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INTRODUCTION

ABSTRACT

Solar energy is abundantly available on the earth and can be utilized in various applications by
converting it in a suitable form. Water supply in remote places and rural areas is still critical due
to the unavailability of the grid power. In a developing country like India, the grid construction
cost is 6670 $/km because of which some remote areas are still waiting for electricity. There is a
large scope to meet this need with the help of a standalone solar water pumping system. In this
context, this work presents detailed simulation in MATLAB/Simulink and experimental valida-
tion of photovoltaic (PV) permanent magnet brushless DC (PMBLDC) motor water pumping
system without energy storing. Simulation is a tool to get system behavior at the various input
parameters immedi ately reflects a change in the output parameter. The simulation results are
validated with the help of field trials on the experimental setup. A 0.5 hp photovoltaic permanent
magnet brushless DC (PMBLDC) motor water pumping system was used for extensive field tri-
als experimentation. After extensive field trials, the optimum irradiation observed for full water
discharge 19.9 L/min was 330 W/m?where voltage and current were 35.1 V and 3.1 A respec-
tively. The Water flow - Irradiation characteristic curve and percentage variation in simulation
and experimental results showed a good agreement with each other. The efficiency of the photo-
voltaic panel and the entire solar water pumping system observed was 12.76 + 0.64 % and 9.07+
0.45 % respectively. The 0.5 hp PMBLDC motor water pumping system is sufficient to lift 10000
L water every day. PMBLDC motor, shown added advantage of lesser running maintenance due
to the absence of carbon brushes which need frequent replacement in case of brushed DC motor.

Cite this article as: Deokar V, Bindu RS, Deokar T, Simulation modeling and experimental validation
of solar photovoltaic pmbldc motor water pumping system. ] Ther Eng 2021;7(6):1392-1405.

2019, in which thermal energy contribution is 63.7 %,

A rapid increase in industrialization and population
has almost doubled the energy demand of India. India’s
total installed capacity is 349.3 GW as on 31 January
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Nuclear is 1.93 %, hydro energy 12.85 %, and contribution
of renewable energy is 21.14 % [1]. To meet India’s huge
power requirement, the sustainable solution is maximizing
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renewable energy potential. Solar power has emerged as a
prominent source of green energy in all renewable energy
sources, which will contribute to the growth of countries
like India.

For 1 kW electricity generation using non-renewable
energy sources 1 kg of CO, is emitted in the environment
which is very harmful to living organs. There are huge energy
crises in India and only 10 h of energy is available for the
agricultural sector in alternate day and night time which is
insufficient. Mostly diesel engine water pumps are used in the
absence of grid energy which is harmful to the environment.
Therefore, there is a large scope to tap solar energy for the
fulfillment of energy needs. India is aiming for a high rise in
tapping renewable energy potential to reach 175 GW by 2022
excluding large hydropower plants. The average intensity of
irradiation available in India is 4-7 kWh/m? for 250-300
days [2, 3]. The solar water pumping system is a prominent
way to meet water demands by using clean energy. The huge
running cost is associated with the system running on-grid
energy or on diesel engines which can be minimized by using
the solar energy water pumping system.

A well optimum sized Photovoltaic systems additional
advantage is in the form of the reduced payback period.
Simulation helps in the optimum designing of the system as
per the water requirement. The solar photovoltaic system is
one way to convert solar energy into electric energy which
is subsequently used in the number of applications [4, 5].

For Simulation two internal characteristics series
and parallel resistance (Rs and Rp) are the most import-
ant parameters, and the Simulink model of the photovol-
taic panel with these two parameters gives the best results
[6-17]. As the PV panel output and characteristics are
non-linear these should be modeled with the maximum
power point tracker (MPPT) which figure out the best
suitable output as per load requirement [18-19]. The solar
photovoltaic water pumping system is one of the popularity
gaining application now a day’s as its running maintenance
cost is very negligible as compared to diesel engines. The
payback period of the solar photovoltaic water pumping
system is generally 12 years and the expected life of the
system is 25 years. The simulation of the solar PV water
pumping system consists of the number of subsystems like
PV panel, MPPT, motor, and pump [20-27]. Brushed DC
motor or AC induction motors are mostly used in solar
water pumping but brushes of brushed DC motor needs to
be replaced frequently, and for induction motor inverter is
needed as it runs on AC supply whereas PV panels output
is DC only [28-37].

