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ABSTRACT
This paper discusses the modeling, simulation, control and comparative performance
analysis of three types of motors coupled to a centrifugal pump of a solar photovoltaic
(PV) fed water pumping system (WPS). The space vector pulse width modulation
(SVPWM) technique used for the control of the motors is found effective to drive the
three motors namely the brushless DC (BLDC) motor, the induction motor (IM) and the
permanent magnet synchronous motor (PMSM). These motors are compared for their
torque response, torque ripple, sensitivity to parameters variations and implementation.
Each motor system is simulated with the three-phase 1 hp motor coupled with a
centrifugal pump through a SVPWM modulated three-phase inverter to deliver the
constant throughput. The comparative analysis is made among these systems under
different operating conditions of the PV array in the MatLab/Simulink and the
effectiveness of the proposed control strategies are consolidated with the results
obtained.
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INTRODUCTION
Increasing energy demand and the depletion of
the fossil fuels have led to the discovery of new
sources of energy. In this regard, renewable energy
has proved to be an effective alternative. The other
important factor in considering the use of renewable
energy for power generation is that the conventional
energy sources are becoming increasingly costly for
power generation and transmission. The photovoltaic
energy is one of the most popular renewable energy
sources that is available in almost all parts of the
globe and provides pollution free power to meet the
present-day energy demands.
The PV systems have different and varied
applications in industry, domestic and in research
projects. This paper focuses on the effective
utilization of the PV system for an agricultural water
pumping system. The cost of irrigating the
agriculture land is becoming more expensive due to
the increase in energy cost. In addition,in India, there
are increased outages due to the power generation
not keeping pace with the increased load
requirement, reducing the availability of power for
irrigation. Considering the importance of irrigating

the agricultural lands and the availability of solar
radiation in India, there has been increasing use of
solar PV systems for irrigation.
Most of the existing PV water pumping systems,
used in several parts of the world, use either the
conventional brushed DC motor, or the electronically
excited brushless DC motor, or and the induction
motor. These conventional motors suffer from
maintenance problems due to the presence of the
commutator and brushes. Arrouf and Bouguechal
(2003) (Daud and Mahmoud, 2005) mentioned that
most low power motors such as the single-phase
induction motors used for residential applications
that drive low torque loads need to have a complex
control drive system. Mozaffari et al. (2011)
discussed the operational performance and the
control of the PV fed Z-source converter controlled
BLDC motor. Few papers are available on the
performance analysis of motors coupled to the PV
fed WPS. Hence, this paper presents the comparative
performance analysis of the PV fed BLDC motor, the
PV fed IM and the PV fed PMSM. The three systems
are compared with fixed irradiance and variable
irradiance parameters to deliver a fixed discharge by
coupling through the centrifugal pump. The
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simulation results compare the output parameters and
output discharge of the pump by the different motors.
Section 2 describes the overall system operation
and Section 3 discusses the design aspects of these
three different coupling methods. Section 4
consolidates the results of the comparison and
Section 5 presents the conclusion.
System Description:
Figure 1 shows the block diagram of the PV fed
water pumping system. The different components of
the system include a solar PV array, a boost
converter, a three-phase full bridge inverter and a
motor (BLDC / IM / PMSM) coupled to the
centrifugal pump to deliver the constant throughput.
The input parameters to the solar array is the

temperature T (in Kelvin) and the irradiance level G
(in W/m2). The boost converter acts as the maximum
power point tracking (MPPT) controller.
The PV panel is initially set to the standard
temperature of 25° C and irradiance of 1000 W/m2.
A number of PV panels are connected in series and
parallel to form the PV array in order to meet the
load requirements. The MPPT controller tracks the
optimal operating point. In this paper, the boost
converter is used with the conventional incremental
conductance (INC) algorithm (Caston and Gehan,
2013; Kish et al., 2012) for MPPT control. The INC
algorithm uses the information from the voltage and
the current sensors to calculate the reference voltage.
This is compared with the actual PV array voltage
and the error is processed by a PI controller.

