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Abstract- This paper presents an effective control of a stand-alone batteryless photovoltaic (PV) pumping system. The whole 

design (configuration and control) is oriented in order to minimize the cost and maximize the effectiveness, the efficiency and 

the reliability of the whole system. Beyond the withdrawal of the battery and the rotor speed sensor, the system is composed 

only of a DC-DC boost converter, a DC-AC inverter, an Induction Motor (IM) and a centrifugal pump. In order to control the 

dc-link voltage and maximize the efficiency of the IM, a Fuzzy Logic Controller (FLC) is introduced. The validity and the 

effectiveness of the proposed FLC is tested and confirmed by a simulation under various climate changes. 
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1. Introduction 

The water access either for individual needs in a 

community, or for irrigation, presents one of the main factors 

for the development of remote area in developing countries. 

Since the connectivity to the national electric grid presents an 

expensive investment in such isolated area, the PV pumping 

system is one of the most economical and efficient ways [1]. 

Although this solution is applied and commercialized since 

the last decade, it is still taking a considerable focus in order 

to reduce the cost and to improve its efficiency, effectiveness 

and robustness [1, 2]. 

The use of electrical motor is the most popular solution 

to convert the electrical energy generated by the PV 

Generator PVG to a mechanical energy used to train pumps. 

The use of DC motors was incorporated with the first 

generation of PV pumping system. In such configuration, the 

direct connection between PVG and the motor is the main 

advantage [3]. However, the maintenance issue remains the 

major drawback. With the development of power electronics, 

the use of AC Motors was widely deployed. Nevertheless a 

DC/AC inverter has to be added to the installation. 

Comparing to the synchronous motor, the IM presents an 

attractive and competitive technical choice in such 

application thanks to its low cost and its performances in 

terms of reliability, rigidness and robustness [4, 5]. 

Taking into consideration the high investment on the PV 

pumping system, an imperative consideration of the 

optimization of the end to end system have to be taken. Thus, 

several optimization strategies and algorithms were 

developed to maximize the ratio of pumped water to 

generated energy. These methods focus on the efficiency 

maximization of the PVG or/and the motor. Then, the whole 

system efficiency is evaluated. Considering the PVG, many 

approaches of Maximum Power Point Tracking (MPPT) 

algorithms have been developed such as 1) fractional open 

circuit voltage algorithms, 2) fractional short circuit current 

algorithms, 3) Perturb And Observe algorithms (P&O), 4) 

INcremental Conductance algorithms (INC), 5) artificial-

intelligence-based algorithms [6,7,8]. Moreover, from motor 

point of view, the main aim is to supply a maximum 

mechanical output power with a minimum delivered 

electrical input. This objective could be achieved while 

applying an efficient control strategy. Indeed, the motor 

efficiency can be optimized by the control of dc-link voltage 

[9] and/or the level of the motor magnetic flux [9]. The latest 

one is well known as field weakening method allowing the 

minimization of power losses when the motor runs at a low 

speed with a partial load. In addition, the field-oriented 

control (FOC) presents an attractive method that enhances 

the performances of IM comparing to the conventional scalar 

v/f one [10,11]. It is worth noting that speed information is a 

mandatory requirement to achieve the FOC implementation 

[12,13]. However, the mechanical speed sensors are 

associated with several drawbacks. Indeed, it increases the 

size and cost of the drive system. In addition it reduces the 

robustness and reliability (regular maintenance of the speed 

sensor). Furthermore, the use of speed sensor for pumping 

applications, especially in remote area, is not appropriate due 

to environmental constraints. Accordingly, a considerable 

attention should be paid to remove the encoder without 

impacting the performance of the control system. 

The PV pumping systems using AC motors were 

generally accompanied by an energy system storage. We 
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note that PV pumping systems with a lead acid battery were 

the subject of many studies [14]. This storage system 

improves the efficiency of the water pump. In addition, it 

enhances the stability of the global system while decoupling 

the dynamics the PVG and the IM. Indeed, through a 

bidirectional DC-DC converter, the energy balance between 

the PVG, the battery and the motor is ensured. Furthermore, 

a constant dc-link peak voltage is guaranteed. However, the 

use of battery bank implies a lot of drawbacks: 1) an 

additional installation expensive cost, 2) an additional 

maintenance effort and cost, 3) a decrease of the overall 

system lifetime, 4) an environmental impact. These 

drawbacks have to be considered especially for remote area 

in developing countries were individual incomes is too low 

and government and public investment are too limited. 

