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Abstract—This paper proposes a solar photovoltaic (PV)
fed water pumping system driven by a brushless DC
(BLDC) motor. A promising case of interruption in the
water pumping due to the intermittency of PV power
generation is resolved by using a power grid as an
external power backup. The power is drawn from the grid
in case the PV array is unable to meet the required power
demand, otherwise the PV array is preferably used. A
unidirectional power flow control for the same is
developed and realized through a power factor corrected
(PFC) boost converter. The proposed system and control
enable a consumer to get a full volume of water delivery
throughout the day and night regardless of the climatic
condition. The utilization of motor pump at best is thus
made possible in addition to an enhanced reliability of the
pumping system. The power quality standards required at
the utility grid are met by the developed control. The
MATLAB/ Simulink based simulations and the
performance analysis are carried out to demonstrate the
applicability of the system
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I. INTRODUCTION

As the energy demand increases, the need for
energysaving measures has been rapidly increasing.
The brushless DC (BLDC) motors play a vital role,
being an energy efficient motor, in this trend [1]. In
comparison with an induction motor which is widely
used in a solar photovoltaic (PV) based water
pumping, the BLDC motors have a high power
density, high efficiency, high torque/inertia ratio and
a high power factor [2-3]. Besides these, unlike an
induction motor, the speed of a BLDC motor is not
limited by power frequency. This leads to a reduced
size and an increased capacity of the motor [3].

Among the most promising and significant
renewable energy sources, the development of a

solar PV technology is reaching its mature stage [4].
Towards an energy saving, this technology plays an
increasingly important role. Therefore, the solar PV
fed BLDC motor drive indeed emerges as a worth
combination of source and drive for an application
such as water pumping [5-6]. Despite innumerable
encouraging aspects, being an intermittent in nature
is the serious issue with PV generation technology.
This demerit results in unreliable water pumping
with a PV based pumping system. In the course of
bad climatic condition, the water pumping is
severely interrupted.

This work aims at realizing reliable water pumping
based on the solar PV fed BLDC motor drive
through a PV-utility grid interface. A unidirectional
power flow control is developed to enable the power
transfer from grid to BLDC motor-pump in case the
PV array power is not sufficient (or at night) to
deliver a full volume of water consistently. No
power is drawn from the utility grid in case a full
radiation is available as the PV array alone is
sufficient to provide the power required by the water
pump. A power factor corrected (PFC) boost
converter [12] in association with the aforesaid
control carry out the desired functionalities. The
proposed system also meets the power quality
standards required by a utility grid as per IEEE-519
standard. An incremental conductance (InC)
technique [6, 13-14] is applied for the maximum
power point tracking (MPPT) of PV array using a
boost converter.

A current sensor-less control is adopted for the speed
control of BLDC motor [2, 5-7]. The voltage source
inverter (VSI) is operated with the fundamental
frequency pulses, through an electronic commutation
of BLDC motor [2-3, 6-7], resulting in a minimized
switching loss and an enhanced conversion
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efficiency. The grid interfaced solar PV fed water
pumping system is designed and simulated in
MATLAB/Simulink platform, and its functionalities
are tested through the simulation results to
demonstrate the claims.

II BRUSHLESS DC MOTORS

Typical brushless DC motors use one or more
permanent magnets in the rotor
and electromagnets on the motor housing for the
stator. A motor controller converts DC to AC. This
design is mechanically simpler than that of brushed
motors because it eliminates the complication of
transferring power from outside the motor to the
spinning rotor. The motor controller can sense the
rotor's position via Hall effect sensors or similar
devices and can precisely control the timing, phase,
etc., of the current in the rotor coils to optimize
torque, conserve power, regulate speed, and even
apply some braking. Advantages of brushless motors
include long life span, little or no maintenance, and
high efficiency. Disadvantages include high initial
cost, and more complicated motor speed controllers.
Some such brushless motors are sometimes referred
to as "synchronous motors" although they have no
external power supply to be synchronized with, as
would be the case with normal AC synchronous
motors.