Fig. 1: Block diagram of the PV fed water pumping system.
The controlled output is then given to a pulse
width modulator (PWM) which compares the
processed error with a high frequency triangular
signal (carrier) to generate the required PWM pulses
for the boost converter to operate the system at the
maximum power point (MPPT).
The boosted output voltage is given to the three
phase full-bridge IGBT inverter to deliver the power
for the motor to operate at the required speed. The
inverter is controlled by means of the generated
SVPWM pulses by comparing the actual speed of the
motor with the set reference speed. The PV fed drive
system operates the given motor with constant speed.
The centrifugal pump connected to the shaft of the
motor operates the pump at constant speed to deliver
the desired throughput for different irradiance levels
of the PV array.

to a centrifugal pump as discussed in Section 2. In
this paper, a 1 Hp motor is considered. To meet the
load requirements (both voltage and power), the PV
array is formed as follows:
Design and selection of the PV module:
Table I presents the specifications of the single
PV panel (Solkar make). The PV array should be
sized to meet the requirement of the 1 Hp, 300 V
BLDC motor and losses in the system. To meet the
voltage requirement, 20 PV panels are connected in
series to form a string, which provides a voltage of
20×16.56 ~ 330 V. The BLDC motor operates at 4
A. As each string is capable of providing a maximum
current of 2.25 A, two strings are connected in
parallel to provide the maximum current of 4.5 A.
Hence, the PV array size of 20 × 2 is capable of
providing 330 V, 4.5 A at STC.

System Design:
The system consists of a PV voltage source, a DC
Chopper, a three-phase inverter and motor connected
Table I: Specifications of The SOLKAR PV Panel at STC (G=1000 W/m2 And T=25° C).
Parameters
Rated power (Pmax)
Voltage at the maximum power (Vmax)
Current at the maximum power (Imax)
Open circuit voltage (Voc)
Short circuit current (Isc)
No. of series cells (Ns)

Values
37.08 W
16.56 V
2.25 A
21.24 V
2.55 A
36
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Fig. 2: The maximum power point tracking algorithm – the incremental conductance algorithm.
Design of the Maximum Power Point Tracking:
The boost converter is chosen as the MPPT
converter to match the load resistance with the
source resistance as seen from the source. This is
achieved by varying its duty cycle for the change in
environmental conditions (Dousoky et al., 2012).
The change in irradiance levels causes the change in
the internal resistance of the PV panel. Hence, for
every change, the duty cycle of the MPPT has to be
chosen properly to adjust the resistance of the
converter. Here, the incremental conductance
algorithm (INC) is used for tracking the maximum
power. The algorithm continuously increments or
decrements the reference voltage based on the value
of the previous power sample (Caston and Gehan,
2013). Fig. 2 shows the flowchart for the INC.

The MPPT controller generates the reference
voltage from the PV voltage and current. The
reference voltage is compared with the actual PV
voltage and the error signal is given as input to the PI
controller to generate the required pulses to operate
the DC-DC converter. The reference input from the
MPPT controller is compared with the actual PV
array voltage and the error is processed by a PI
output to the steady state. The initial values of Kp
and Ki are obtained using Ziegler-Nichols first
method (Katsuhiko, 2002) and then tuned by trial and
error. The parameters of the boost converter are
designed (Muhammad Rashid, 2004; Akkaya et al,
2007) to operate at a frequency of 5 kHz. Table II
gives the simulation parameters of the boost
converter.

Table II: Simulation Parameters of the Boost Converter and the Controller.
Parameters
Inductance, L
Input capacitance, Cin
Output capacitance, Cout
Operating frequency, fs
Proportional gain, Kp
Integral gain, Ki

Figure 3 shows the simulation diagram for the
PV fed WPS with the BLDC motor. The PV array
with the MPPT system supplies the inverter that
feeds the BLDC motor. The motor is operated in
closed loop with the SVPWM control at the required
speed of 1000 rpm. The centrifugal pump connected

Values
3 mH
100 μF
100 μF
5 kHz
0.002
120

to the shaft of the machine operates at the same
speed and delivers constant throughput.
Table III gives the specifications of the selected
BLDC motor.
The operating condition of the system is tested
for fixed irradiance level of 1000 W/m2 and with
very short period (worst-case) irradiance level.
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Simulation of the PV fed water pumping system with the BLDC motor:

Fig. 3: Circuit diagram of the PV fed water pumping system with the BLDC motor.
Table III: Specifications of the Brushless DC Motor.
Motor type
Rated power
Rated voltage
Rated speed
No of poles
Winding
Resistance
Inductance

Surface mounted permanent magnet BLDC motor
1 kW
400 V
1500 rpm
2
Star connected
4.765 
8.5 mH

Simulation of the PV fed water pumping system with the induction motor:

Fig. 4: MatLab/ Simulink diagram of the PV fed water pumping system with IM.
Figure 4 shows the simulation diagram of the PV
fed WPS with the IM. Here, the PV array with the
MPPT system supplies the inverter feeding the IM.
The same type of control, namely the SVPWM
Table IV: Specifications of the Induction Motor.
Motor type
Rated power
Rated voltage
Rated speed
No of poles
Winding
Resistance
Inductance

