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Abstract

This article proposes a unidirectional power flow of a grid-connected brush-
less DC motor powered water pumping system fed by a photovoltaic array
using a bridgeless power factor corrected (PFC) boost converter. The system
consists of a bridgeless PFC converter, a boost converter, and a voltage source
inverter to drive a brushless DC motor coupled with a pump. As a backup
source, the grid is used. This system allows the water pump to run at max-
imum capacity regardless of the weather conditions. The grid will provide
power if the photovoltaic array is unable to fulfil the required power demand.
The unidirectional power flow through a conventional power factor corrected
(PFC) boost converter causes conduction loss in the input bridge rectifier,
thereby hurting efficiency, power factor, and THD. This paper presents a
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bridgeless PFC boost converter topology to reduce the conduction losses,
thereby increasing the efficiency and obtaining a nearly unity power factor as
well as lower total harmonic distortion (THD) of input current. The system
is simulated using MATLAB /Simulink. The proposed system’s real-time
validation is realized through the OPAL-RT simulator OP5700. The THD
results obtained are well within the specified standard of IEC 61000-3-2 and
IEEE 519-1992.

Keywords: Brushless DC motor, solar photovoltaic, unidirectional power
flow control, water pump, power quality.

Variables

Vs Ipv, Ppy — Voltage (V), Current (A), Power(P) of PV Array
Vinpps Impps Pmpp — Voltage (V), Current (A), Power(P) of PV Array at
the maximum powerpoint

Ve, Ioc — Voltage (V), Current (A)at open circuit

Vdc — DC-Link voltage (V)

P, — Pump power (kW)

P, — BLDC motor power(kW)

1, — Pump efficiency

Nmotor — Efficiency of BLDC motor

Neonverter — Efficiency power converter

C - DC bus capacitor (uF)

w — Speed of BLDC motor (rad/sec)

N — Speed of BLDC motor (rpm)

K — Proportionality constant

Ic — Capacitor current (A)

Iy — Inverter current (A)

F'sw — Switching frequency (Hz)

K4 — Proportional gain

K4 — Integral gain

M - Sampling instant

T, — Electromagnetic torque (Nm)

N, N, — Number of series and parallel connected module of PV array
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Abbreviation

PV array — Photovoltaic array

MPPT — Maximum power point tracking

BLDC motor — Brushless DC motor

PFC boost converter — Power factor corrected boost converter
THD - Total harmonic distortion

1 Introduction

The rapid exhaustion of fossil fuel resources will result in a global energy
crisis shortly [1]. Hence, the consumer is motivated toward renewable energy.
Solar PV technology is the best substitute for the conventional sources of
various appliances. Water pumping for irrigation in remote areas is hampered
by a lack of electricity and high diesel prices. The uniform chopping in
the price of PV modules inspires towards utilization of photovoltaic based
water pumping systems [2, 3]. DC motor is utilized at the initial stage for
the photovoltaic based water pumping system, followed by an induction
motor [4]. For improving the efficiency and performance of a water pumping
system fed by a solar photovoltaic array, a brushless dc (BLDC) motor is
mostly preferable to an induction motor and DC motor owing to its free
maintenance, high efficiency, as well as small size.

Based on a PV array, the water pumping system depends only on solar
energy. But the main drawback of solar photovoltaic generation is its inter-
mittency, which results in an inconsistent delivery of water with a standalone
system. There is a severe interruption in water pumping because of the bad
environmental conditions. Hence, the water cannot be delivered at full capac-
ity by the pump. Furthermore, the water-pumping system stops operating at
night due to the unavailability of solar energy. For a reliable PV fed water
pumping system, these deficiencies need to be conquered. Hence, this system
with a battery backup as energy storage is presented [S]. However, the main
drawback of the battery is its maintenance cost and reduced service life [6, 7].

Due to the aforementioned drawbacks of the battery, researchers focused
on another option. Hence, the water pumping system is fed by a grid. A grid
interfaced water pumping system fed by a photovoltaic array is introduced
in [8]. The grid is interfaced with the system through a conventional PFC
boost converter with a power flow control. The converter is connected to the
grid through a bridge rectifier, which causes high conduction losses. This
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causes a decrease in power factor and an increase in THD, resulting in a
decrease in efficiency.