Brushless DC electric motor (BLDC motors, BL
motors) also known as electronically commutated
motors (ECMs, EC motors) are synchronous
motors that are powered by a DC electric source via
an integrated inverter/switching power supply,
which produces an AC electric signal to drive the
motor. In this context, AC, alternating current, does
not imply a sinusoidal waveform, but rather a bi-
directional current with no restriction on waveform.
Additional sensors and electronics control the
inverter output amplitude and waveform (and
therefore percent of DC bus usage/efficiency) and
frequency (i.e. rotor speed).

III BRUSHLESS VERSUS BRUSHED DC
MOTOR

Brushed DC motors develop a
maximum torque when stationary, linearly
decreasing as velocity increases. Some limitations of
brushed motors can be overcome by brushless
motors; they include higher efficiency and a lower

susceptibility to mechanical wear. These benefits
come at the cost of potentially less rugged, more
complex, and more expensive control electronics.

Brushless motors offer several advantages over
brushed DC motors, including high torque to weight
ratio, more torque per watt (increased efficiency),
increased reliability, reduced noise, longer lifetime
(no brush and commutator erosion), elimination of
ionizing sparks from the commutator, and overall
reduction of electromagnetic interference (EMI).
With no windings on the rotor, they are not subjected
to centrifugal forces, and because the windings are
supported by the housing, they can be cooled by
conduction, requiring no airflow inside the motor for
cooling

IV DC-TO-DC CONVERTER

A DC-to-DC converter is an electronic circuit or
electromechanical device that converts a source of
direct current (DC) from one voltage level to
another. It is a type of electric power converter.
Power levels range from very low (small batteries)
to very high (high-voltage power transmission).

A. Boost Converter Step-Up Converter

The schematic in Fig.1 shows the basic boost
converter. This circuit is used when a higher output
voltage than input is required.

Fig1. Boost Converter Circuit.
While the transistor is ON Vx =Vin, and the OFF
state the inductor current flows through the diode
giving Vx =Vo. For this analysis it is assumed that
the inductor current always remains flowing
(continuous conduction). The voltage across the
inductor is shown in Fig. 2 and the average must be
zero for the average current to remain in steady state

(1)

This can be rearranged as

(2)
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and for a lossless circuit the power balance ensures

(3)

Fig.2 Voltage and current waveforms (Boost
Converter)

B. Buck-Boost Converter

Fig.3 schematic for buck-boost converter

In Fig.3, with continuous conduction for the Buck-
Boost converter Vx =Vin when the transistor is ON
and Vx =Vo when the transistor is OFF. For zero net
current change over a period the average voltage
across the inductor is zero (Fig.4).

Fig.4 Waveforms for buck-boost converter

(4)

Which gives the voltage ratio

(5)

and the corresponding current

(6)

V SYSTEM CONFIGURATION

The schematic of proposed grid interfaced PV fed
brushless DC motor driven water pumping system is
shown in Fig. 5

Fig.5 Schematic of proposed water pumping system

A PV array of 6.4 kWp, possessing a sufficient
power to run the water pump at its full capacity
under the standard climatic conditions, feeds a
BLDC motor via a boost converter and a VSI. The
DC-DC boost converter and the VSI respectively
carry out the MPPT of PV array and an electronic
commutation of the motor. Three Hall Effect sensors
are used to generate the commutation signals. A 6
pole, 5.18 kW BLDC motor which has a rated speed
of 3000 rpm at 310 V (DC), is used to run the water
pump. A single phase utility grid support is
provided, via a bridge rectifier and a PFC boost
converter, at the common DC bus of VSI. The power
transfer is controlled by operating the PFC converter
through a unidirectional power flow control. The
developed control enables a power transfer from
utility grid to the DC bus if a PV generated power is
insufficient to meet the power demand, otherwise no
power is transferred from the utility.

