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Abstract –This paper presents the modeling, control and 
optimization of a photovoltaic water pumping system. The 
DC-DC boost converter is used as a mediator between a Solar 
Photovoltaic (SPV) array and the Voltage Source Inverter 
(VSI) to feed the brushless DC (BLDC) motor.A centrifugal 
pump is connected to this motor in order to use the water 
pumped afterwards tomultiple applications. Maximum Power 
Point Tracking (MPPT) control techniques play a vital role in 
efficiency improvement of photovoltaic (PV) systems. It is 
mainly used to extract maximum possible power of the PV 
modules under any condition of solar irradiation. For this 
reason, P&O algorithm is used due to its high performance 
and its simplicity of implementation. The boost converter, 
over the various common DC-DC converters, offers many 
advantages in SPV based applications, such limiting the 
starting inrush current of the motors. Using a BLDC motor is 
found to be the best option because of its high efficiency, 
supreme reliability, better performance, and requires low 
maintenance, over a wide range of speeds. The considered 
model as well as the control strategy has been implemented in 
MATLAB/Simulink environment. The results show the 
effectiveness of the studied photovoltaic water pumping 
system. 

Keywords- solar photovoltaic array, boost converter, 
perturbation and observation, brushless DC electric motor, 
electronic commutation, voltage source inverter, centrifugal 
pump. 

I. INTRODUCTION 
Solar energy is one of the most attractive and effective 
renewable energy sources. This renewable energy source 
represents a good alternative solution to the conventional 
fuelfossil resources [15]. It reducesand minimizes the 
environmental problems in the world.Water pumping is one 
of the most applications of SPV array.It is used for farm 
irrigation especially in the rural areas, household drinking 
water supply, fish farms, and water supply to the industries. 
As known, induction motors are widely used in water 
pumping system due to its low cost construction, simple 
and lower maintenance. However, some of the 
imperfections of those motors, brush friction, when the 
speed is higher, the friction increases, then reducing useful 
torque and it's requires a complex control [5] and [13]. In 

the previous years, BLDC motors have become popular in 
many applications like robotics, medical instruments, and 
automobile industry. The advantages of brushless motors 
over induction motors include, long life, high efficiency 
and reliability, noiseless operation, high torque to-weight 
ratio, higher power density and smooth control of speed 
over a wide range. Due to all above paramount advantages, 
BLDC motor has been chosen to develop SPV fed water 
pump. 
To achieve a maximum efficiency of the SPV array, a 
maximum power point tracking (MPPT) algorithm is used 
[17] and [25]. Numerous methods were proposed to track 
the maximum power point (MPP) in scientific articles. Each 
method is differed in terms of cost, efficiency and 
implementation. Perturb & Observe (P&O)MPPT method is 
used in this paper because of its fidelity of tracking even 
under the sudden change in the solar irradiation [21]. 
The structure of thispaper is as follows: First section 
provides the introduction of the paper. Section 2 describes 
the various stages of the studied system and section 3 deals 
with the design of the SPV array, DC-DC boost converter 
and the centrifugal pump, section 4 presents the control 
techniques of the system, section 5 shows the results and 
analysis through MATLAB/Simulink and the final section 
conclude this paper. 

II. SYSTEM CONFIGURATION DESCRIPTION 
Fig.1 depicts the schematic diagram of the studiedwater 
pumping system. From left to right, the studied system 
consists of a solar PV array, a DC-DC boost converter, a 
voltage source inverter (VSI), a BLDC motor and a 
centrifugal pump. In order to search the maximum power 
point, we use the P&O algorithm because of the simple 
arrangement and small measured parameters [26]. 
According to the rotor position of the BLDC motor, three 
hall signals are generated through the hall effect sensors, 
That are transformed later into six fundamental frequency 
switching pulses using electronic commutation.  The design 
and control ofstudied system are elaborated in following 
sections. 