In this context, this work presents the use of a solar
photovoltaic submersible permanent magnet brushless DC
motor (PMBLDC) water pumping system. The objective
of this study is optimum designing and installation of the
solar photovoltaic water pumping system which will oper-
ate efficiently and fulfill water requirements in the remote
areas by using a clean solar energy source. Optimum system

design will result in reduced overall system cost so that the
payback period will also minimum. Also, the minimum
running maintenance cost for the system is expected.

By keeping objectives in mind 0.5 hp PMBLDC solar
water pumping system is proposed which runs on clean
renewable solar energy only. This will help to reduce CO,
emissions in the environment. Especially to overcome the
maintenance of frequent brush changing in brushed DC
motor and eliminating inverter to convert DC to AC as
it runs directly on DC. The use of energy storing devices
avoided minimizing initial as well as the maintenance cost
of the system. Step by step detailed modeling of the sub-
systems like photovoltaic panel, MPPT, PMBLDC motor,
and the pump was carried out in MATLAB/Simulink. All
the subsystems connected and the entire Simulink model
of solar photovoltaic water pumping system presented.
Furthermore Experimental setup of components used in
the simulation was built. The optimum value of irradiation
for an efficient system of working found out. Simulation
results of the proposed system validated with the help of
experimental results obtained by extensive experimental
field trials and presented with error analysis.

MODELING OF PHOTOVOLTAIC PMBLDC MOTOR
WATER PUMPING SYSTEM

The photovoltaic water pumping system consists of the
number of components like the PV panel for energy con-
version, Buck-Boost converter, PMBLDC motor, and the
pump. Modeling and simulation of individual subsystems
are carried out separately and then these are combined to
get a complete system.

Mathematical Model of Photovoltaic Panel

Figure 1 shows a practical model with series and parallel
resistance used for PV panel modeling. In this model, the
effect of Rs and Rp is considered as the efficiency of the PV
solar cell gets affected due to these parameters [6, 7].

By applying Kirchhoff’s law,

I=Iph—-1d—1Ip (1)

The total output current of a PV panel I calculated using
the above equation [6].

ton | o +
® v 3 v

Figure 1. Model of an equivalent circuit with Rs and Rp.
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PV panel photocurrent Iph is calculated using the equation
Iph=[ Isc+Ki(Top—Tref ) |* G /1000 )

Where G is irradiation (W/m?), Ns is the number of cells
in series, Tref is a reference temperature taken (25 °C) [6].
Diode current Id is calculated with using the equation

V +1Irs
Id=1I -1 3
(b1 ®
y -k Top (4)
q

B Top 3X q*Eg( 1 _L
IS_Ir{Tref:| ¢ p{ Ak kTref Topﬂ (5)

Where V, is the thermal voltage depending on the oper-
ating temperature Top and Is panel saturation current. V is
the output voltage of the panel [7].

Irs is calculated using the equation

Irs= Isc (6)
qVoc

Leakage current Ip is calculated using the equation

_V+IRs
Rp

Ip (7)

The output current I of the PV panel calculated using
the equation

(8)

I=Iph—15[exp( v *Irs j_l} V +IRs

NsAVt Rp

Simulink Modelling of the PV Panel

Eldora VSP.72.AAA panel data is used as a reference
data panel for the simulation. Table 1 shows the details of
the specifications. The step by step Simulink modeling of

Table 1. Specifications of Eldora VSP.72.AAA PV panel

Parameters Variable Values
Peak power (W) Pm 320
Maximum voltage (V) Vm 37.5
Maximum current (A) Im 8.5

Open circuit voltage (V) Voc 45.96
Short circuit current (A) Isc 9.03
Temperature coefficient Ki 0.52 % /°C

the PV panel is carried out by using mathematical equa-
tions 1 to 8.

