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Abstract: Many papers exploiting the various MPPT (maximum power point tracking) techniques in PV (photovoltaic) applications, 
from the simple to the most complicated, can be found in literature. However, these techniques may not always be easy to  
implement in industrial applications. The main challenge of this paper is to model and implement the P & O (perturb and observe) 
algorithm in a low-cost PV-powered pumping system. To that end, a comparative investigation of the performance characteristics  
of the most popular MPPT methods, such as FOCV (fractional open circuit voltage), FSCC (fractional short circuit current),     
FLC (fuzzy logic control), ANN (artificial neural network) and INC (incremental conductance) is presented. This analysis is helpful 
to highlight the relevance of the P & O technique taking better account of complexity, difficulty of implementation and cost 
considerations in water pumping applications. The targeted PV-powered pumping system is based on a single-phase induction  
motor supplied by a three-phase inverter controlled by the DTC (direct torque control) technique. This stand-alone PV system is 
dedicated to water pumping, especially in rural areas that have no access to national grids but have sufficient amount of solar 
radiation. Simulation modeling (Matlab/Simulink) and experimental results are presented to demonstrate the relevance of the  
system. 
 
Key words: DC-DC power converter, MPPT algorithms, P & O, stand-alone PV-powered water pumping system. 
 

1. Introduction 

Over the years, photovoltaics has proven to be an 

attractive environmentally friendly energy source 

since it has had key implications, both in economic 

and ecological terms [1, 2]. A large number of serious 

studies have recently shown that, as a consequence of 

its very strong growth in the last decade, PV 

(photovoltaic) energy is now on the way to becoming 

a mature technology [3]. The world’s total installed 

solar PV electricity generation capacity has been 

predicted to double, from about 100 GW in 2012 to 

200 GW in 2015 [4, 5]. 

Stand-alone PV systems always attract considerable 

interest in a wide range of applications: 
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water-pumping installations (especially, automatic 

irrigation systems), industry, telecommunications and 

public services, health (for instance, for an emergency 

health clinic), residential and free time [6]. However, 

in such applications, low conversion efficiency can 

typically be pointed out, depending on weather 

conditions (irradiance, ambient temperature). 

A solution for increasing the output power of any 

PV system consists in tracking its MPP (maximum 

power point). At that point, the PV system operates at 

maximum efficiency as it produces its maximum 

output power. Numerous papers have also emphasized 

the crucial role of MPPT (MPP tracking) system and 

particularly its control strategies to maintain the PV 

array’s operating point at its MPP [7]. 

Currently, there are many MPPT algorithms that 

have been developed to improve the cost-effectiveness 
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of PV systems. Most of these MPPT control 

techniques have been reported in the literature. The 

following non-exhaustive list presents the commonly 

used techniques: fractional open circuit voltage, 

fractional short circuit current, fuzzy logic, neuronal 

network, hill climbing, perturb and observe or 

incremental conductance. Some users may be a little 

confused by selecting a suitable MPPT method aimed 

at a novel application. A few papers have recently 

published and suggested ways of dealing with these 

issues [8-11]. 

This paper serves several purposes. First of all, the 

objective is to get a better understanding of the main 

MPPT techniques reported in the literature. In 

particular, a comparison is proposed based on the 

following criteria: targeted application, control 

strategy, control variable, circuitry, complexity level 

converter used and cost. Then, the ultimate challenge 

is to select the best MPPT algorithm and implement it 

to control a cost-effectiveness PV-powered pumping 

system (35 l/min). It is important to note that, water 

pumping is one of the most important applications of 

photovoltaics particularly in rural areas, because of a 

considerable amount of solar radiation and for reasons 

of electrical grid which is most often inaccessible. The 

PV-powered pumping system described in this article 

is based on a centrifugal pump which is the most used 

in low head applications [12]. A 370 W single-phase 

induction motor is used to drive the centrifugal pump. 

A DC-DC converter using MPPT controlling in 

association with an inverter is used to control the 

induction motor. 

First of all, the present manuscript introduces    

the functioning of the PV-powered pumping system. 

Then, the typical MPPT techniques are highlighted. 

The literature review will help to choose the best 

method to be implemented in the PV-powered 

pumping system. The last part of the paper is 

dedicated to the implementation of the MPPT 

technique. A discussion is proposed to point out the 

relevance of the study. 