III. DESIGN OFTHESTUDIED SYSTEM 
To operate the photovoltaic water pumping system under 
any kind of variation of solar irradiance, the different 
operating stages are designed as follows. The technical 
specifications of a selected BLDC motor of 1.32 kW rated 
power are indicated in Table III. 

A. Design of SPV Array 

The conversion of solar energy to electrical energy is done 
through solar PV cells. The equivalent circuit of a practical 
PV cell is shown in Fig. 2, which consists of a current 
source 𝐼𝐼𝑝𝑝ℎ, a series resistance 𝑅𝑅𝑠𝑠 and a parallel resistance 
𝑅𝑅𝑠𝑠ℎ.The output current PV cell is given by the Equation. (1) 
and Equation. (2)[28]. 
 
𝐼𝐼𝑃𝑃𝑃𝑃 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼d − 𝐼𝐼𝑠𝑠ℎ  (1) 
 

𝐼𝐼𝑃𝑃𝑃𝑃 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼s𝑒𝑒
(
𝑞𝑞�𝑉𝑉𝑃𝑃𝑉𝑉+ 𝐼𝐼.𝑅𝑅𝑠𝑠�

𝑛𝑛𝑛𝑛𝑛𝑛 )−1 −  
(𝑉𝑉𝑃𝑃𝑃𝑃 + 𝐼𝐼.𝑅𝑅𝑠𝑠)

𝑅𝑅𝑠𝑠ℎ
 

(2) 

 
Where 𝐼𝐼𝑠𝑠 is the saturation current, 𝑞𝑞 is the electron charge 
(1,6.10−19(C)), 𝑘𝑘is Boltzmann constant (1,38.10−23(J.K−1 )), 
𝑛𝑛 is the diode ideality factor, 𝑇𝑇 is the PV cell temperature 
(K). 
To present the effect of irradiation variation, the PV panel 
model is simulated for different irradiation values at 𝑇𝑇 =
25 °𝐶𝐶 and the I–V and P–V characteristics obtained are 
shown in Fig. 3. 
In order to increase the output voltage and the output 
current, the PV cells are connected in series or parallel 
combinations to form solar arrays. 
Concerning water pumping system, a solar PV array with 
peak power generating capacity of Pmpp = 1.38 KW is 
chosen, more than the power required by the motor so that 
the performance of the system is not affected by the losses 
associated with the converters and the motor. The 
parameters of the SPV array are estimated at the standard 
solar irradiance of 1000 W/m2. The estimation of the 
variousparameters to design a SPV array of appropriate size 
are given in Table I. 

B. Design of DC-DC Boost converter 

A DC-DC boost converter is used in this system Fig.4. It 
contains a boost inductor (𝐿𝐿), controlled switch (IGBT), 
diode and a filtering capacitor (𝐶𝐶). The inductor and 
capacitor of boost converter are designed according to the 
following equations [14]. 

𝛥𝛥𝐼𝐼𝐿𝐿 =
𝑉𝑉𝑖𝑖−𝑚𝑚𝑖𝑖𝑚𝑚 .𝐷𝐷
𝑓𝑓𝑠𝑠. 𝐿𝐿

 
(3) 

Where 𝑉𝑉𝑖𝑖−𝑚𝑚𝑖𝑖𝑚𝑚is the minimum input voltage, 𝑓𝑓𝑠𝑠the 
switchingfrequency, 𝐷𝐷 the duty cycle and𝐿𝐿 is the inductor. 

𝐿𝐿 =
𝑉𝑉𝑖𝑖(𝑉𝑉0 − 𝑉𝑉𝑖𝑖)
𝛥𝛥𝐼𝐼𝐿𝐿 . 𝑓𝑓𝑠𝑠.𝑉𝑉0

 
(4) 

Where 𝑉𝑉𝑖𝑖 is the input voltage, 𝑉𝑉𝑜𝑜the output voltage,  𝑓𝑓𝑠𝑠the 
switching frequency and 𝛥𝛥𝐼𝐼𝐿𝐿the estimated inductor ripple 
current. 