Photocurrent Iph calculated at the beginning based on
irradiation (G) and operating temperature (Top) as shown
in Figure 2. The input parameters and their respective con-
stant values used for simulation are shown in Figure 3.

The V,and Irs calculated based on Top and Voc as shown
in Figure 4 ¢ 5. Panel saturation current (Is) calculated by
taking the output of the Irs as shown in Figure 6.
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Figure 2. Simulink model of photocurrent.
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Figure 5. Simulink model of reverse saturation current.
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Figure 6. Simulink model of panel saturation current.

The Simulink model for calculating the diode current
(Id) and leakage current (Ip) shown in Figure 7. All the
subsystems connected to getting photovoltaic panel output
current I as shown in Figure 8 [6-17].

Simulink Modelling of the Buck-Boost Converter

The output of the PV panel is fluctuating, but the load
requires constant voltage and current as input. Therefore it
is necessary to regulate the output of the PV panel with the
regulating device. Buck-Boost converter is a device used
for extracting the maximum amount of power. It always
compares the output available at the PV panel with the load
requirements and figure outs best voltage for load [18-21].

The output voltage Vo is given by,

D
— Dj (9)

Vo:Vs(

Where Vs = Vin (Voltage at maximum power)

Figure 9 shows the Simulink model of the Buck-Boost
converter. Repeating signals produced by the PWM signals
compared with the duty cycle generated by the MPPT. The
period for which insulated-gate bipolar transistor (IGBT)

PV Panel

Figure 8. Simulink Model of PV panel.

Dt
-5 5
s i
- lul'l._—.-'iﬂ [T
= e =
P B O Blosck Dty Cypthe genietalash

:
]

|
S
1

Figure 9. Simulink model of the buck-boost converter.
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is ON, the capacitor charges and output is the same as the
input. The output increases than input when duty cycle D >
0.5 and it reduces when D < 0.5.

The Perturb & observe algorithm (P & O) is used here to
optimize the performance. The source and load impedance
matching are achieved by changing the converter’s duty
cycle.

Simulink Modelling PMBLDC Motor and Pump

In the case of a positive displacement pump, the flow
rate is directly proportional to motor speed, which depends
on the available voltage at the motor input. Figure 10 shows
the Simulink model of the PMBLDC motor [23-25]. A
pump coupled to the motor is a positive displacement type
with constant load torque it is connected directly to the
PMBLDC motor. Figure 11 shows the Simulink model of
the pump [26-28]. The pump receives input mechanical
power from the motor and gives the output as water flow
‘Q in L/min.

The water flow ‘Q’ of the pump is calculated using the
equation [29-31].

Simulink Model of the Complete
Solar Water Pumping System

The complete Simulink model of the solar water pump-
ing system is developed as illustrated in Figure 12. In this
model, all the individual subsystems PV panel, Buck-Boost

*
{;gg}}*%oo*loﬁ
== (10)
p*HX'gX'6O
Where,
Q = Pump discharge in L/min
P = Power available at motor shaft in W
p = Density of water = 1000 kg / m’ i bt POCHR SRR
H = Lifting head in meter
g = Gravitational acceleration = 9.8 m/ s Figure 12. Complete Simulink model of the solar water
1 = Pump efliciency =75 % pumping system.
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Figure 10. Simulink Model of the PMBLDC motor.
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converter, PMBLDC motor, and pump are assembled. The
system has two inputs irradiation (G) and operating tem-
perature (Top). The model process this given input and
gives the output in terms of water flow (Q). By varying the
two inputs we can get the respective output of the system.

Interpretation of Simulation Results

The output results in terms of current, voltage, power, and
water flow of the simulated models are obtained by varying the
two input parameters irradiation and operating temperature.

Figure 13 shows the I-V characteristic curve at a dif-
ferent irradiation level by keeping the operating tempera-
ture constant at 25 °C. At irradiation 200 W/m? model
given 41 V 1.7 A output. As irradiation increased current
increased drastically but voltage increment was marginal
only. At 600 W/m?, the model output was 44 V, 5.4 A, while
at maximum irradiation 1000 W/m? the output was 45.5'V,
9A. The output of the PV panel can be predicted easily at
any known value of the irradiation from the curve.