VI PROPOSED UNIDIRECTIONAL POWER
FLOW CONTROL

The unidirectional power flow control, as its name
implies, enables a power flow only in one direction
i.e. from utility grid to the common DC bus. The
control meets the power quality standards required
by the grid in terms of total harmonic distortion
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(THD) and power factor (PF) [12]. The structure of
the proposed control is illustrated in Fig. 6. After
passing through a low pass filter (LPF), the sensed
DC bus voltage, vdc is compared with a reference
value, Vdc which is nothing but a rated DC voltage
of the BLDC motor (Fig.6).

Fig. 6 Structure of the proposed unidirectional power
flow control

The generated error is passed through a PI
(proportional-integral) controller acting as a voltage
regulator. The intention is to maintain the DC bus
voltage at the rated voltage of BLDC motor
irrespective of the operating conditions.
Subsequently, the output of voltage regulator is
multiplied with the rectified input voltage, Vd to get
a reference inductor current, iL2. This is made to
configure a current flowing through the inductor, iL2
as the wave shape of Vd, and place it in phase with
the input supply voltage, vs. Consequently, the input
supply current, is appears in phase with Vs ensuring
a unity power factor (UPF) operation. The sensed
actual current, iL2 is compared with iL2 and an error
is passed through a hysteresis current controller to
generate a gating signal for PFC boost converter.
The PFC boost converter is designed and controlled
to be operated in a continuous conduction mode
(CCM).

While regulating the DC bus voltage, the control
decides whether the power from the utility is
required to be transferred or not. Under the healthy
climatic condition, the PFC converter is made
indolent as the control obviates the power transfer.
On the contrary, when the water pumping is required
at night, the controller allows to draw a full amount
of power required to run the pump at its full
capacity. In between the two aforesaid
circumstances, if a fraction of sunlight is available, a
portion of power demand is met by the PV array; a
transfer of remaining power is thereby permitted by
the controller.

VII BLDC MOTOR SOFT STARTING AND
SPEED CONTROL

At standstill, due to the absence of back EMF
(Electromotive Force) a high inrush current is drawn
by the stator windings of the motor which may harm
the windings and power devices of the converters.
To prevent this current surge at starting, the pulse
width of switching devices is modulated for a
predefined interval. This practice slow down the rate
of rise of winding current and hence confirms a safe
starting [11]. At certain speed, once a sufficient
back-EMF is generated, the pulse width of switching
devices is no longer modulated and a fundamental
frequency mode of operation takes place.

The speed of BLDC motor is maintained at its rated
value, throughout the operation, regardless of the
availability of sunlight such that the pump delivers a
full volume of water. This is achieved by the DC bus
voltage regulation. A concept of current sensor-less
based speed control [6] is applied which eliminates
the phase current sensors and governs the operating
speed as per the DC bus voltage. So long as the
power grid backup is available, the bus voltage is
regulated, no matter what is the instant operating
condition [10]. However, in case the grid is not
available, the DC bus voltage is not regulated at the
rated DC voltage of BLDC motor under bad climatic
conditions, and the speed is governed by a variable
DC bus voltage.

VIII RESULTS AND DISCUSSION

A MATLAB/Simulink based simulation analysis of
the proposed system is carried out to demonstrate its
behavior under the various possible operating
conditions. A 5.18 kW, 3000 rpm motor-pump is
powered by a 6.4 kWp PV array and supported by a
single phase 180 V, 50 Hz utility grid. The various
operating modes are created such as an operation
with PV array only, operation with power grid only,
operation with both PV array and power grid, and
transition from one mode to another, to evaluate the
dynamic, starting and steady state behaviors of the
system.

A. Steady State and Starting Performance

i) When Only PV Array Feeds BLDC Motor-
Pump: Under the standard test condition, the PV
array is able to feed the sufficient power to run the
pump at its full capacity. As shown in Fig. 7 (a), a
full irradiance of 1000 W/m2 is available and 6.4
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kWp power is generated by the PV array. Therefore,
the motor-pump is operated at its rated speed and
torque as shown in Fig. 7(b). No grid support is
required in this case. The various motor-pump
indices refer to back-EMF, ea, stator current, isa,
speed, N, electromagnetic torque, Te, and load
torque, TL. The soft starting performance is
illustrated in Fig. 7(c). The stator current rises with a
controlled rate which evidence a soft start of the
motor[8]. A small ripple is reflected in isa due to a
pulse width modulation of the switching devices of
VSI at the starting.