𝐶𝐶 =
𝐼𝐼0.𝐷𝐷
𝛥𝛥𝑉𝑉0. 𝑓𝑓𝑠𝑠

 
(5) 

Where 𝐶𝐶 is the capacitor, 𝐼𝐼0 the output current,  𝐷𝐷the duty 
cycle,  𝑓𝑓𝑠𝑠the switching frequency and 𝛥𝛥𝑉𝑉0 the estimated 
output ripple voltage. 

C. Design of Water Pump 

Many varieties of pumps can be used in photovoltaic 
pumping systems, which are classified in two categories: 
centrifugal pump and positive displacement pumps. The 
centrifugal pump is the most widely used, it has a relatively 
high efficiency, inexpensive, simple, requires low 
maintenance and able to pump a high volume of water [3]. 
The performance of centrifugal pump can be predicted by 
three essential parameters, which are the total head (H), 
flow rate (Q), and hydraulic power (P) which are given 
according to the following formulas[1]. 

𝑄𝑄 = �
𝜔𝜔
𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟

� .𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟  
(6) 

 

𝐻𝐻 = (
𝜔𝜔
𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟

)2.𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟  (7) 

 

𝑃𝑃 = (
𝜔𝜔
𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟

)3.𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟  (8) 

These laws stipulate that the flow rate is directly 
proportional to the wheel speed, the manometry height is 
proportional to the square of the speed and the hydraulic 
power is proportional to the cube of the speed.  
The centrifugal pump applies a load torque proportional to 
the square of the rotational speed of the motor following 
relationship: 

𝑇𝑇𝐿𝐿 = 𝐾𝐾𝑝𝑝 .𝜔𝜔2 (9) 

Where 𝐾𝐾𝑝𝑝 is proportionality constant and 𝜔𝜔 is the rated 
speed of selected BLDC motor in rad/sec. 

 
 

Fig.1. Block diagram of the BLOC water pumping system. 
 

 



 
Fig. 2: PV cell equivalent circuit. 

 
Fig. 3. a) P–V characteristics, b) I-V characteristics for different values of 

solar irradiation. 

 
Fig.4.Schematic of DC-DC Boost converter. 

 
TABLE I 

DESIGN OF SOLAR PV ARRAY 
For a PV Module 

Numbers of cells in a module  36 
Open circuit voltage  21.8 V 
Short circuit current  7.24 A 
Voltage at MPP, Vm 17.2 V 
Current at MPP, Im 6.69 A 

For a PV Array 
Voltage at MPP, Vmpp = vpv 103.2 V 
Power at MPP, Pmpp = ppv 1380.8 W 
Current at MPP, Impp= ipv Pmpp/Vmpp = 1380.8/103.2 = 13.4 A 
Numbers of modules in series, Ns  Vmpp/Vm= 103.2/17.2 = 6 
Numbers of modules in parallel, Np  Impp/Im= 13.4/6.69 = 1.963 ≈ 2 

 
TABLE II 

THE PROBABILITIES OF THE DIRECTION P&O ALGORITHM 

∆𝑷𝑷 ∆𝑽𝑽 Direction de perturbation 

+ + - 
+ - + 
- + + 
- - - 

 
TABLE III 

SPECIFICATIONS OF BLDC MOTOR 

Power, P  1.32 kW 
Speed, Nr 3000 rpm 
DC voltage, Vdc 310 V 
No. of poles, P  4 
Moment of inertia, J  2.9 kg.cm2 
Current, Is  4.3 A 
Voltage constant, Ke 78 V/krpm 
Torque constant, Kt 0.74 Nm/A 
phase/phase resistance, Rs 3.58 Ω 
phase/phase inductance, Ls 9.13 mH 