Figure 14 shows the P-V characteristic curve at a differ-
ent irradiation level by keeping the operating temperature
constantat 25 °C. As power produced is directly proportional
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Figure 13. I-V characteristics by varying irradiation.
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Figure 14. P-V characteristics by varying irradiation.

to falling irradiation, P-V characteristic curves show simi-
lar trends. PV panel power output was 60 W at 200 W/m?
and 80 W at 300 W/m? which was increased as the irradia-
tion was increased. PV panel developed exactly half power
160 W at irradiation 500 W/m?. Maximum power output
320 W was observed at 1000 W/m?.

Figure 15 shows the I-V characteristic curve at the
different operating temperatures by keeping irradiation
constant at 1000 W/m?. The graph shows clearly that tem-
perature affects adversely on the output voltage resulting
in a drop in it at the same irradiation value. The PV panel
is expected to work in STC condition but it is difficult to
maintain the operating temperature at 25 °C. Temperature
increment resulted in the drastic decrement of output volt-
age with very little marginal increment in the current and it
is observed in the I-V curve. At 25 °C panel output voltage
was maximum 45.5 V which reduced to 43 V & 41 V at 45
°C and 65 °C respectively. From the graph, it is cleared that
the increment in operating temperature resulted in output
voltage decrement.

Figure 16 shows the effect of temperature variation on
the output power of the PV panel. The voltage decrement
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Figure 15. I-V characteristics by varying temperature.
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Figure 16. P-V characteristics by varying temperature.
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due to temperature increment resulted in the power dec-
rement because it is a product of voltage and current. The
model output was 320 W, 300 W, and 290W respectively at
25°C, 35°C, and 45 °C, and reduced to 270 W at 65 °C oper-
ating temperature. There was 50 W power loss observed at
the same irradiation level 1000 W/m? because of tempera-
ture increment by 40 °C than STC (from 25 °C to 65 °C).

Figure 17 shows the output water flow ‘Q’ of the simu-
lated model for various irradiations input. Initially, at irra-
diation up to 150 W/m?, no water discharge was there as
the power available was very low to start the pump hence
pump was at rest. At irradiation 165 W/m? the output of the
model was 4.2 L/min. The output water discharge increased
proportionally to irradiation up to 330 W/m?. Finally, full
water flow 19.9 L/min was observed at irradiation 330
W/m? as the power developed by the panel was 110 W/
m? Further increment in irradiation, water flow was not
changed and remained constant at 19.9 L/min.

20

Water Mow (L. mim)
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Figure 17. Water flow - Irradiation characteristic by simulation.

EXPERIMENTAL SETUP AND TESTING

The Solar Photovoltaic Water pumping experimen-
tal setup consists of three major components solar panel,
Buck-Boost Converter, and PMBLDC motor pump which
is described as follows [32-34].

Solar Panel

For driving 0.5 hp PMBLDC motor pump Eldora
VSP.72.AAA PV panel is used, Fig 18 (A) shows this panel.
The maximum power output of the panel at the standard
testing condition (STC) is 320 W. Parametric specifications
of the PV panel are as per Table 1. The panel is selected
by considering the Buck-Boost converter and PMBLDC
motors input requirements. For the efficient work of the
Buck-Boost converter, the input voltage should be in the
range from 24 V to 48 V and the selected PV panel meets
this requirement. The panel is capable to give the required
input to the converter for continuous pump operation as
the irradiation reaches 330 W/m?.

Buck-Boost Converter

Buck-Boost converter is used to maximize power
extraction from the PV panel. Buck-Boost converter is
shown in Figure 18 (B). The dry run sensor is fitted at the top
of the pump in which a circuit breaker is used. Whenever
there is sufficient water in the source then the sensor gives
the signal for the starting of the motor, on the other side
whenever the water level falls below the sensor then it gives
a signal for stopping the motor. After 10 minutes converter
gives the signal to start the motor and it again checks the
dry run sensor signal. If there will be sufficient water in the
source then and then only the motor starts. The converter
starts the motor only when there is sufficient input voltage
present at the PV panel output and stops the motor when
it’s less than the input requirement of the motor.