Fig.7 Steady state behavior of (a) PV array and (b)
BLDC motor-pump, and (c) starting performance of

BLDC motor-pump, when only PV array feeds
BLDC motor-pump

ii). When Only Utility Grid Feeds BLDC Motor-
Pump

When the water pumping is required at night, the
motor-pump draws a full power only from the grid.
Fig. 8(a) depicts that a peak sinusoidal supply
current, is of 49.32 A is drawn at UPF while
regulating the DC bus voltage, vdc at 310 V. The
motor pump attains its full speed and torque as
shown in Fig. 8(b). Moreover, the THD and
harmonic spectrum of is is shown in Fig. 8(c). The
THD is observed below 5% which meets the IEEE-
519 standard[9].

Fig.8 a) peak sinusoidal supply current

Fig. 8 b) motor pump attains its full speed and torque

Fig.8   C) THD and harmonic spectrum

B. Dynamic Performance

i) Transition from PV Array Feeding Pump to Both
PV Array and Grid Feeding Pump: To demonstrate
this performance, it is assumed that a full irradiance
is available prior to 0.3 s as shown in Fig. 9(a).
Therefore, no grid support is required and no current
is drawn from the grid as depicted in Fig. 9(b). The
operation of motor-pump with its full capacity is
also depicted in Fig. 9(c). A sudden depletion in the
solar irradiance is assumed at 0.3 s. The irradiance
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level reduces to 500 W/m2 and hence an insufficient
power is generated by the PV array. The remaining
power is now required to be drawn from the utility
grid. As desired, a peak sinusoidal supply current of
27.03 A is drawn at UPF while regulating the DC
bus voltage at 310 V as presented in Fig. 9(b). The
motor-pump operates without any interruption at its
full capacity. The THD and harmonic spectrum of is
is shown in Fig. 9(d). The THD is observed below
5% which manifests the power quality standards in
this case also.

Fig.9 a) Dynamic behavior of (a) PV array

Fig. 9 Dynamic behavior (b) utility grid and (c)
BLDC motor-pump, and (d) THD and harmonic

spectrum of supply current, under a transition from
PV array feeding pump to both PV array and grid

feeding pump.

ii) Transition from Grid Feeding Pump to PV Array
Feeding Pump: This analysis assumes that the
motor-pump is initially operated by the utility grid as
no PV array power is available prior to 0.3 s as
shown in Fig.10. It is further assumed that a full
irradiance is available at 0.3 sec. This large
alteration is imposed to validate the system under the
worst dynamics. As the maximum power point is
tracked as shown in Fig. 10(a), the current drawn
from the grid is reached at zero value as shown in
Fig. 10(b). The grid current reduces slowly due to a
time taken by the MPPT technique to track the MPP
of PV array. Nevertheless, the motor-pump is
operated at rated speed and torque ensuring
uninterrupted water pumping with full capacity as
shown in Fig. 10(c).

Fig.10 Dynamic behavior of (a) PV array (b) utility
grid and (c) motor-pump, under a transition from

grid feeding pump to PV array feeding pump.

IX CONCLUSION

A single phase grid interfaced solar PV-water
pumping system with a brushless DC motor drive
has been proposed and demonstrated through its
performance evaluation using MATLAB/Simulink
platform. The utility grid support as a power backup
has been provided at the common DC bus. A
unidirectional power flow control has been
developed and realized with a PFC boost converter
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in order to enable a power transfer conditionally.
This control has enabled uninterrupted water
pumping with full volume of water delivery
irrespective of the climatic conditions. The power
quality standards have been met as per IEEE-519
standard. A simple speed control technique for
BLDC motor has been adopted which has offered a
cost-benefit. Thus, the proposed topology has
emerged as a reliable and efficient water pumping
system.
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