.2% for both the modulation index and the flow rate, the
ANFIS performs at an exceedingly high level. In the future, experimental implementation
and transient stability may be studied.
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Nomenclature

Vg, Ig, Pg PV generator voltage in V, current in A, and output power in W
Vgm, Igm PV generator voltage in V and current at maximum power in W
Pgm PV generator maximum output power in W
Iph, Iphg Insolation photo current per cell and per module in A
Io, Iog Reverse saturation current per cell and per module in A
Rs, Rsh Series and shunt resistance per cell, in Ω.
Rsg PV generator series resistance, in Ω.
Ns, NP Number of series and parallel solar cells
q Electron charge, 1.602 × 10−19 C
K Boltzmann constant, 1.38 × 10−23 J/k
T Cell working temperature in, ◦C
A Completion factor.
Λ , Λg PV cell and module constant in, (1/V)
G Solar insolation (irradiance) level in kW/m2.
Vm Stator voltage of Induction motor, in Volt/phase. Or inverter output RMS

fundamental amplitude line to neutral voltage, in Volt/phase.
I1, I′2, Io Stator, rotor, and magnetizing currents in A
TL, Te Load (pump) and Motor developed torque, in N.m.
KP Load (pump) constant, in N.m/(rad/s)2.
Q, H Water flow rate, in L/sec and Total static head, in m.
ηP, ηm Load (pump) and motor efficiency, in %.
R1, R′2, Rin Stator, Rotor, and motor resistances in Ω
X1, X′2, Xin Stator, Rotor, and motor reactances in Ω
Rm, Xm Core loss resistance and magnetizing reactance Ω
Zin, Zm Motor and magnetizing impedances Ω
S, Sη Operating and maximum efficiency slip.
Pcu, Pir Copper and iron losses in W
Pin, Ploss Motor input and losses power in W
M, Mo, Mop Operating, old, and optimum Modulation index
ωm, ωs Rotor and synchronous speed in rad/sec
Vr, fr Rated induction motor voltage in V and frequency in Hz
Vo Stator resistance voltage drop at starting (∼= 0.1 Vr)

f Inverter output frequency in Hz

Appendix A

The parameters of the system under study are shown below;

PV array data at G = 1000 W/m2 and T = 25 ◦C
Ns 1224 cell
NP 3 cell
Rs 0.05 Ω.
Iph 0.756 A
Io 0.45 × 10−3 A
1/Λ (1/13.68) V
Induction Motor data
Vm 220 V (rated motor voltage)
I1 3.56 A (rated stator current)
R1 2.2 Ω.
R′2 8.45 Ω.
Rm 620 Ω.
L1 0.0478 H.
L′2 0.0478 H.
Lm 0.1943 H.
P 6 poles
Po 810 Watt
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N 890 rpm (rated shaft speed)
Load data
KP 1.09834 × 10−5 N.m/rad/s2
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