C

Figure 18. A) Solar PV 320 W panel B) Buck-Boost Converter C) PMBLDC motor submersible pump.
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PMBLDC Motor Pump

For small applications like livestock drinking water,
garden fountains PMBLDC motors are used. For the same
size, the reliability and efficiency of the DC system are
higher than the AC system. Figure 18 (C) shows the 0.5 hp
PMBLDC submersible pump used for field trials. Table 2
shows the specifications of the PMBLDC motor submers-
ible Pump. The pump normally takes 27 V and 2.7 A input.
The current consumption of the motor increases as the
head goes on increasing and it tries to keep the discharge
maximum.

Data Logger and Sensors

The data logger system is used for measuring and
recording the irradiation, water flow, voltage, and current
observations. For water flow measurement rotor type elec-
tronic water flow sensor is used. The observations of the
experimental setup are continuously monitored, processed,
and stored in the memory of the data logger.

Experimental Setup

Location of the experimental setup

Place - A/P-Vadanage, Taluka - Karvir, District -
Kolhapur, Maharashtra, India, 416229

Latitude angle of location - 16.7°N

A 320 W solar PV panel was fitted on a steel structure
at a latitude angle 16.7° with due south. The output of the
panel was given to the MPPT to which a 0.5 hp PMBLDC
motor submersible pump was connected. It is used to lift
water from the source. The total lift of the water was 12 m.
Figure 19 shows the schematic diagram of the experimental
setup.

Testing of the Solar PV Water Pumping System

The solar drying experimental study was conducted
on-site during 15" November 2019 to 20" December 2019.
The Number of experimental trials was conducted. Results
obtained on perfectly sunny days 26" & 27" November 2019
are presented here. The observations irradiations, time, volt-
age, current, and water flow are recorded with the help of
all sensors attached to the system. Based on voltage and the
current available output power was calculated. As the solar
irradiation fell on the PV panel it started generating the elec-
tricity. Initially, up to 160 W/m? irradiation, as the power
output was insufficient to start the pump it was at rest. The

Table 2. Specification’s of PMBLDC motor submersible Pump

AW
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Figure 19. Schematic diagram of the experimental setup.

pump started lifting water as the irradiation reached 175 W/
m?* with low water discharge. From irradiation 175 W/m?to
330 W/m? the discharge increased linearly with irradiation.

The pump started discharging full water 19.9 L/min
from irradiation 330 W/m* and continued the same till
irradiation 330 W/m? was available. Whenever the irradia-
tion was fallen below the 330 W/m?, the pump was running
but the discharge decreased proportion to irradiation. The
discharge of the pump was observed directly proportional
to the fallen solar irradiation during testing. Table 3 shows
the experimental test summary.

Interpretation of Experimental Setup Results
Observation taken on the trial days plotted in the form
of the graphs. Figure 20 shows the irradiation - time char-
acteristics of 26" November 2019 which is in the form of
bell-shape. The observation was taken from 7.16 am to 5.18
pm. The minimum irradiation observed was 35 W/ m? at
7.16 am and the maximum irradiation was 873 W/m? at
12.30 pm on local solar noon. The irradiation increased
from morning to 12:30 pm and then reduced gradually,
some drops are observed in the irradiation graph when
cloud cover was there. The average irradiation observed on
the day was 520 W/ m?. The 330 W/ m? and above level irra-
diation was observed from 8.45 am to 4.05 pm for 7 hours
15 minutes, which was the required irradiation to produce
power 110 W to run the pump efficiently with full capacity.