Obviating the requirement to overcome these limits, a 

batteryless PV pumping system was developed and some 

configurations were adopted. The energy optimization and 

the efficiency consideration were the main challenges. In 

Corrêa et al. [15], an optimized configuration of a batteryless 

PV pumping system is presented. An MPPT control of the 

PVG and a minimum operation loss of the IM are taken into 

consideration. The IM is controlled via an v/f strategy. In 

Betka and Attali [4], and on the basis of the optimal control 

theory, interesting results on the motor efficiency 

improvement are presented. In addition, field-oriented and 

MPPT controls were considered. The dc-link voltage is also 

controlled via a PI action. The authors in Vitorino et al. [9] 

have employed a push-pull converter downstream of the 

PVG. In addition, an open loop sensorless vector control 

strategy is used. The efficiency of the IM is enhanced via 

optimal dc-link voltage and field weakening controls. In 

Cararcas et al. [16], the authors focused on the design of a 

DC-DC converter more suitable to drive the three phases IM 

in case of batteryless application. A v/f IM control strategy is 

employed and an efficiency operation is considered via an 

optimal control of the dc-link voltage. 

The purpose of the actual study is to design an FLC 

controller that ensures both the control of dc-link voltage and 

optimization of IM efficiency. The dc-link voltage is 

controlled through an energy balance between the PVG, the 

IM and the capacitor of the dc-bus. The control objective 

consists on maintaining the dc-bus voltage constant 

following any change of the transited power. The IM 

efficiency is improved by a fuzzy control of the reference 

flux level in case of sensorless Indirect Rotor Field Oriented 

Control (IRFOC) strategy. 

2. System description 

The figure1 shows the proposed configuration of the 

stand-alone pumping system. As mentioned in the 

introduction, the design is driven to present the most 

economic and effective solutions. Indeed, we propose a 

conventional MPPT to maximize PVG power generation 

through the control of the duty cycle of a boost DC-DC 

converter. The DC-DC converter output is linked directly to 

the DC-AC inverter via a dc-link capacitor. The drivers of 

the inverter are supplied via a reference PWM signals 

generated by a sensorless IRFOC algorithm. A centrifugal 

pump is linked to the shaft of the IM and characterized by a 

load torque proportional to the square of the speed on the 

rotor shaft. 

We note that the global system starts whenever a 

minimum solar radiation of 100 W/m
2
 is detected. Based on 

this level, a minimum rotor speed on the shaft of the IM will 

be ensured. Consequently, the centrifugal pump can start to 

pump water. 

The first main advantage is to maintain the voltage in the 

dc-bus voltage constant regardless to the climate change. We 

note that since a conventional boost DC / DC converter is 

used in the proposed configuration of the pumping system, it 

is more judicious to fix the value of the dc-link voltage to 

ensure a better system stability and a decoupling between the 

dynamics of the IM and the PVG. This control is ensured 

especially by an adequate computing of the reference rotor 

speed (which consists of the first FLC output). While the dc-

bus voltage is under the reference value (600v), the FLC 

controls the IM and the pump to compensate a less energy 

than the available one on the dc-bus input (and vice versa 

while the dc-bus voltage is over the reference). The whole 

available energy is consumed by the pump while the dc-bus 

voltage is about to reach the reference. 

 

Figure 1: Batteryless PV pumping system. 

The second main advantage of this configuration is the 

energy saving. Indeed, three levels of optimization are 

considered. The first one is based on a conventional MPPT 

control of the PVG. The sensorless IRFOC presents the 

second level. The last level is so called the field weakening 

operation. Indeed, the proposed FLC ensures the variation of 

the reference flux on the sensorless IRFOC in order to 

improve the motor efficiency. 