TABLE IV 
SWITCHING STATES OF VSI BASED ON HALL-EFFECT SIGNAL 

STATES 

θ(°) Hall Signals Switching States 
H3 H2 H1 S1 S2 S3 S4 S5 S6 

NA 0 0 0 0 0 0 0 0 0 
0-60 1 0 1 1 0 0 1 0 0 

60-120 0 0 1 1 0 0 0 0 1 
120-180 0 1 1 0 0 1 0 0 1 
180-240 0 1 0 0 1 1 0 0 0 
240-300 1 1 0 0 1 0 0 1 0 
300-360 1 0 0 0 0 0 1 1 0 

NA 1 1 1 0 0 0 0 0 0 
 

IV. CONTROL OF STUDIED SYSTEM 

In the studied system, the P&O-MPPT aims at controlling 
SPV array and electronic commutation of BLDC motor to 
control the voltage source inverter (VSI), in the following 
sections the control methods are explained as follows. 

A. Maximum Power Point Tracking (MPPT) 

The P&O algorithm is most widely used for PV-MPPT due 
to its low cost and very simple structure and small 
measured parameters [13], [15] and [16]. The chart 
implementation of P&O method is given in Fig.5. 

 
Fig.5. Stateflow chart of the perturb-and-observe algorithm. 

 



As the name denote ,the approach of this method is based 
on calculating the PV power by measuring the sensed 
values of the voltage and current andcomparedthem with 
the precedent power and voltage, then the direction of the 
algorithm is adjusted. The duty cycle of the boost converter 
is adjusted as in Equation 10, [20]: 
 
𝐷𝐷𝑘𝑘+1 = 𝐷𝐷𝑘𝑘 ± ∆𝐷𝐷 (10) 
 
Where𝐷𝐷𝑘𝑘 and 𝐷𝐷𝑘𝑘+1are the previous and the next 
perturbation of duty cycle respectively, ∆𝐷𝐷is the constant 
width of the step size.The probabilities of the direction 
P&O-MPPT algorithm are explained in Table II. 

B. Electronic Commutation 

In order to generate the switching signals for the VSI, 
electronic commutation of the BLDC motor is used. The 
encoder provides three Hall Effect signals (H1, H2, and H3) 
following the angular position of the rotor, which are 
further converted logically into six switching pulses (S1, 
S2, S3, S4, S5 and S6) then used to operate the six IGBT 
switches of the VSI, [2], [5] and [7]. Table VI shows the 
possible switching states of the VSI feeding a BLDC motor. 

V. RESULTS & DISCUSSION  
The system described in Fig.1was simulated in 
MATLAB/Simulink environment. The performance of 
studied system in the starting, dynamic and steady state 
under different solar insolation levels are evaluated using 
the simulated results shown in Figs.6-11.  

A. Starting and Steady State Performances of Studied 
system at constant Solar Irradiance of 1000 W.m−2 

The various performance indices of SPV array boost 
converter and BLDC motor under starting and steady state 
at the standard solar irradiance of 1000 W/m2, are 
illustrated in Figs.6-8, and elaborated in the following 
subsections.  

1) Performance of SPV array:Fig.6 show the power 
generated by the PV array under the steady state condition 
of irradiance of 1000 W·m−2. It corresponds to the 
operation of the SPV array at MPP as PV power reaches 
1380 W at steady state. 

2) Performance of boost converter:The behavior of 
theboost converter at 1000 W/m2are shown in Fig. 7.Where 
the DC link voltage,𝑉𝑉𝑑𝑑𝑑𝑑,the inductor current,𝑖𝑖𝐿𝐿, voltage 
stress on the switch, 𝑉𝑉𝑠𝑠𝑠𝑠, and current stress on the switch, 
𝑖𝑖𝑠𝑠𝑠𝑠, are presented. 𝑉𝑉𝑑𝑑𝑑𝑑reaches the rated DC voltage of 
BLDC motor i.e. 310 V. 

