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Abstract: This work projects the design of modified Zeta converter for maximum power point tracking in solar Photo Voltaic
based water pump driven by permanent magnet brushless DC motor. The ultimate objective is to provide an economic way for
water pumping system in sub-urban region. In this work, the design and evaluation of a BLDC motor-driven water pumping
system that is powered by solar PV array is configured. To examine the behaviour of individual components of system, the
interaction of various components and fine tuning of the set points of control device have been studied through simulation based
study and hardware model.
The starting, steady state and dynamic state characteristics of the solar PV module fed PMBLDC motor powered water pump is
presented here to demonstrate the reliability of the proposed system. It is expected that using a BLDC motor will significantly
improve the system performance for the same investment over other conventional drives. The modelling & simulation of the
proposed system has been carried out in MATLAB-Simulink platform.
Keywords: Solar Photovoltaic array, Incremental Conductance method, Maximum Power Point Tracking, modified Zeta
converter, Brushless DC motor, Water pump.

L. INTRODUCTION
Water pumping system is inevitable in the domestic and industrial environments. Different types of water pumping system have
been developed to uplift water with high efficiency.
The electrical energy sources such as, human energy, animal power, wind, solar, hydro power and fossil fuels are used for water
pumping system. Latest cognizance of global warming and increasing prices of fossil fuels had been drawn more attention towards
the usage of non-conventional energy resources today.
Among the various non-conventional energy systems, solar energy systems have their merits such as clean energy without any
pollution, infinite in quantity, and are becoming one of the promising future energies. Solar PV cells converts the luminous energy
from the sun into electricity.
Among the assorted alternatives, solar energy is predominant, because of its abundance, and even more distribution in the nature
than other renewable energy sources such as hydro, geothermal, wave, tidal and wind energies. Moving to the solar water pumping
module, there is a tremendous scope in this area particularly in India. Because, about 250 clear sunshine days per year, the
theoretical solar power acceptance on its land area in India is about 4 Petta watt-hour per year (PWh/yr). The average of daily solar
energy occurrence towards India varies from 3 to 6 kWh/m? of about 1500-2000 day hours per year (depends upon its location),
which is too far than present total energy consumption.
For an example, assume that efficiency of solar PV modules was low as 15%; this would be many times greater than local electricity
demand. This would be sufficient as well to meet the electricity demands in urban areas and electricity requirements for irrigation
would be easily settled.
In this paper, section 2 explains the problem formulation, section 3 narrates the operation of the proposed system, section 4 explains
the design of proposed system, section 5 gives the control strategies for the proposed system, section 6 explains the simulation
results of proposed system and section 7 list out the conclusions of the proposed system.
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1. PROBLEM FORMULATION

BLDC motor driven water pumping based on a single stage solar PV generation provides a solution for converter less operation for
PV system. Moreover the motor phase current sensing elements have been eliminated, resulting in a simple and cost-effective drive.
Solar PV array - Cuk fed water pumping system using BLDC motor topology properly controls the Cuk through MPPT algorithm
providing the smooth starting of the PMBLDC motor [3]. A single-stage sensor less control of bore-well PV based submersible
PM BLDC motor topology has provided a position control sensor less scheme, used to eliminate the hall-sensors, improves the
reliability of the system [4]. Design of photovoltaic BLDC motor-water pump system with single converter topology has provided a
single converter that is implemented by a three phase three leg inverter was used as an interface between the PV modules and the
motor [5]. Solar PV array - SEPIC fed water pumping system using BLDC motor topology properly regulates the SEPIC through
MPPT algorithm offers the smooth starting of the PMBLDC motor [10].
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Fig. 1. Proposed SPV-modified zeta converter-fed BLDC motor drive for water pump.
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1. OPERATION OF PROPOSED SYSTEM
The Solar (PV) module produces the necessary electrical power required by the motor to drive the water pump. This obtained
electrical power given to the PMBLDC motor-pump drive via zeta converter & voltage source inverter. ldeally, the power given to
input of VSI is same as the power delivered to the output of (DC-DC) Zeta converter. Practically, due to different kind of losses in a
dc- dc converter, slightly less amount of input power is transferred to the VSI. The pulse generator triggers the switching pulses for
an IGBT switch present in the zeta converter through Incremental Conductance-MPPT algorithm. The INC-MPPT algorithm utilizes
current & voltage as feedback input from Solar (PV) array and generates an ideal value of duty cycle. Further, it generates an actual
switching pulse by compare with the duty cycle of a higher frequency carrier wave. The VSI, converts the DC power from zeta
converter into an AC power which gets feed to the BLDC motor for water pump which is coupled through its shaft. The Voltage
Source Inverter (VSI) is operated by fundamental frequency switching technique through an electronically commutated circuit of
BLDC motor accelerated through its encoder. The higher frequency switching losses gets eliminated, which contributes an enhanced
reliability of preferred water pumping system. The structure of the proposed Solar (PV) array powered PMBLDC motor gets driven
water pumping system engaging a zeta converter as shown in Fig. 1. The pulse generator produces pulses to operate a zeta
converter.
V. DESIGN PROCEEDING OF PROPOSED SYSTEM