2.1.  PVG model 

In the literature, many models of the PV cell have been 

developed to deal with its high nonlinear dynamic. We can 

distinguish single, double or three-diode model. In this study, 

we will consider the single-diode model due to its simplicity 

and its effective use in simulation [17]. This model can be 

presented by the electrical equivalent circuit described in the 

Figure 2. It consists of a current generator in parallel with a 

diode, an internal parallel and series resistor respectively 

named ,Rs cell  and ,Rp cell . 

 

Figure 2: PV cell model with single diode. 
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In the practice, commercialized solar modules are 

formed generally by a number of cells assembled in parallel 

Np or /and in series Ns. In addition, a datasheet is provided 

and includes the main following information about the 

product (Table I). 

Table I: Data sheet information of a PV panel. 

The nominal open-circuit voltage Voc,n 

The nominal short-circuit current Isc,n 

The voltage at the MPP Vmp 

The current at the MPP Imp 

The open-circuit voltage/temperature coefficient KV 

The short circuit current/temperature coefficient KI 

The maximum experimental peak output power Pmax 

Using theses information, we can present the I-V 

characteristic of a PV panel as following [17]: 

, ,
10

,
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where q  is the electron charge, k  is the Boltzmann constant, 

and a  is the diode ideality constant. T  and nT  are 

respectively, the actual and nominal temperatures of the p–n 

junction.   /V N kT qt s  is the thermal voltage of the array. I ph  

and 0I  are respectively, the PV and saturation currents of the 

panel. ,I ph n  is the light-generated current at the nominal 

condition ( 225  & 1000 /T C G W mn n  ). G  is the irradiation on 

the device surface, ,Rs ar  is the equivalent series resistance of 

the module and ,Rp ar  is the equivalent parallel resistance 

while: 

,, , , ,
N Ns sR R R Rs ar s cell p ar p cell
N Np p

   

In the rest of this study a 26 Solarex MSX-60 

photovoltaic module are considered to generate 1,5 KWc 

(Kilo Watt Peak). Each module consists of 36 polycrystalline 

silicon solar cells electrically configured in series with 

generated maximum power of 60W. 13 panels are assembled 

in series to generate a 200v−300v voltage range in a MPP 

operation under different climate changes. The 

characteristics of the considered MSX-60 are described in 

Appendix A. Figure 3a shows the Power/Voltage (P/V) curve 

of the considered module to different values of solar 

irradiance at the same value of temperature (25°C). 

However, Figure 3b describes the characteristic of the P/V 

curve of the same module to different value of temperature at 

the same value of radiation. 

 

 Figure 3: Power/Voltage curve of the considered  

PV module. 

2.2. DC-DC boost converter & DC bus 

DC-DC boost converters, frequently used in PV 

applications, are working as an impedance adapter to extract 

the maximum power from the PVG. A boost converter is a 

power converter with a DC output voltage higher than its 

voltage DC input (Figure 4). 

Modelling booster chopper is obtained by the application 

of fundamental laws for the functioning of the system and 

can be expressed using the system of equations (4). 

1
( )

1

1
( (1 ))

2

1
( (1 ) )

2
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I Ipv Lc

dt C

dILc V V Dpv c
dt Lc
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dt C


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

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

  


 

(4) 

where ILc  is the current across the inductor Lc , Vdc  is the 

voltage in the capacitor 2C , D  is the duty ratio of the PWM 

signal to control the switching MOSFET TMos . The 

characteristics of the electric components are described in 

Appendix A. 

 
Figure 4: Boost DC-DC converter. 

2.3. DC/AC inverter 

In order to supply the IM, a power DC/AC (inverter) is 

used. This converter is composed by a three legs, each one is 

formed of two IGBTs and two diodes in anti-parallel. Each 
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transistor-diode assembly can be considered as an ideal 

switch (Figure 5). 

To analyze the dynamic behaviour of the end to end 

system, it is convenient to adopt a global continuous model. 

Thus, it is necessary to develop an equivalent continuous 

model of the power converter using the Park transformation 

[18,19]. The output voltages of the DC/AC inverter are 

relative to the value of the DC bus voltage Vdc and the 

reference voltages ( , )v vsd sq
   deduced from the Park 

transformation such that: 

 
Figure 5: DC-AC inverter. 