2. Review of the Background and Motivations 

2.1 Description of the Targeted Application 

Many recent studies have highlighted regularly that 

PV-powered pumping systems require developing 

innovative approaches and techniques to increase their 

efficiency, cost-effectiveness and reliability. 

Fig. 1 illustrates the block diagram of the low cost 

stand-alone PV-powered system dedicated to water 

pumping applications, especially in insulated or 

mountainous locations and in temporary installations 

because of a natural disaster. 

This system is based on the control of 370 W 

single-phase induction motor (AC motor) using the 

DTC (direct torque control) technique. This technique 

describes the way in which the control of torque and 

speed are directly based on the electromagnetic state 

of the motor in comparison with PWM drives which 

use input frequency and voltage. There are many 

benefits of the DTC control method: torque response, 

accurate torque control at low frequencies, torque 

repeatability, motor static and dynamic speed 

accuracy. It is important to note that, the IM 

(induction motor) offers the advantage of being 

supplied with single-phase. It is commonly used in 

low power rating applications, in domestic as well as 

industrial use. 

The photovoltaic generator is composed of six 

80 Wp solar panels (SUNTECH STPO80S-12/BB PV 

module). A three-phase inverter composed of IGBTs 

(insulated gate bipolar transistors) is used to convert 

the  direct  current  of  the PV generator  into an 
 

 
Fig. 1  General architecture of the PV-powered water 
pumping application. 
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alternating current that is necessary to drive the AC 

motor of the centrifugal pump (35 l/min). A DC-DC 

converter (boost converter) that incorporates the 

MPPT function is used to step up the voltage of the 

PV array to the input voltage of the inverter. One key 

element of this standalone system is the MPPT 

algorithm that is embedded in the DC-DC converter to 

maximize the power generated by the PV modules 

independently of temperature and the amount of solar 

irradiation. 

This article focuses on the MPPT function that is of 

primary importance to increase the efficiency of the 

PV system. 

2.2 Modeling and Characterization of the PV 
Generator 

Many mathematical models have been reported in 

literature to extract the I-V curve of a PV generator [13]. 

The features of this PV generator is usually translated 

either to an equivalent circuit of one-diode model or 

an equivalent circuit of two-diode model containing a 

photocurrent source, a diode or two diodes, a shunt 

resistance (Rsh) and a series resistance (Rs) in the load 

branch [14]. These models usually give the cell 

current as a nonlinear implicit function requiring a 

nonlinear numerical technique such as the 

Newton-Raphson method to solve the equation. In this 

work, the one-diode model is selected (Fig. 2).  

To  model  the I-V  curve of a PV cell, the 

photovoltaic current (IPV) can be calculated using 

Eqs. (1) and (2) [15-17]. In these equations, Iph, Id, IRsh, 

K, I0, Ns, A, q, and Tj represent the photo-generated 

current,   diode-current,   shunt-leakage   current, 

Boltzmann’s  constant (J/K),  diode  reverse  bias 

saturation current, number of PV cells associated in 
 

 
Fig. 2  One-diode model of a PV generator. 

serial, ideality factor of the P-N junction, electron 

charge (C), and junction temperature of the solar cell, 

respectively. 

PV ph d RshI I I I               (1) 
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(2) 

Fig. 3 shows the power-voltage characteristic that 

can be extracted for various temperature and 

irradiance values using the equations described above. 

2.3 Main Features of the DC-DC Converter 

Fig. 4 shows the electrical schematic of the DC-DC 

boost converter.  

The aim of this converter is to extract the maximum 

power from the PV array. So, it acts as an interface 

between the PV array and the load, allowing the 

follow-up of the MPP [18-21]. The DC/DC conversion 

process is similar to the transformer one when it is 

used as an impedance adaptor, except that, in  
 

 
(a) 

 
(b) 

Fig. 3  Power-voltage curve of the SUNTECH 
STPO80S-12/BB PV module (Matlab simulation results) for 
various irradiance (a) and temperature (b) values. 
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Fig. 4  Electrical schematic of the DC/DC boost converter. 

converter the adaptation parameter is not the turns 

ratio between the secondary and primary ones, but the 

duty cycle (D), which can be governed electronically. 

Eqs. (3) and (4) give voltage and current equations 

of the DC-DC converter (voltage and current at MPP). 