Different operating stages of the system shown in the Fig. 1 are properly decided to develop an optimized water pumping system,
which is capable of working under an uncertain conditions. A PMBLDC motor drive of 100W rated power & Solar (PV) array of
250W capacity is processed under standard test conditions (STC) to design the preferred system. The design procedure for each
phases such as Solar (PV) array, zeta converter, VSI, BLDC motor drive & water pump are reported as follows.

A. Design Procedure for SPV Array

The power ratings of Solar (PV) array is selected thrice the peak load power demand in order to fortify the adequate operation
irrespective of power losses. Therefore, the Solar (PV) array of peak power capacity of Pnm,= 250W under STC (STC: 1000 W/m?,
25 °C, AM 1.5), more than the demanded capacity of motor-pump is used and its sufficient parameters are get designed accordingly.
Electrical specifications of solar module are listed in appendix. The number of solar modules connected in parallel/series are
estimated upon the voltage of Solar PV array at MPP under STC as Vnp, = 35.55 V.

The current of Solar PV array at MPP Iy, is evaluated as lnp = Prypp/Vimgp = 250/35.55 = 7.04 A.
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B. Design Procedure for Zeta Converter

The components associated in Zeta converter such as input inductor L; intermediate capacitor C; and output inductor L,. These
required components are designed to operate a zeta converter, so that is always operates in continuous current mode resulting to
relieve stress on their components and devices.

An evaluation of duty ratio D follows the design process of zeta converter which is estimated through below equation,

D=—Yae - __ 2 04030 (1)

Vac+Vmpp  24+35.355

An average amount of current passing through dc link capacitance of the VSI Iy is calculated as
_ Pmpp - 250.272

lge = =10.428 (A) 2
Vac 24
Then, L1, L2, and C1 are estimated as
. D*Vmpp — 0.4030%35.55 — 1.69*10_3 ~ 2(mH) (3)
fswx*AIl1 20000%7.04%0.06
(1-D)*Vdc __ 0.597%x24
2= fswAll2Z  20000%10,428%0.06
=1.14*10"3 ~ 1 (mH) 4)

(1-D)*Vdc _ 0.4030%10.428

_ -5\ —
fswHAll2  20000%24%0.1 =8.75*107(F) = C (5)

Where, f,, denoted as switching cycle frequency of the IGBT switch in zeta converter; AIL, is the amount of allowed current ripple
flowing through Ly, same as IL; = lngp; AIL; is the amount of allowed ripple in the current flowing through L, same as IL; = lgc;
AVC; is allowed ripple in the voltage across C,, where’s same as VC; = V.

Based upon the specification of estimated SPV array in appendix, buck the maximum voltage of 36 V to 24 V by using Zeta
Converter.

1=

C. Calculation of DC-Link Capacitor for 3¢ VSI

An approach for calculation of dc-link capacitor for VSI is presented here. This is based on a fact that the 6" harmonic component
present in the AC supply, voltage which get feedback on DC side which makes a predominant harmonic occurs in three-phase AC
supply.

These frequencies are required to estimate their corresponding capacitor values. From these two capacitors, larger value is selected
to satisfy a sufficient performance of the preferred system irrespective to the variation in irradiance level of PV panel.

The fundamental switching frequency of VSI corresponding towards the rated speed of the Permanent magnet Brushless DC motor
wrated 1S Calculated through this equation,

2nxNrated*P — 2*1rx4000%8 — 167551(rad/sec) (6)
120 120

Orated =

The fundamental switching frequency of VSI corresponding towards the minimum speed of the Permanent magnet Brushless DC
motor essentially required to pump the water (N = 1100 r/min), omi, iS calculated through this equation

2mxN*P_ 2*xmw+1100x8
Opmin = =
min 120 120

= 460.766(rad/sec) ()

where f.eq and foip are fundamental switching frequencies of voltage for VSI corresponding to minimum speed & rated speed of
BLDC motor essentially required to pump the water, respectively, in Hz; Ny is rated speed of the BLDC motor; P is a number of
poles present in PMBLDC motor.