*
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*

2

Vdcv vsd sd
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(5) 

The current modulated by the AC/DC inverter could be 

expressed as follow [12]: 

* *I v i v iVSI sd sd sq sq   (6) 

where  ,i isd sq  are respectively the direct and the quadrature 

components of the currents at the inverter output in a 

synchronous rotating frame. 

2.4. MPPT algorithm 

The efficiency of stand-alone photovoltaic (PV) 

pumping systems can be significantly increased by 

employing a MPPT technique to optimize the delivered 

power regardless to variations in irradiation and temperature. 

Many techniques have been employed as constant voltage, 

INC, P&O algorithm etc. In this paper, a direct duty cycle 

P&O algorithm is employed due to its simplicity and its 

adequacy with non linear characteristic of the PVG [20].  

2.5. Dynamic description of induction motor 

The IM can be presented in a general d-q reference 

frame by the following model: 
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  ,  ,i isd sq  are 

stator currents, ( , )rd rq   are rotor flux, ( , )v vsd sq  are stator 

voltages, Rs  is the stator resistance, Rr  is the rotor 

resistance, Ls  is the stator self-inductance, Lr  is the rotor 

self-inductance, M  is the mutual inductance,   is the 

leakage coefficient, m  is the motor angular velocity, a  is 

the angular velocity of the dq reference frame, s  is the 

synchronous angular velocity, f  is the friction constant, J  

is the moment of inertia and np  is the number of poles pairs. 

Te  and Tl  are respectively, the magnetic torque and the load 

torque. The parameters of 1.5KW IM are described in the 

Appendix A. 

2.6.  Sensorless IRFOC strategy 

1) IRFOC strategy: In the literature, many strategies of 

IM control were proposed for PV pumping systems, such 

that v/f (scalar control) or the vector control. Among these 

strategies previously cited, the vector control is considered as 

the most efficient. Hence, in this study, we will consider an 

IRFOC. This strategy is based on the control of the rotor flux 

r , in a dq synchronous rotating reference frame ( sa  ), 

so that it is always aligned to the d-component rq  and 

equal to the reference flux r
 . Then, the dynamic equation 

of the IM could be presented as follow: 

 1v v Esd sd d   (8) 

 1v v Esq sq q   (9) 

such that: 
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(10) 

It can be seen that the d-axis and q-axis voltage 

equations are coupled by the terms Ed  and  Eq . These terms 

are considered as disturbances and are cancelled by using a 

decoupling method that utilizes nonlinear feedback of the 

coupling voltages. 

We refer to Bahloul et al. [21] to design the IRFOC 

controller’s gain (Figure 6). Kiis  and K pis  are respectively 

the integral and the proportional gains of the currents 

controller. However, Ki  and K p  denote the gains of the 

speed controller. The closed loop transfer functions are: 

2
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Figure 6: IRFOC structure. 
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2) Rotor speed estimation: It is worth to note that the 

IRFOC control of the IM requires rotor shaft speed 

information. Unfortunately, the use of speed sensors is so 

expensive relatively to the community concerned by such PV 

pumping application. In addition, it requires a periodic 

maintenance and it has an undesirable influence on the 

system reliability. Hence, a speed sensorless control has to be 

mandatory taken in consideration. Several speed estimation 

schemes, based on the IM model, were developed in the last 

decades [12,22,23]. We can distinguish the open loop 

methods and the closed loop one. In spite of the fact that the 

open loop speed estimation schemes are simpler than the 

closed loop one, they still suffering from a high sensitivity to 

the variation of the IM parameters [22]. Therefore the closed 

loop methods seem to be a preferable choice. In [12], a 

comparison study between a speed estimation algorithm 

based on Model Reference Adaptive System (MRAS), 

Reduced Adaptive Observer (RAO) and a Full Order 

Adaptive Observer (FOAO) was carried out. The authors 

consider, during tests, a direct FOC strategy to control the 

IM under a field weakening operation. On the basis of results 

presented in previous paper, we propose in this study to 

integrate an FOAO on the global system of control. 