1

1mpp PVV V
D




              (3) 

(1 )mpp PVI D I               (4) 

2.4 Single-Phase Induction Motor Modeling 

Regarding the targeted application, a SPIM (single 

phase induction motor) is used to drive a centrifugal 

pump. Although this kind of motor is not widely 

accepted in literature, it can be an excellent choice due 

to consideration of cost, simplicity of control and 

operation [22-25]. As can be seen in Fig. 5, this motor 

is composed of two windings, a primary one and an 

auxiliary one, and a start capacitor [26]. In this 

application, the start capacitor is removed. The SPIM 

is supplied by a three-phase inverter that is controlled 

using the DTC (direct torque control) technique. 

Eqs. (5)-(8) give its stator voltage, flux and torque 

equations in a stationary reference frame [19, 26]. 
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Fig. 5  Outline schematic of the SPIM. 
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In the equations described above, Vs and Vs are 

the stator voltages (- axes), respectively. is, ir and 

ir are the stator and rotor currents (- axes), 

respectively. Rs corresponds to the stator resistance 

(- axes). Rr is the rotor resistance. Ls and Lr are the 

stator and rotor self-inductances, respectively. M is the 

mutual inductance. P is the number of pole pairs of 

the machine. Γe is the electromagnetic torque. 

2.5 Modeling of the Centrifugal Pump 

The centrifugal pump load torque (Γr) is 

proportional to the square of the rotor speed (Ω). Eq. (9) 

gives its mathematical equation, where kc is the 

proportionality constant [27-29]. 

2
r ck                    (9) 

The H-Q characteristic of the pipe network is 

expressed in Eq. (10), where H, Q, Hg, Ψ are the total 

head, the flow rate, geometrical head and the constant 

that includes the length and diameter of the pipe and 

the various loss coefficients, respectively. The 

H-parameter can be considered as the total opposing 

head of the system that must be overcome for the fluid 

to be pumped from the lower to the upper reservoir. 

2
gH H Q                 (10) 

3. Comprehensive Overview of MPPT 
Techniques 

3.1 Motivations 

There is a vast literature on the question of MPPT 

techniques’ development and implementation. The 
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MPPT algorithms can be classified according to the 

level of difficulty of their implementation. We 

propose here to classify these algorithms into three 

categories: simple, medium and complex. In the 

following sections of the article, two poplar 

techniques in each category are analyzed. In particular, 

the robustness of each technique is discussed. The aim 

of this section is to choose the best MPPT algorithm 

that fits the application requirements. 

3.2 Simple Category of MPPT Algorithms 

3.2.1 FOCV (Fractional Open Circuit Voltage) 

As described in Eq. (11), the FOCV MPPT 

algorithm is based on the fact that, the PV array 

voltage (Vmpp) that corresponds to the MPP exhibits a 

linear dependence with respect to array open circuit 

voltage (Voc) for different irradiation and temperature 

levels [8-10]. In this equation, the Koc-parameter 

varies from 0.78 to 0.92. 

mpp oc ocV K V               (11) 

Fig. 6 describes the flowchart of FOCV operation. 

3.2.2 FSCC (Fractional Short Circuit Current) 

As described in Eq. (12), the FSCC MPPT 

algorithm is based on the fact that there is a linear 

relationship between the current at MPP (Impp) and the 

short circuit current (ISC) [8-10]. In this equation, the 

KSC-parameter varies typically from 0.85 to 0.95. 

mpp SC SCI K I              (12) 

Fig. 7 describes the flowchart of FSCC operation. 

The FSCC MPPT technique can easily be 

implemented with current sensor. The main drawback 

of using this MPPT is the periodic loss of power while 

measuring the short circuit current. 

3.3 Medium Category of MPPT Algorithms 

3.3.1 P & O (Perturb and Observe) 

The P & O MPPT method is one of the most 

popular methods [30]. Its flowchart of operation is 

presented in Fig. 8.  

 

 
Fig. 6  Flowchart of the FOCV MPPT algorithm. 
 

 
Fig. 7  Flowchart of the FSCC MPPT algorithm. 
 

 
Fig. 8  Flowchart of the P & O MPPT algorithm. 
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As can be seen in Fig. 9, the voltage is perturbed in 

one direction through the control of the duty cycle of 

the switch in the DC-DC converter. If the power 

continues to increase, then the algorithm keeps on 

perturbing in the same direction. If the new power is 

less than the previous one, it will perturb the system in 

the opposite direction. However, even if the stable 

condition is reached, the algorithm oscillates around 

the MPP [10, 11, 31, 32]. 