A grid-connected brushless DC motor-driven system fed by a photo-
voltaic array using a bridgeless PFC boost converter for the application
of water pumping is proposed in this article. The converter reduces THD,
improves power factor, and thus improves the system’s efficiency. The power
quality of the system is well within the specified standards of IEC 61000-3-2
and IEEE 519-1992. The unidirectional flow of power from the utility grid
to the motor pump is enabled by a proposed control when solar power is
deficient for delivering water with full capacity. Power transformation from
the grid to the system is not required when the availability of solar irradiance
is full.

In this article, a DC-DC boost converter is utilized to monitor peak
power from a photovoltaic array using an incremental conductance technique
[9-11]. The motor speed is not regulated by a phase current sensor in this
case. The voltage source inverter is switched via an electronic commutation
of the motor at its fundamental frequency, resulting in minimal switching
losses. The proposed system is designed, simulated, and validated in real-time
through the OPAL-RT simulator.

2 Structure of the System

The structure of the system is demonstrated in Figure 1(i). The system
consists of a voltage source inverter (VSI), utility grid, bridgeless PFC
boost converter, photovoltaic array, boost converter, BLDC motor coupled
with a pump. Through the boost converter and VSI, energy is fed from
the photovoltaic array to the BLDC motor. The boost converter uses the
INC algorithm to perform MPPT on the photovoltaic array, while VSI is
utilized for electronic communication with the BLDC motor. The bridge-
less PFC boost converter helps in distributing power between the grid and
the photovoltaic array as well as upgrading the power quality of the AC
mains.

3 Bridgeless PFC Boost Converter

The topology used for unidirectional power flow to drive the BLDC motor
is shown in Figure 2. This topology has an important advantage over the
PFC boost converter, i.e., the switches used in the topology have minimum
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Figure 1 (i) Structure for water pumping system (ii) Unidirectional power flow.

conduction losses. This is because, at any instant of operation, only two
devices are on the current path [12—14]. There are two single boost converters
used in this topology without any rectifier. It operates in CCM. Controlling
the switches Sy and Sp during all half cycles of ac input voltage regulates
the current as well as the output voltage.
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e wed | ]

Figure 2 Bridgeless PFC boost converter topology.

When Switch Sp is in the on state during the positive half cycle, the
current flows through S5 and the body diode of Sp. The stored energy
from the inductor and capacitor is released through load during this period
(0 <t < dTs)

dis
R 1
v T (D
d?)o Vo 1
— — 2
dt ZLCO ZLC()eb ( )

When the switch Sp is in an off state, the current passes via D1, the
capacitor, and the body diode of the switch Sg. (dTs <t < Ts)

di
Vs — Vg = leTfs )

dUo . Vo 1

E s ZLCO + ZLC()eb

4

During the negative half of the AC input voltage, when Switch Sg is in
the on state, the current flows through Sg and the body diode of S4. The
stored energy from the inductor and capacitor is released through load during
this period (0 < t < dTs)

dis
=Lo— 5
Vs 2 dt ( )
dvo Vo 1
- _ _ e
dt z LC() z LCO

(6)
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When the switch Sp is in an off state, the current passes via D1, the
capacitor, and the body diode of the switch Sa. (dTs < t < Ts)

dis
dt

dvo . Vo n 1
— = 1g — e
dt s ZLCQ ZLC() b

(7

vs — Vg = Lo

®)

During the time interval of 0 < t < dTs and dTs < t < Ts, the
mathematical model of converter is given in (9) and (10)

dir, 0 0 1
dt 1 L v
= 1 C|+ + . ©)
dvg 0 ————| LYo 0 1 €b
dt 21C0 =y Cozr v
s,_/ P >
T1 1
dig 0 0 Iy
dt i L v
=11 1 o+ +|7° (10)
Wl g "mal s o —|
== — —~
dt 0 VzL 0 x CozL v
\w_z pe ~
T2 2

Where, vs, s, Ts, Co, 21, = L; + jwL;, L = L1 = Lo, and e are source
voltage, current, switching period, output capacitance, the impedance of the
motor, input inductance, and back emf respectively.