We recall hereunder the structure of the observer and the 

results presented in Kubota et al. [23] to estimate rotor speed 
ˆm . We note that this observer is synthesized on the basis of 

an IM model described in a stationary  ,     reference frame 

( 0)a  . 

 ˆˆ ˆ ˆ( ) ( ) ( ) ( ) ( ) ( )

ˆ ˆ( ) ( )

x t A x t Bu t L y t y tm

y t Cx t

    



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ˆ ˆ,e i i e i is s s s s s         . K p  and Ki  are arbitrary 

positive gains. ( )
T

x t i is s r r         is the state vector, 

( )
T

y t i is s   
 present the output vector, ( )

T
u t v vs s   

 is 

the input vector, ˆ( )x t  denotes the estimated state vector, ˆ( )y t  

is the observer outputs and L  is the observer gain. 

 

Figure 7: Block diagram of sensorless IRFOC of 

induction motor drive system. 

2.7. Centrifugal pump model 

The centrifugal pumps are widely employed for 

photovoltaic pumping applications. Indeed, they do not 

require a large torque at the start-up, so that they can be 

easily started by solar panels, even in low sunlight. 

Furthermore, they are too suitable for pumping water heavily 

laden with particles. 

The flow-head characteristic of a centrifugal pump can 

be approximated by quadratic form using Pfleider–Peterman 

model [24], in which the rotor speed m  is a parameter: 

2 2
0 1 2H n n Q n Qm m     (16) 

, , 0 1 2n n n  are the geometric parameters characterizing the 

pump. 

The Q-H characteristic of the pipe network can be 

expressed by [25,26]: 

2H Hg Q   (17) 

  is a constant which depends on conduit diameter and on 

all frictional losses of the pipe network. 

The hydraulic power output of the pump and its 

efficiency can be expressed by the following equations: 

P  gQHh   

where   is the water density and g  is the gravitational 

constant. 

The volume of pumped water ( 3m ) during the operation 

system is then computed by:   V Q T   where T  is the 

pumping period. 

A load torque proportional to the square of m  is 

generally considered to characterize the load applied by the 

pump on the rotor shaft of the IM [27] such that: 

2
1T kl m  (18) 

2.8. FLC controller 

In the literature, several control strategies were adopted 

to control the pumping system and to improve the efficiency 

of the IM. Due to the nonlinear nature of the problem, the 

conventional PI controller could not achieve the desired 

performances. To deal with such problem, the Fuzzy Logic 

(FL) presents one of the most suitable techniques to deal 

with complex, nonlinear and uncertain problem. This 

strategy is widely used to control IM, PV or PV pumping 

system [25,27,28,29]. 

In this study a FLC is considered. The main aims of this 

controller could be described in twofold point. 

1) To ensure a constant dc-link voltage via a balanced 

energy control between the DC-DC converter output, the dc-

link capacitor and the IM. Indeed, through a variable 

reference speed applied as an input to the sensorless IRFOC 

algorithm, the IM power is controlled. 

2) To maximize the efficiency of the IM by a control of 

the reference flux level especially at low speed when the load 

torque generated by the centrifugal is small. 
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The proposed FLC includes two input variables 

 I  and VdcVSI  and two output variables  and( ) m rd
 å å . 

These variables are converted using fuzzification into 

linguistic fuzzy sets employing fuzzy membership function. 

Figure 8 shows the membership functions 

( , , ,
Vdc IVSI m rd

   
 å å

) of the input and output variables.  

In case of Vdc , seven fuzzy partitions are composed and 

nominated  1, 2,..., 7 .V A A Adci  These partitions cover the fuzzy 

domain [0 ,1000 ]V v vdc . 

In case of IVSI  ten fuzzy partitions are composed and 

nominated  1, 2,..., 10I B B BVSIi . These partitions cover the 

fuzzy domain [0 ,3 ]I A AVSI  . 