Table 3. Test Summary

Particularities Description
Manufacturer Greenmax

Model GMTSC-0.5/1.3/75
Voltage 24V

Max. Flow rate 1.3m’h

Max. Head 70 m

Parameters 26/11/19 27/11/19
Pump Start time 7.57 am 8.03 am
Pump Stop time 4.32 pm 4.15 pm
Total hours of water lifting (hr) 8 hr 35 min 8 hr 12min
Average water Lifting L/min) 18.7 18.7

Total Water lifted in a day (L) 9667 9362
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Figure 21 shows the irradiation - time characteristics of
27™ November 2019. The observation taken from 7.24 am to
5.19 pm. The minimum irradiation observed was 38 W/m? at
7.24 am and the maximum irradiation was 840 W/m? at local
solar noon. The average irradiation observed on the day was
505 W/m?. For efficient pump running irradiation 330 W/m?
was observed from 8.44 am to 3.55 pm for 7 hours 40 minutes.

Figure 22 shows the voltage, current, and water flow
characteristics of 26th November 2019. The voltage at 7.16
am was 38.6 V which gradually increased up to 40. 5V at
7.57 am when the irradiation was 175 W/m?. At the same
time pump was started by figure outing suitable voltage
and current through MPPT by reducing Voltage up to 25.6
V and generating 0. 6 A current. Below 170 W/m? as the
pump was at rest no water flow was there and as the irradi-
ation increased the voltage current and water flow were also

1ono
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Figure 20. Irradiation — Time characteristics (26/11/2019).
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Figure 21. Irradiation - Time characteristics (27/11/ 2019).

increased. The increment was continued till the irradiation
reached 330 W/m? where the voltage was 35.2 V, the current
was 3.1 A, and water flow was 19.9 L/min. The power devel-
oped by the PV panel was 110 W which is required for the
efficient running of the pump with full discharge. For fur-
ther increment in irradiation though the power increased the
water flow remained constant around 19.9 L/min till evening
at 4.05 pm and started decreasing as irradiation decreased.
Whenever irradiation fell below 330 W/ m? due to the cloud
the water flow decreased with voltage and current, as soon as
clouds uncovered again motor started with full capacity. The
average voltage, current, and water flow observed on the day
was 35.2'V, 2.98 A, and 18.7 L/min. The pump lifted water
from 7.57 am to 4.32 p.m. for 8 hours 35 minutes. The total
water lifted by the pump in a day was 9667 liter.

Figure 23 shows the voltage, current, and water flow
characteristics of 27" November 2019. The Voltage in the
morning was 38.6 V which was gradually increased with
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Figure 22. Voltage, Current, Water flow and Time charac-
teristics (26" November 2019).
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Figure 23. Voltage, Current, Water flow and Time charac-
teristics (27" November 2019).
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increment in irradiation. The pump started at 8.03 am when
irradiation was 172 W/m?. The increment in voltage, current,
and water flow continued till the irradiation reached 330 W/
m?. Till 3.55 pm except for a few occasions of cloud cover
constant water flow around 19.9 L/min was observed. The
average voltage, current, and water flow observed on the day
was 35.1V, 3 A, and 18.7 L/min respectively. The pump lifted
water from 8.03 am to 4.15 pm for 8 hours 12 min. The total
water lifted by the pump in a day was 9362 liter.

INTERPRETATION OF SIMULATION AND
EXPERIMENTAL RESULTS

Table 4 shows the observations of water flow ‘Q’ of sim-
ulation and the experimental setup for the respective irra-
diation level. It is observed that the experimental water flow
values were lesser than the simulated water flow values for
a particular irradiation level. The variation in observation
at particular irradiation was varied from 0-4.9 %. Initially,
at lower irradiation value the variation percentage was large
which reduced as the irradiation was increased. The aver-
age variation observed during the testing was 1.2 %. The
variation observed in results was lower when irradiation
available was above 330 W/m?. The observations of Table 4
are plotted with the help of Figure 24 which shows the water
flow - Irradiation characteristic curve of simulation and
experimental observation. The characteristic curve shows
water flow increased linearly with irradiation in the sim-
ulation and experimental observation from 175 W/m? to

Table 4. Comparison of water flow ‘Q’
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Figure 24. Water flow - Irradiation characteristic curve of
Simulation and experimental observations.