For small-signal analysis, the system is analyzed around the operating
point (X, D,V;,&,) with a small perturbation (Z,d,?,é,) and is repre-
sented as

t=X+2 d=D+d, vs=V,+9, e, =&+ & (11

By substituting Equation (11) in Equations (9) and (10), the modified
equation

d - _ _ _ A
a(X +2)=[AX + BV + Az + B0+ [(A1 — A2) X + (B1 — B)V]d

(12)

Where, A = (AlD + Ay — AQD), B = (BlD + By — BQD)
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Figure 3 Block diagram of control loop of bridgeless PFC boost converter.

Since X is the operating point, %X = 0. With these data, by considering
only the information of the operating point, the states can be calculated as
Vs €b
~ _ 20(1-D)2 2z (1-D)| _
X=—-A"'BV =— Vv (13)

From Equations (12) and (13).
The perturbed small-signal model becomes

%i’ = Az + B0 + [(Al — AQ)X -+ (Bl - BQ) 7]6% (14)

Since X and V' are known, by using Equation (14), the current and voltage
loop transfer function shown in Figure 3 can be obtained.

3.1 Current Control Loop

The transfer function is obtained by assuming ¢ = 0.

X
A(S) — (SI_ A)—le (15)
d(S) 9=0
This yields
is(s) _ 52L100‘75D/ + SR[C’()‘?SD/ + 2‘78D/ _ ebDl2 16)
d(s) 0 ~ $L,LCyD"? + s2R;LCyD" + sLD"? + R D"

Where, D’ =1 — D.
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3.2 Voltage Control Loop

The transfer function is obtained from (14) by assuming d=0

X
X(s) — (sI — A)"'B
0(s) | .
d=0
This yields
( 1 )1 -D" 1
N s+ —
X(S) B 1 ZLC() L L C()ZL
W i B | D :
LC() C()ZL

The transfer function in Equation (18) can be simplified as

s2L;Co + sRy + L _2’

R A A
H
sD'L; + D'R; sLo| L
A A

Where A = SSLZLCO + SleLCO + S(L + LlD/z) + RZD/Z.
The Equation (19) can be separated as

L s2L,Co + sRCo + L D’

s = A Vs — K@b
5 sD'L; + D’Rlv N SLeb
0= —————— Vg —_—
A A

By combining (20) and (21), the transfer function becomes

o) sD'L; + D' Ry

is loy=0  §20,Co+ sR;Co+ L

4 System Design
4.1 Design and Estimation of PV Array

1485

amn

(18)

19)

(20)

2D

(22)

For a motor rated at 1.1 kW, a 1.26 kW photovoltaic array is designed.
The higher rating of the photovoltaic array is chosen to compensate for
converter losses. A PV module with a V,,, and I,,, of 15.14 V and 4.3 A was
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selected here. The MPP voltage of the PV array is chosen as Vi, = Vjy =
300 V. Other parameters are estimated as
Py 1261

A =20 424 23
mep =ty =y T 7300 23)

Where Py, = Pp, is the photovoltaic power at MPP.
Number of series-connected modules

Vi 300
Nyg=-"P2 — " —1944~2 24
Vi 15.14 ) 0 24
Number of Parallel connected modules
4.3
N,=—=102~1 25
Pg.2 25)

4.2 Design of DC-DC Boost Converter

The estimation of the input inductor is part of its design. The duty cycle is
evaluated as [15, 16]
D Vae — Vpp 500 — 300
-~ Vi 500
Here, V. is the DC link voltage.
L3 is evaluated as

0.4 (26)

DV 0.4 x 300
" fews X AIL 10000 x 4.3 x 0.3

Ls =6.9mH 27
Where fs,1 is the switching frequency and ATy, is the in inductor current
ripple.

4.3 Design of Bridgeless PFC Boost Converter

Considering CCM operation, the value of inductor L, for bridgeless PFC
power boost converter, is calculated as [17]

Ve 500

L=IL=1L,= _
L T 4w AT max 4 x 10000 x (5.7 x 0.2)

=10.9 mH

(28)

Where f,, is the switching frequency and Aly,,.,; is the maximum
allowed current ripple through the inductor.
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4.4 Design of DC-link Capacitor

Its value was evaluated as [18]

oo dae  _ 2.6
- 2w AV, 2 x (27 x 50) x 500 x 0.05

=167 uF  (29)

Where 1. is a DC bus average current, wr, is the line frequency rad/sec.
AV is DC bus voltage ripple.