In case of ,m
å  eleven fuzzy partitions are composed and 

nominated ( 1, 2,..., 12)T T Tmi å . These partitions cover the fuzzy 

domain [0 / ,160 / ].rad s rad sm å  

In case of ,rå  six fuzzy partitions are composed and 

nominated ( 1, 2..., 6)S S S
rdi

 å . These partitions cover the fuzzy 

domain [0.5 ,  1.2 ].Web Web
rd

 
å  

The fuzzy compensators are described in table II. The 

centre of area inference mechanism is used to calculate the 

fuzzy output. 

3. Results and discussion 

In order to validate the proposed control technique and 

show its effectiveness, a simulation of the system described 

in the Figure 1 was carried out using Matlab/Simulink 

software. The parameters of the PVG, DC/DC inverter, DC-

bus, IM and pump are described in Appendix A. 

In a first step, we chose to make a comparison between 

two algorithms. In the first one, the speed reference FLC 

output and a fixed rotor reference flux (1.1 Web) will be 

considered for the IRFOC bloc. In the second algorithm, the 

sensorless IRFOC is supplied by the two FLC outputs. The 

purpose of this study is to show the influence of the FLC on 

both the dc- bus and the efficiency of the IM (η). 

 
(a) DC-bus voltage input  

 
(b) Current input  

 
(c) Reference speed output 

 
(d) Reference flux output 

Figure 8: Membership functions of the FLC. 

In the table III and the table IV, the main results are 

described. All values are taken in a steady state. From a Vdc  

control performances point of view, the two algorithms 

succeeded to maintain a Vdc  value near to the reference one. 

The error is less than 5% of the reference. 

Considering the IM efficiency, the second algorithm 

presents better performances for a low solar radiation. For 

both high and medium irradiation, the two algorithms seem 

to have the same performances. Figure 9 illustrates the two 

waveform of the IM efficiency of the two algorithms 

regarding the PVG output power. We note that the 

improvement of the IM efficiency is caused by the increase 

of the rotor speed on the shaft of the IM. On another hand, 

this improvement is accompanied by an energy saving and an 

increase in the quantity of the pumped water.

Table II: Rule base for the FLC. 
Vdc 

IVSI 

A1 A2 A3 A4 A5 A6 A7 

B1 T1/S1 T1/S2 T1/S2 T2/S2 T2/S2 T3/S2 T4/S3 

B2 T1/S1 T2/S3 T3/S3 T4/S4 T5/S4 T5/S4 T6/S5 

B3 T1/S1 T3/S4 T4/S5 T5/S5 T6/S5 T6/S6 T8/S6 

B4 T1/S1 T4/S6 T5/S6 T6/S6 T7/S6 T7/S6 T9/S6 

B5 T1/S1 T5/S6 T5/S6 T7/S6 T7/S6 T8/S6 T10/S6 

B6 T1/S1 T5/S6 T6/S6 T7/S6 T8/S6 T9/S6 T11/S6 

B7 T1/S1 T6/S6 T7/S6 T8/S6 T9/S6 T10/S6 T11/S6 

B8 T1/S1 T6/S6 T7/S6 T8/S6 T10/S6 T10/S6 T11/S6 

B9 T1/S1 T7/S6 T7/S6 T9/S6 T10/S6 T11/S6 T11/S6 

B10 T1/S1 T8/S6 T9/S6 T9/S6 T11/S6 T11/S6 T11/S6 
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Table III: Main results of the proposed system under 

different irradiation conditions without efficiency 

consideration (25°C). 

G 

(W/m
2
) 

Vdc 

(v) 

ωr
*
 

(rad/s-
1
) 

Ψ r
*
 

(Web) 

η 

% 

Q 

(m
3
/h) 

100 595.83 49.44 1.1 56.18 8.39 

200 599.76 73.80 1.1 73.61 12.52 

300 591.61 87.26 1.1 77.83 14.80 

400 596.63 98.32 1.1 79.50 16.67 

500 594.25 106.42 1.1 80.35 18.05 

600 606.14 113.79 1.1 80.77 19.30 

700 600.28 120.22 1.1 80.99 20.39 

800 611.43 126.00 1.1 81.07 21.37 

900 601.33 131.19 1.1 81.10 22.25 

1000 609.66 135.97 1.1 81.07 23.06 

Table IV: Main results of the proposed system under 

different irradiation conditions with efficiency consideration 

(25°C). 