Figure 5 shows the simulation diagram of the PV
fed WPS with the PMSM. Here, the PV array with
the MPPT system supplies the inverter feeding the
PMSM. The same closed loop control like in the
previous cases has been adopted to maintain the
speed of 1000 rpm.

control, is employed for regulating the speed at 1000
rpm. The output of the centrifugal pump is constant
as in the case of BLDC motor fed system. Table IV
gives the specifications of the selected IM.
Induction Motor
1 kW
400 V
1440 rpm
4
Star Connected
R1=3.36 , R2=3.06 
X1 = X2 = 21.62 mH, Xm=290 mH

The system is tested for different irradiance
levels, which also include the very short period
irradiance level change.
Table V gives the
specifications of the selected PMSM.
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Simulation of the PV fed water pumping system with the PMSM:

Fig. 5: MatLab/ Simulink diagram of the PV fed water pumping system with the PMSM.

Fig. 6: Irradiance level, PV voltage, PV current, boost voltage, boost current, stator voltage, stator current,
speed and pump delivery of the PV fed BLDC, IM and PMSM at 1000 W/m2
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Table V: Specifications of the Permanent Magnet Synchronous Motor.
Motor type
Surface mounted permanent magnet synchronous motor
Rated power
1 KW
Rated voltage
400 V
Rated speed
1500 rpm
No of poles
4
Winding
Star connected
Resistance
2.875 
Inductance
8.5 mH

Results and Inferences:
The systems shown in Fig. 3 to Fig. 5 are
simulated for a fixed irradiance of 1000 W/m2 and
for very short irradiance level change. Fig. 6
presents the results for the fixed irradiance of 1000
W/m2.
From fig. 6, it is inferred that the BLDC motor
shows faster response to track the set desired value of

speed compared to the other motors for the fixed
irradiance. The initial transients of the BLDC motor
tends to have some variations, but the response of the
motor in the steady state is constant. The waveform
of the current oberserved in the BLDC motor varies
within the lmits of control and comparatively shows
minimal variation than the IM and PMSM.

Fig. 7: Irradiance level, PV voltage, PV current, boost voltage, boost current, stator voltage, stator current,
speed and pump delivery of the PV fed BLDC, IM and PMSM for varying irradiance.
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Fig. 8: MPPT reference, speed and torque of the PV fed BLDC, IM and PMSM for the fixed irradiance of 1000
W/m2
The PV fed BLDC, IM and PMSM drive system
was simulated at worst case of irradiance level
change and the comparative results are shown in
fig.7. The irradiance is varied between 1000 W/m2 to
400 W/m2 over a very short period considering the
worst case of the irradiance level change. From
fig. 7, it is inferred that PV fed BLDC drive system
operates more steadily than the IM and PMSM fed
drive system for the variable irradiance level. The PV
voltage and current of the PV fed BLDC drive
system shows comparatively less variations and the
current of the system is within the operating limits of
the system. On inferring the speed of the three
systems under variable irradiance level, BLDC fed
drive system is more stable and delivers constant
speed than the IM and PMSM drive sytem.
Figure 8 shows the duty cycle change, speed and
torque of the PV fed BLDC, IM and PMSM drive
system under constant irradiance level of 1000
W/m2. From fig.8, it is observed that torque response
of the BLDC fed drive system shows less variation in
the range of 3.3 Nm to 0.1 Nm, whereas in case of
IM fed drive system shows a change of 20 Nm to -30
Nm during the transient condition and 10 Nm to -6
Nm during the steady state operation of the drive
system. In case of the PMSM fed drive system, the
torque response shows wide range of deviations than
the BLDC and IM fed drive system. In the operating
condition of constant irradiance level, the PV fed
BLDC drive system shows a better performance to
operate the centrifugal pump to deliver constant
throughput than the IM and PMSM drive system.
Figure 9 shows the duty cycle change, speed and
torque of the PV fed BLDC, IM and PMSM drive
system under worst case of irradiance level change.
From fig.9, it is observed that torque of the BLDC
drive system shows less variations in the transient