4.5 Design of Water Pump

The selection and design of the water pump based on its torque-speed
characteristic as [19]
17, 3

P= 2 T @x o xs000j602 o0t x 10 30)

K, T, and w are pump constant, load torque in N-m and speed in rad/se.

4.6 Power Stage Design

4.6.1 Inductor loss
The inductor RMS current and the corresponding copper loss are [20]:

Py 1100
I7, s = = =12.24 31
L Vac. min 90 ( )
Procond = I1, yms2 - Rae = (12.2)%-0.07 = 10.4W (32)

4.6.2 MOSFET loss

PO 1— 8-\/§-Vac. min
3.7V

Is.rms = V.

ac. min

1100 8.4/2.90
=——4/1- =954 33
90 3.7.500 9:5 (33)

Py cond = I rms? - Ron(ro0ec) = (10.9)% - (0.045 - 1.8) = 10W  (34)

(Assuming R, (1000c) = 1.8+ Rop(2500))
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The average input current is given as:

Py 2-v2

IL avg —
.g Vac.min = 7

Ps.on =0.5- IL.avg : VE) “Ton - f

=10.94 (35)

=0.5-10.9-500-24.2-107? - 10000 = 0.6W (36)
Ps.oﬁ =0.5- IL.avg Vo - toﬁ : f
=0.5-10.9-500- 54 -107Y - 10000 = 1.5W 37

Ps.total = Ps.cond + Ps.on + Ps.oﬁ =104+06+1.5=121W (38)

4.6.3 Diode loss
The diode conduction loss can be obtained as

Py 1100
IDawe = =2 = ——— —9924 39
D.avg = 327 500 (39

PD.cond = ID-(wg : Vf Diode = 2.2-1.5 = 3.3W (40)
The Switching loss is

Pssuwit =0.5-Vo-Qc- f=0.5-500-24-10"2- 10000 = 0.06W
(41)

PD.total = PD.cond + PD.swit =3.340.06 = 3.36W (42)

5 Control Schematic

5.1 Electronic Communication of BLDC Motor

Voltage source inverter is used to drive the motor, which is operated by an
electronic commutation system [21]. Electronic commutation uses a decoder
logic circuit to commutate the currents flowing through its windings in a
predetermined sequence [22]. The input currents are symmetrically placed
at the centre of the back emf for 120°. Three hall signals at an interval of
60° are generated by three hall sensors in consonance with the rotor position
[23, 24]. Using a decoder circuit, these three signals are then converted
into six switching pulses for a voltage source inverter at the fundamental
frequency.
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5.2 Speed Control of Motor-Pump

Since grid power support is feasible, the common bus voltage is set to its rated
value for supplying the full volume of water. This allows the brushless DC
motor to operate at its rated speed regardless of the environmental conditions.
The phase current sensor is removed from the motor drive in this case.
The bus voltage is not sustained at its rated value when utility grid power is
unavailable. As a result, the speed is controlled by an inconsistent bus voltage
that varies depending on the amount of solar irradiation available [25].

5.3 Unidirectional Power Flow Control

The power flow from the grid to the DC bus is regulated by the proposed
control instantaneously. The control system is demonstrated in Figure 1(ii).
The power flow control system has a two cascade control architecture con-
sisting of a PI controller. The real DC bus voltage Vj. is compared with
the reference value, and the difference is delivered to the PI controller for
voltage regulation. As a result, regardless of operating conditions, the bus
voltage is maintained. The controller output is multiplied with sinwt to gen-
erate a reference current iref. The real sensed source current ‘is’ is compared
to the reference current, and the difference is delivered to a PI controller [26].
The duty cycle d is fed to the PWM generator, which generates pulses for the
converter.

6 Simulation Results and Discussion

The proposed system is demonstrated in different states of operation using
the MATLAB/Simulink platform, and comparative evolution of power quality
using the different converters is presented.