3) Performance of BLDC motor-pump: Performance 
and behaviors of the BLDC motor at steady state irradiance 
of 1000 W/m2 connected to the centrifugal pump are 
shownin Figs. 8. The variables viz.theback EMF,𝑒𝑒𝑎𝑎,the 

current,𝑖𝑖𝑠𝑠𝑎𝑎, the electromagnetic torque,𝑇𝑇𝑟𝑟, the load 
torque,𝑇𝑇𝐿𝐿 ,  and the speed,𝑁𝑁, reach their rated values under 
steady state as MPP is tracked. The small pulses of 𝑇𝑇𝑟𝑟 
results from the electronic commutation of BLDC motor. 
The starting current of BLDC motor is bounded within the 
permissible range hence the motor has a soft start. 

 
Fig.6.Starting and steady state performance of SPV array 

 at 1000 W/m2. 

 
Fig.7. Starting and steady state performance of boost converter  

at 1000 W/m2. 



 

 
Fig.8.Starting and steady state performance of BLDC motor – pump 

 at 1000 W/m2. 

B. Dynamic Performances of Studied System 

To verify the performance of the studied system in dynamic 
state, the solar insolation level has been varied dynamically 
in three steps, 600 W/m2 from 0 to 1s, 1000 W/m2 from 1 to 
2s, and 800 W/m2 from 2 to 3s. The various performance 
indices of SPV array, DC-DC boost converter and BLDC 
motor are illustrated in Figs. 9.11. 

1) Performance of SPV array:Fig. 9 show the power 
generated by the SPV with the solar irradiance changing 
from 200 W/m2 to 1000 W/m2 and then to 800 W/m2. The 
SPV array, at MPP, changes its operating point from 848 W 
to 1380 W and then to 1114W. 

2) Performance of boost converter: The 
dynamicbehavior of boost converter is presented in Fig. 10. 
The inductor current,𝑖𝑖𝐿𝐿, DC link voltage, 𝑉𝑉𝑑𝑑𝑑𝑑, voltage stress 
on the switch, 𝑉𝑉𝑠𝑠𝑠𝑠, and current stress on the switch, 𝑖𝑖𝑠𝑠𝑠𝑠, are 
presented. The DC link voltage 𝑉𝑉𝑑𝑑𝑑𝑑 alters from 245 V to 
310 V and then to 275 V as the solar irradiance varies from 
600 W/m2 to 1000 W/m2 and then to 800 W/m2. 

3) Performance of BLDC motor-pump: Fig. 11presents 
the dynamic behaviors of the BLDC motor–pump. All the 
motor indices such as the back EMF, 𝑒𝑒𝑎𝑎, the stator 
current, 𝑖𝑖𝑠𝑠𝑎𝑎, the speed, 𝑁𝑁, the electro-magnetic torque, 

𝑇𝑇𝑟𝑟and the load torque offered by pump, 𝑇𝑇𝐿𝐿  follows the 
variation in solar irradiance and reach their steady state 
values as MPP is tracked. The speed increases from 2560 
rpm to 3000 rpm and then to 2800, these speeds are 
sufficient to pump the water, although not with the full 
capacity. The BLDC motor develops the electromagnetic 
torque, 𝑇𝑇𝑟𝑟 equal to the torque required to drive the pump,𝑇𝑇𝐿𝐿 . 
This performance implies that the studied water pumping 
system operates successfully even in different solar 
irradiance. 

 
Fig.9 Dynamic performance of SPV array. 

 
Fig.10 Dynamic performance of boost converter. 

 



 

 
Fig.11 Dynamic performance of BLDC motor – pump. 

VI. CONCLUSIONS 
The main objective of the studied system has been affirmed 
by performance evolutions under different solar irradiation 
levels.  The DC-DC boost converter, has been chosen 
because of the good conversion efficiency and it's more 
suitable for the studied water pumping system. The speed 
of BLDC motor is controlled by variable DC link voltage 
and the soft starting of the motor is obtained by wisely 
tracking the MPP and electronic commutation with 
fundamental frequency switching. 
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