condition and steady state condition compared to the
torque variations in the IM and PMSM drive system.
The BLDC systems sustains the variable irradiance
level and operates the drive with constant speed and
operates the centrifugal pump to deliver constant
throughput, whereas the IM and PMSM drive shows
large deviations in the torque and speed.
Of the motors subjected to the variable
irradiance level, the BLDC motor shows better
performance to track the operating set point of 1000
rpm with minimum speed and torque fluctuations as
compared to the other motors. The changes in the
regions of irradiance level change of the PMSM
shows a very large change in the speed and torque
characteristics and affect the pumping operations.
The MPPT tracking of the BLDC drive system is
good enough to track the maximum power point
tracking. However, the other systems show a lag in
tracking compared to the BLDC system. As the
operating load considered is not the maximum, the
MPPT tracking does not have much effect.
Nevertheless, the system will be affected when
maximum load conditions are used. The comparative
results are tabulated in Table VI.
Conclusion:
In this work, the performances of the BLDC
motor, the IM and the PMSM motor water pumping
system operated under different irradiance are
compared. A detailed simulation study is carried out
for comparison. Simulation results confirm that all
the motors are well suited for water pumping
operation. The induction motor and PMSM control
require a little complicated controller compared to
that of a BLDC drive to take the effects of voltage,
current and torque fluctuations. The transient
changes during the fixed irradiance level and during
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the very short period / worst-case irradiance change
of the BLDC shows better performance than that of
the induction motor and PMSM motor. Even though
the induction motor is rugged and less costly than the
BLDC motor and the PMSM motor of equivalent
rating, the controller needs to take care of the large

transients occurring in the machine, which increases
the overall cost of the system. In future, the initial
cost is slightly higher than the other systems, PV fed
BLDC motor based system can be used to replace the
existing system, resulting in lower life-cycle cost.

Fig. 9: MPPT reference, speed and torque of PV fed BLDC, IM and PMSM for the variable irradiance levels.
Table VI: Comparison of Different Methods of Water Pumping Systems.
Parameters
Type of motor coupling
BLDC
IM
PMSM
Speed of response
High
Low
Low
Speed (at worst case Irradiance level)
Varies between 0 rpm to 1000 rpm
 1000 rpm
 1000 rpm
Torque Pulsations
Low
High
High
Torque (Starting Condition at worst
3 Nm
Varies between 30 Nm to Varies Between 10 Nm to 10 Nm
case Irradiance level)
20 Nm
Torque (Steady state operating
 3 Nm
Varies between 5 Nm to
Varies between 25 Nm to 25 Nm
condition at worst case Irradiance
10 Nm
level)
Tracking capability
High
Low
Low
Fluctuations at the steady state
Less
Moderate
More

REFERENCES
Arrouf, M. and N. Bouguechal, 2003. Vector
control of an induction motor fed by a photovoltaic
generator. International Journal on Applied Energy,
74(1-2): 159-167.
Daud, M.A. and M. Mahmoud, 2005. Solar
powered induction motor-driven water pumps
operating on a desert well, simulation and field tests.
Renewable Energy Journal, 30(5): 701-714.
Mozaffari Niapour, K.H., S. Danyali, M.B.B.
Sharifian and M.R. Feyzi, 2011. Brushless DC motor
drives supplied by PV power system based on Zsource inverter and FLIC MPPT controller. Journal
of Energy Conversion and Management, 52(8):
3043-3059.
Caston Urayai and Gehan A.J. Amaratunga,
2013. Single-sensor Maximum Power Point Tracking

Algorithms. IET Renewable Power Generation,
7(1): 82-88.
Kish, G.J., J.J. Lee and P.W. Lehn, 2012.
Modelling and control of photovoltaic panels
utilising the incremental conductance method for
maximum power point tracking. IET Renewable
Power Generation, 6(4): 259-266.
Dousoky, G.M., E.M. Ahmed and M. Shoyama,
2012. Current-sensorless MPPT with DC-DC boost
converter for Photovoltaic battery chargers. IEEE
Conference on Energy Conversion Congress and
Exposition (ECCE). pp: 1607-1614.
Katsuhiko Ogata, 2002. Modern control
engineering. fourth ed. Pearson education Inc.
Muhammad H. Rashid, 2004. Power Electronics
Circuits, Devices and Applications. Pearson
Education Inc., pp: 226-303.
Akkaya, R., A.A. Kulakslz and Ö. Aydoğdu,
2007. DSP Implementation of a PV system with GA-

540

XXX et al, 2015
Australian Journal of Basic and Applied Sciences, X(X) April 2015, Pages: x-x

MLP-NN based MPPT controller supplying BLDC
motor drive.
Elsevier Energy Conversion and
Management, 48(1): 210-218.
www.mathworks.com,
accessed
December
2013.