6.1 Starting and Steady Performance

6.1.1 Motor-pump fed by only PV array

The various photovoltaic array, as well as motor parameter responses, can be
seen in Figure 4. The PV array produces 1.26 kWp at MPP with a 1000 w/m?
irradiance, as shown in Figure 4(i). Hence, the motor operates at the speed
and torque of its rated value, i.e. 3000 rpm, 3.5 N-m, which results in the
delivery of full capacity of water. The motor parameters, i.e. bus voltage, Ve,
speed, N, torque, T', back emf, ea, winding current, 45,, shown in Figure 4(ii).
There is no need for grid power since the photovoltaic array provides enough
power for the motor pump.
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Figure 4 Steady-state performance of the system (i) Photovoltaic responses (ii) BLDC
motor responses.
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6.1.2 Motor-pump fed by the only grid

The BLDC motor—pump extracts full power from the utility grid when there
is a need for water pumping at night. A sinusoidal source current is extracted
from the utility grid and modulates the bus voltage of 500 V represented in
Figure 5(i). The motor achieved the speed and torque of rated the value shown
in Figure 5(ii).

o Qw
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& X,

A0 I I . .
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Figure 5 Steady-state performance of the system (i) Grid responses (ii)) BLDC motor
responses.
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6.2 Dynamic Performance

A dynamic condition is described as a rapid change in solar irradiance
caused by a change in environmental conditions. The proposed system is
demonstrated by considering that a 1000 W/m? of irradiance is available up
to 0.2 sec as demonstrated in Figure 6(i). Hence, there is no requirement
for utility grid support and the grid current is not drawn as presented in
Figure 6(ii). Since solar insolation drops from an irradiance of 1000 w/m?
to half value i.e.500 w/m? in 0.2 seconds, the photovoltaic power needed to
run the motor pump at full capacity is presumed to be insufficient. The utility
grid now supplies power. As a result, the motor receives power from both

40 r 6

SIZI\ = 4 I
£ T
Tm 2,
& =P

100

0 005 01 045 02 025 03 035 04 045 05 0 0.1 0-‘2 0.3 0.4 0.5
Time (Sec) Time (Sec)

1500

0 0.1 0.2 0.3 0.4 0.5
Time (Sec)

@

4
4
So
-2
_500 - ik i ) i _4 i
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 04 0.5
Time (Sec) Time (Sec)

(i)
Figure 6 Continued
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Figure 6 Dynamic state performance of the system (i) Photovoltaic responses (ii) Grid
responses (iii) BLDC motor response.

the grid and the photovoltaic array. After 0.2 seconds, a source current is
drawn from the grid, maintaining the bus voltage of 500 V, as demonstrated
in Figure 6(ii). Hence, the BLDC motor pump runs at speed of 3000 rpm, and
the delivery of water is not disrupted, as can be seen in Figure 6(iii).

6.3 Power Quality Aspect Comparative Study

The grid power quality and the efficiency of the system using a converter
topology i.e., bridgeless PFC boost converter is compared with a system
using a conventional converter. In the Table 1 the comparison is presented.
It is found that the proposed system reduced THD from 4.75% to 3.34%,
improved the power factor to 0.99 and consequently improve the efficiency
to 99.8% than the conventional PFC boost converter. The source current,
its harmonic spectrum, and THD of both bridgeless and conventional boost
converters are demonstrated in Figure 7.
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Table 1
PFC Boost Converter Power Factor THD (%) Efficiency (%)
Conventional PFC boost converter 0.96 4.75 96.4
Bridgeless PFC boost converter 0.99 3.34 97.8

~ Fundamental (50Hz) =3.631 , THD=4.75%
T T T T T
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. . . . .
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o

|
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o b

(if)
Figure 7 Source current and THD of (i) Conventional PFC boost converter (ii) Bridgeless
PFC boost converter.

6.4 Robustness Plot

Figure 8 show the bode plot of the inner current control loop and outer voltage
control loop, respectively.

The bode plot of the voltage control loop has a phase margin of 87.1 deg
indicating the system is robust enough to mitigate the unmodelled dynamics
and uncertainties. Similarly, the bode plot of the current control loop ensures
that the system is robust and stable, with a cross over frequency of 7.93 kHz
and a phase margin of 90.2 degrees.