330 W/m?. Constant water flow was observed around 19.9
L/min at irradiation above 330 W/m? up to 888 W/m?. The
irradiation level above the 330 W/m? does not change water
discharge from 19.9 L/min but it was constant and the char-
acteristic curve shows this with a horizontal parallel line to
the x-axis after the linear increment.

Error Analysis

For evaluating the accuracy of experimental testing
results random errors resulted due to the entire experi-
mental procedure and systematic errors due to measuring

patEni oA Absolute Error %
Irradiation (G)  Simulation Experimental ‘€’ (L) Relative Error

0 0 0 0

50 0 0 0
175 8.3 7.9 0.4 4.8
205 11.5 11.3 0.2 1.7
220 13.7 13.4 0.3 2.2
250 17 16.8 0.2 1.2
260 17.1 16.9 0.2 1.2
273 18.1 17.9 0.2 1.1
285 18.9 18.6 0.3 1.6
323 19.8 19.7 0.1 0.5
400 199 19.7 0.2 1.0
500 199 19.8 0.1 0.5
600 199 19.8 0.1 0.5
700 19.9 19.7 0.2 1.0
800 199 19.8 0.1 0.5
850 19.9 19.8 0.1 0.5
888 199 19.8 0.1 0.5
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instruments are considered. Absolute error and % relative
error in the experimental and simulation water flow result is
calculated by using Eqn. 11 & 12 and mentioned in Table 4.
Relative random error is estimated based on extensive mea-
surements taken while testing. Table 5 shows the accuracy
and relative random error of the measuring instruments.

The following correlations are used for error analysis of
the entire system by considering efficiencies of the various
subsystems [35-37].

Absolute error and % relative error in the experimental
and simulation water flow ‘Q’ is given by,

Absolute errore= | TV -MYV | (11)

% Relative error = M x100 (12)
The Solar energy available on the surface of the photo-

voltaic panel given as,

ty+AL
E,=A [ G, . dt

)

(13)

Photovoltaic panels energy output is estimated using
the following relation,

ty+At

Ep = [ 1,(G00)Vyy (Go0.).dt (14)
rO

Using Equation (11) and (12) the efficiency of the pho-
tovoltaic panel calculated by using the following relation,

Moy == (15)
ol
Uplifted waters dynamic energy is given by
E,=pxgxhxV, (16)
Final energy balance equation is
E, =E, +0E, (17)

Table 5. Accuracy and relative random error of measuring
instruments

Measuring Accuracy (%) Estimated relative
Instrument random error (%)
Pyranometer +3 0.2

Voltage and current +2 0.25

measurement

Flow sensor +2 0.5

Where the ‘SE, '’ is the combined loss due to connecting
cables, MPPT controller loss, motor, and water pump loss.
Finally the total efficiency of the entire system n__ s given by,

E

w

ntat =

sol

(18)

By using equation 13 and Figure 20 irradiation data
along with pyranometer total permissible error the solar
energy on the 2 m? 320 W photovoltaic panel surface is,

E_, =10160 £ 305 Wh.

Photovoltaic panel energy output by considering cur-
rent and voltage measurement with instruments permissi-
ble error using Equation (14) is,

E,, =1296.41 +25.92 Wh.

The efliciency of the photovoltaic panel using Equation
(15) is estimated as:

MNpy = 12.76 £ 0.64 %

The total water lifted on a test day was 9667 liters.
Uplifted waters dynamic energy using equation (16) at 35 m
elevation and considering instrumental permissible error is
calculated as:

E_=922+18.5 Wh.
Sum of other losses estimated using equation (17) is
SE,  =37441+44.4 Wh.