G 

(W/m
2
) 

Vdc 

(v) 

ωr
*
 

(rad/s-
1
) 

Ψ r
*
 

(Web) 

η 

% 

Q 

(m
3
/h) 

100 597.34 52.47 0.7 67.15 8.90 

200 599.82 73.90 0.85 73.69 12.53 

300 597.20 86.84 0.97 77.45 14.73 

400 596.80 97.82 1.12 79.63 16.59 

500 594.41 106.50 1.12 80.53 18.06 

600 606.37 113.90 1.12 80.99 19.32 

700 600.44 120.34 1.12 81.24 20.41 

800 611.78 126.13 1.12 81.33 21.39 

900 601.55 1315.3 1.12 81.34 22.28 

1000 610.02 136.13 1.12 81.39 23.09 

 
Figure 9: IM efficiency with and without flux optimization. 

Now that we did a comparison between the two 

algorithms, we will deeply investigate in the second step, the 

dynamic performances using the second algorithm under 

different changes in solar radiation. 

The solar irradiation level starts from 100 W /m
2
, then 

increases to 550 W /m
2
, after that increases to 1000 W /m

2
, 

then decreases to 600 W /m
2
 and reach finally the value of 

200 W /m2. Each change takes 2s to move from the initial 

value to the final one, while the temperature is set to the 

value 25°C (Figure 10). The initial value of the dc-bus 

voltage, the PVG output and the duty cycle are considered 

such that Vdc=450v, Vpv=225v and D=0.5. The PVG power 

output is described in figure 11. Both, the PVG voltage 

output and the dc_bus voltage are shown in Figure 12. The 

current waveforms of the PVG output and the DC/DC 

inverter are described in Figure 13. The rotor speed reference 

(FLC output), the estimated rotor speed and the real rotor 

speed signals are presented in the Figure 14. The Figure 15 

depicts the variation of the reference rotor flux (FLC output), 

the real d-component of the rotor flux as well as the 

estimated one. The real and the estimated q- axis components 

of the rotor flux are presented in Figure 16. The evolution of 

the duty cycle D is shown in Figure 17. 

The analysis of the obtained results shows that the 

system presents a transient state following the start-up which 

disappears when the Vdc is quite near the reference. In 

addition a transient state is also presented following any 

changes on the solar radiation. However, its impacts on the 

dynamic performances of the system are minor. Indeed, Vdc 

is maintained near to the reference, the d-axis rotor flux 

follows the reference signal and the q-axis rotor flux is quite 

near to zero. 

 
Figure 10: Solar radiation profile. 

 
Figure 11: Output power of the PVG. 

 
Figure 12: PVG voltage output (Vpv)  

& DC/DC voltage output (Vdc). 

 
Figure 13: PVG current output (ipv)  

& DC/DC current output (Idc) 

 

Figure 14: Reference speed & Real speed & Estimated 

speed of the IM 
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Figure 15: Reference Flux & d- axis Real Flux  

& d- axis Estimated Flux of the IM 

 
Figure 16: q- axis Real Flux  

& q- axis Estimated Flux of the IM 

 
Figure 17: Duty cycle (DC/DC inverter control) 

4. Conclusion 

During this paper, we have focused on the development 

of a stand-alone autonomous PV pumping system. A 

batteryless configuration was proposed in order to overcome 

the problem caused by energy storage issues especially in 

remote areas. A robustness and economical consideration 

were taken into account, and which define the IM as the 

preferable solution for the pumping system. Three levels of 

energy consideration were taken into consideration. Indeed, a 

conventional MPPT P&O control and a sensorless IRFOC 

strategy were used and described. However, an intelligent 

control technique, on the basis of fuzzy logic, was proposed 

and investigated in order to optimize the flux in the IM. In 

addition, the same approach was used to control the dc-bus 

voltage. The performances of the system were proven 

through simulation and demonstrated the potential of the 

proposed method. 

Appendix A 
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