This MPPT algorithm is very popular because it 

helps to fix a reference voltage across the PV module. 

This reference voltage corresponds to the peak value. 

A PI (proportional integral) controller is typically used 

to transfer the operating point of the solar panel to the 

reference voltage. However, the technique is not able 

to track the MPP in fast changing weather conditions. 

3.3.2 INC (Incremental Conductance) 

The incremental conductance MPPT algorithm 

perturbs the voltage in one direction and evaluates the 

sign of the derivative of the power (dP/dV). If the sign 

is negative, the algorithm decreases the value of the 

duty cycle; otherwise, the duty cycle is increased. 

A flowchart of operation is depicted in Fig. 10 

[7, 10, 12, 33]. 

This MPPT technique presents two main drawbacks 

as reported in the literature. First of all, the power 

response shows ripples. Secondly, the time response is 

not negligible. Nevertheless, it is possible to change 

the duty cycle of the switch used in the DC-DC 

converter to improve the time response of the system. 

3.4 Intelligent Category of MPPT Algorithms 

3.4.1 FLC (Fuzzy Logic Control) 

It is recognized by the scientific community that, 

the FLC MPPT algorithm is one of the most 

intelligent technique. It has many advantages such as 

fast response, less fluctuation in the case of rapid 

changes in temperature and irradiance. The FLC 

method is based on the calculation of two parameters 

as expressed in Eqs. (13) and (14): error (E) and 

change of error (CE) [20, 21, 34-36]. 

 

Fig. 9  Operation principle of the P & O MPPT algorithm. 
 

 
Fig. 10  Flowchart of the INC MPPT algorithm. 
 

( ) ( 1)
( )

( ) ( 1)

P t P t
E t

V t V t

 


 
            (13) 

)1()()(  tEtEtC E
         (14) 

Fig. 11 shows the block diagram of the FLC 

technique. It is composed of three stages: fuzzification, 

inference and defuzzification. 

The fuzzification stage consists in converting the 

numerical input variables (error and change of error) 

to fuzzy inputs. As can be seen in Fig. 12, these fuzzy 

inputs correspond to linguistic variables: NB (negative 

big), NS (negative small), ZE (zero equal), PS 
 

 
Fig. 11  Block diagram of the FLC MPPT technique. 
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Fig. 12  Membership functions of the inputs and outputs of 

the FLC MPPT method. 
 

(positive small) and PB (positive big). It is necessary 

to have some rules that are applied in the inference 

block. These rules are arranged in a fuzzy matrix 

(Table 1) [25]. Finally, the defuzzification process 

consists in converting the output subset to numerical 

variables [21, 34]. 

3.4.2 ANN (Artificial Neural Network) 

The ANN is another intelligent MPPT technique 

that consists in estimating at any time the required 

optimal duty cycle (D). Fig. 13 shows the block 

diagram of the ANN method. 

It is composed of an input layer (PV power), a 

pattern layer, a summation layer and an output layer 

(duty cycle that is necessary to control the DC-DC 

converter to track the MPP [37-39]. Many papers have 

highlighted that, the ANN algorithm is a result of a 

compromise between rapidity in transient regime and 

stability in steady-state, even if its effectiveness has 

been proven and particularly in varying environmental 

conditions. 

3.5 Choice of the Best MPPT Technique for the 

Targeted Application 

The aim of this section is to choose the most 

appropriate  MPPT  algorithm  that  fits  the water 

pumping system requirements, according to the 

criteria  of  Table  2 [8-10, 20, 21, 34-41]. It is 

important to note that, the water pumping system must 

be simple to design and implement in a practical way, 

reliable and be the most cost-effective solution. The 

PV-powered system must use a power based MPPT 

method  based  on  iterative  algorithms  to track 

continuously the MPP through the current and voltage 

Table 1  Fuzzy rules. 

CE
E 

NB NS ZE PS PB 

NB ZE ZE NB NB NB 

NS ZE ZE NS NS NS 

ZE NS ZE ZE ZE PS 

PS PS PS PS ZE ZE 

PB PB PB PB ZE ZE 
 

 
Fig. 13  ANN MPPT modeling. 
 

measurements of the PV array. Therefore, from Table 

2, two methods may be chosen: INC and P & O. both 

algorithms are examples of “hill climbing” methods 

that can find the local maximum of the power curve 

for the operating condition of the PV array, and so 

provide a true maximum power point. 