7 Real-Time Implementation with OPAL-RT

The OPAL-RT (OP-5700) HIL simulator has been used to validate the real-
time performance of the proposed work. The simulator is a state of the art
real-time simulator with inbuilt support for simulink model. RT-Lab software
which is bundled with the simulator has been used to implement the simulink
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Bode Diagram Bode Diagram
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Figure 8 Bode plot of (i) outer voltage loop (ii) inner current loop.
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Figure 9 OPAL-RT simulator OP5700 interfaced with console PC.

model in the simulator. The simulator uses a Xilinx made Virtex 7 FPGA
board for real-time simulation. The simulator has an Intel Xeon ES processor
with 16 cores (each core having a speed of 3.2 GHz) and 32 GB DRAM. The
real-time simulator has analog I/O channel which can generate voltage in the
range of +/— 16 V. To observe the output voltage in the DSO a standard
DB37 breakout board has been used, which can be connected to the I/O
channels of the simulator.

7.1 Starting and Steady-state Performance

7.1.1 Motor-pump fed by only PV array
The photovoltaic array provides the power needed for the water pump to
operate under full irradiance conditions as presented in Figure 10(i). A PV
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Figure 10 Real-time responses with OPAL-RT (i) Photovoltaic parameters (ii) BLDC motor
parameters.

power of 1.26 W is available under full irradiance conditions. As a result, the
motor pump is set to run at 3000 rpm with a torque of 3.5 Nm. The motor
parameters i. bus voltage, V., speed, N, torque, 7', back emf, ea, winding
current, i, as presented in Figure 10(ii).

7.1.2 Motor-pump fed by only grid

During night time when there is a requirement for water pumping, grid
supplies full power to the motor-pump as presented in Figure 11(i). Grid
supply a sinusoidal current of 6.8 A, when controlling the bus voltage of
500 V, as conferred in Figure 11(i). The motor pump attains a speed and
torque of rated value, i.e. 3000 rpm and 3.5 Nm, as depicted in Figure 11(ii).

7.2 Dynamic State Performance

The dynamic conditions are realized by variations in weather conditions.
Depending on the climate conditions the grid supplies power to the motor
pump. As depicted in Figure 12(i) the solar irradiance suddenly drop from
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Figure 12 Real-time responses with OPAL-RT (i) Photovoltaic parameters (ii) Grid param-
eters (iii) BLDC motor parameters.

1000 W/m? to its half value i.e. 500 W/m? at 0.2 sec. Before 0.2 seconds, the
solar photovoltaic array supplies enough power to the pump to operate at full
extent. However, because of decreases in solar insolation to 500 W/m?2, the
unidirectional power control enables the grid to supply power as conferred in
Figure 12(ii). Hence the motor pump runs at its rated value to supply the full
volume of water consistently shown in Figure 12(iii).

8 Conclusion

An improvement to the power quality of the grid by using a bridgeless PFC
boost converter for the proposed system is tested using MATLAB/ Simulink.
An OPAL-RT simulator, OP5700, is used to validate the system in real-time.
The utility grid has been supported as a power backup to the motor pump. The
bridgeless PFC boost converter with power flow control shares the required
power depending on the environmental conditions for pumping the water
uninterruptedly at the full capacity of the motor pump. Through simulation
studies, the performance of the proposed bridgeless PFC boost converter
topology is compared with that of the PFC boost converter topology. The
results show that a PF of 0.9, a THD of nearly 3.34% and an efficiency
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of 99% can be achieved by using a bridgeless PFC boost converter. It is
found that this converter has provided much better performance in terms of
power factor, third harmonic distortion and efficiency as compared to the PFC
boost converter topology. The power quality of the system is well within the
specified standard of IEC 61000-3-2 and IEEE 519-1992 under all working
conditions.

Appendix
1. Parameters of the solar PV module:
Table 2
Open circuit voltage, Vo 198V
Short circuit current, I 48 A
MPP voltage, V,, 15.14V
MPP current, I, 43 A

2. Parameters of the motor:

Table 3
Power, P, 1.1 kW
Speed, N 3000 rpm
Torque, T 3.5Nm
Pole 4
Stator resistance, Rs 2.87Q

Stator inductance, Ls 8.5 mH

3. Parameters of the Grid:

Table 4
Voltage 230V
Frequency 50 Hz
Phase Single

4. Rating and specifications of switches

MOSFET 1RF830,500V,4.5 A
Diode MUR1560,400-600V,15A
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