The efficiency of the entire system using equation (18)
is estimated as:

n.,,.=9.07£0.45%

The average relative error in experimental and simu-
lation results observed during the testing was 1.1 %. For
normal running condition power required for the motor is
110 W and at irradiation 175 W/m? PV panel was unable
to develop it. The PMBLDC motor requires higher starting
torque. Though the power was insufficient MPPT figured
out suitable voltage and current to start the pump, lots of
power portion was consumed to rotate the rotor and lift the
water. Hence we observed maximum (4.8 %) relative error
from initial starting condition to normal running condi-
tion. Error analysis of every component of the system is
carried out considering accuracies of the measuring instru-
ments used. But after achieving the required power 110 W
at the 330 W/m?, very little error was observed in simula-
tion and experimental results. The total energy available on
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the panel surface was 10160 + 305 Wh from which 1296.41
+ 25.92 Wh was converted into electricity by the photovol-
taic panel. The losses ‘OE, ’ due to system cabling, MPPT
controller, motor losses, and pump losses observed were
374.41 + 44.4 Wh. The efficiency of the photovoltaic panel
observed was 12.76 + 0.64 % while for entire solar water
pumping system was 9.07+ 0.45 %.

CONCLUSION

This work presents Simulation modeling and its result
validation by the extensive field trials on the 0.5 hp exper-
imental setup. The increment in operating temperature
above 25 °C showed an effect on the output power of the PV
panel. 50 W power losses observed at the same irradiation
level of 1000 W/m?* because of temperature increment by
40 °C than STC. The optimum requirement of the irradi-
ation for efficient of working found was 330 W/m?, where
voltage and current were 35.1 V and 3.1 A respectively and
power produced by the panel was 110 W. During experi-
mentation water flow varied from 8.3-19.9 L/min when
irradiation level was 175-330 W/m? and remained constant
around 19.8 L/min after further increment in irradiation.
The average relative error in experimental and simulation
results observed during the testing was 1.1 %. The total
energy available on the panel surface was 10160 + 305 Wh
from which 1296.41 + 25.92 Wh was converted into elec-
tricity by the photovoltaic panel. The losses ‘SE, * due to
system cabling, MPPT controller, motor losses, and pump
losses observed were 374.41 + 44.4 Wh. The efficiency of the
photovoltaic panel and the entire solar water pumping sys-
tem observed was 12.76 + 0.64 % and 9.07 + 0.45 % respec-
tively. The water flow-Irradiation characteristics curve
and percentage variation show a good agreement between
simulation and experimental observations.

Solar photovoltaic water pumping system shows its
usability in remote and rural areas for fulfilling drink-
ing or agricultural water needs. As it runs on clean solar
energy the CO, emission is eliminated and large cost of
grid construction in remote areas saved. The system helps
farmers in water lifting in the day time as per the require-
ment to overcome the energy shortage problem. The use
of PMBLDC motor shows a great advantage in terms of
reduced maintenance cost of frequent carbon brush chang-
ing and systems running cost. Simulation modeling helped
in the optimistic design of the system which resulted in
minimizing the payback period to 10 years. One can enjoy
the system for a further 15 years at negligible maintenance
cost. The system lifts 10000 L/day water to fulfill 100 peo-
ple daily water requirements with overall 9.07 % efficiency.

The system simulation will help to visualize the per-
formance behavior of the system in real climate condi-
tions before mounting the system and finding its optimum
working conditions. The obtained results will help in
selecting the pump capacity and all system components

specifications by knowing the amount of water requirement
and total water-lifting head. Furthermore, error analysis
provides the factors responsible for variation in numerical
and experimental results.

NOMENCLATURE

PV Photovoltaic

G Irradiation W/m?

Rs Series resistance

Rp Parallel resistance

MPPT Maximum power point tracker

k Boltzmann’s constant 1.380%10-2* J/K
A Diode ideality factor

Top Cell operating temperature

STC Standard Testing Condition (G = 1000 W/m?,
Top =25°C)

I PV panel output current

Iph Photocurrent

Id Diode current

Ip Leakage current

Isc Short circuit current

Ki Coeflicient for temperature (0.0022 A/°C)

Top Cell operating temperature

Irs Reverse saturation current

Is Saturation current

Eg Forbidden energy band gap (1.2 eV)

q Electron charge (1.602*10°" C).

Q Water flow L/min

TV True value

MV Measured value

Esol Solar energy available on the surface of the
photovoltaic panel (Wh).

E,, Output of photovoltaic panel (Wh).

E, Dynamic energy of the water (Wh).

PMBLDC Permanent Magnet Brushless Direct Current
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