Even if the INC algorithm is able to track changing 

conditions more rapidly than the P & O method, it is 

not chosen because it requires more computation in 

the controller. The P & O algorithm is the best 

solution according to the application requirements. 

The next section of the paper deals with the 

implementation of this technique. 

4. Experimental Results and Discussion 

4.1 Test Bench Set Up 

Fig. 14 shows the experimental test bench of the PV 

pumping system. 

The current and voltage of the PV array were 

measured using the LA25-P and LV25-P hall effect 

sensors, respectively. Considering the experimental 

test procedure flexibility and ease of programming, a 

dspace DS1104 real-time controller was used for 

control and data acquisition. This board is composed 

of a Motorola power PC (603 e model) that operates at  
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Table 2  MPPT techniques’ sum up. 

MPPT 
Technique 

Variable 
control 

Control 
strategy 

Cost Efficiency (%) Application
Complexity
level 

Circuitry 
(A/D) 

Tuning 
parameter 

Converter 
used 

FOCV V or I Incm Low About 92 Standalone Low Both Yes DC/DC 

FSCC V or I Incm Low About 96 Standalone Low Both Yes DC/DC 

FLC V or I Intm Medium About 98 Both High D Yes Both 

ANN V or I Intm Medium About 98 Both High D Yes Both 

P & O V and I Smc Low Lower than 90 Standalone Low Both No DC/DC 

INC V and I Smc Low Lower than 90 Standalone Medium Both No DC/DC 

Note: Incm = indirect control method, Smc = sampling method, Intm = intelligent control method. 
 

 
Fig. 14  Experimental test bench set up. 
 

250 MHz and a DSP (digital signal processor) card 

(TMS320F240-20 MHz). All the experimental data 

are recorded using Matlab. 

4.2 Simulation and Experimental Test Results 

The whole PV-powered pumping system that uses 

the P & O MPPT algorithm was modeled using the 

Matlab/Simulink environment. Many simulations 

were performed in constant and variable irradiance 

and ambient temperature (these values can typically 

be measured in Bejaia in July). These simulations 

were validated using the experimental measurements 

performed in the same conditions.  

For example, two sets of irradiance and ambient 

temperature were tested simultaneously: (790 W·m-2; 

28.4 °C) and (650 W·m-2; 28.9 °C). The simulation and 

experimental test results can be depicted in Fig. 15. 

The simulation and experimental test results exhibit 

that, in the same conditions of step size and 

perturbation frequency, in the first 10 s, the MPPT 

controller moves to the optimal duty cycle in 0.08 s. 

One can notice that, the system response oscillates at 

the optimal value of the duty cycle due to the choice 

of the MPPT method (P & O). The power response 

oscillates at the MPP. Its mean value is equal to 365 W. 

At that point, the mean voltage and current are about 

177 V and 2.06 A, respectively. In the last 10 s, the 

MPPT controller reaches its optimal duty cycle in 0.08 s.  
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(a) 

 
    (b) 

Fig. 15  PV-powered water pumping system response (voltage, current, duty cycle and power) under variable radiation and 
temperature: (a) simulation results and (b) experimental test results. 
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The power response oscillates at the MPP. Its mean 

value is equal to 280 W. At that point, the mean 

voltage and current are about 155 V and 1.8 A, 

respectively. 

All the results validate the relevance of the PV 

system. 

7. Conclusions 

This paper consists in designing, building and 

implementing a low-cost PV-powered water pumping 

system controlled by the P & O MPPT technique. 

With this aim in mind, we have also successfully 

proposed an original operational model of this system 

and validate it experimentally. 

Despite the fact that, ripples are present in the 

power and duty cycle waveform, the robustness of the 

model is verified both in modeling and experimental 

setup, which allows the machine to be invulnerable to 

electrical disturbances. 

The P & O MPPT technique generates enough 

power to run the pumping water station under most 

low-light conditions. Moreover, the use of single 

phase induction motor allows obtaining a simplified, 

rugged and low cost system. 

The proposed system could be very helpful in rural 

areas that which are not connected to the national grid. 
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