The value of dc link capacitor of VSI at weq through this equation.
Idc _ 10.428 _

proh*AVdc  8%1675.51+24+0.1 3241 (mF) ®

Similarly, a value of dc link capacitor of VSI at wmi, through this equation

Idc _ 10.428 =1.178 (mF) 9)

Prwl+AVdc ~ 6+460.766+24+%0.1
Where, AV is an amount of allowed ripple across dc-link capacitor C,. Finally, C, = 1.3 mF is selected as the dc-link capacitor. i.e.,

(CZmin)-

Corated =

Comin =
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D. Design Procedure for Water Pump
In order to give load torque to the BLDC motor, we have to calculate the proportionality constant K, to give feedback to motor.

P
— (10)
Where, P = 100 W is required power developed by PMBLDC motor and o, is mechanical speed of rotor. (k, = 1.36e-8).For a

hydraulic applications such as water pump rotor speed o, is squared up with the proportionality constant kj, to produce desired load
torque T to particular application

Kp =

TL = Kp * Cl)rz (11)

Rate of discharge of water can be expressed in litre per minute can get obtained by the expression,
_ Tw 12
Q=i (12)

Where, g is acceleration due to gravity constant (9.8 m/s?), H denotes height of the outlet of pump is expressed in mm i.e., 1000.

V. CONTROL STRATEGIES FOR PREFERRED SYSTEM
The preferred solar water pumping system is get managed by two separate control techniques through Maximum Power Point
Tracking and Electronic commutation. Are explained as follows.

A. INC- Maximum Power Point Tracking (MPPT) Algorithm

The Incremental Conductance technique is utilized, in order to avoid the drawbacks of P&O MPPT method. It is based on,
derivative of output power Py, of solar panel with respect to its corresponding panel voltage V,, is equivalent to zero at the
maximum power point.

dl = AT = I(k) - I(k-1). (13)

dV = AV =V(k) - V(k-1). (14)

The maximum power point can get tracked by comparing the incremental conductance (dl/dV) to the instantaneous conductance
(IV),

(dl,/dVy,) = - (Ipv/Vpv), at MPP (15)
(dIp/dVp) > - (In/Vp), to the left of MPP (16)
(dIp/dVp) < - (I Vpy), to the right of MPP 17)

The equation above used, provides a control algorithm to control operating point of the converter by measuring the instantaneous
and incremental inverter conductance (dl,/dV,, and Ip,/Vp,, respectively). Thus, based upon the relation between incremental and
instantaneous conductance, the MPPT decides the perturbation direction. In addition, an optimal perturbation step size (AD = 0.001)
is chosen, which grants to the soft of BLDC maotor.

B. Electronic Commutation for the PMBLDC Motor

The PMBLDC motor get regulate by using a VSI which get manage through the electronic circuitry of PMBLDC motor. An
electronic commutation for BLDC motor provides current commutation which flowing through the primary windings with a
sequence employing a decoder. Switching pulses were produced as per various possible Hall-effect signal. The necessary
combination of three Hall-effect signals get generated for each specific rotor position at regular interval around 60°. The six
switching pulses regarding to rotor position was tabularized in the Table I. It is detectable that only two switches can conduct at a
time i.e., in 120° conduction mode VSI operation, due to that conduction losses may get reduced. A BLDC motor with an inbuilt
encoder is used in the preferred system and its detailed decoder combination are given in the Table. 1.

Table I. Truth Table for switching states of BLDC Motor

Rotor Position Hall Signals Switching Signals

(Degree) H1 H2 H3 S1 S2 S3 S4 S5 S6
NA 0 0 0 0 0 0 0 0 0

0-60 0 0 1 0 0 0 1 1 0
60-120 0 1 0 0 1 0 0 0 0
120-180 0 1 1 0 1 1 0 1 0
180-240 1 0 0 1 0 0 0 0 1
240-300 1 0 1 1 0 0 1 0 0
300-360 1 1 0 0 0 1 0 0 1
NA 1 1 1 0 0 0 0 0 0
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VI. SIMULATION RESULTS OF THE PROPOSED SYSTEM
The presented system is modelled, designed & simulated considering the static and random variations with respect to irradiance
level of PV array and its satisfactory performance is demonstrated by examine the starting, steady state & dynamic behaviour are
shown in Figs. 2, 3. To illustrate the reliability in dynamic condition, under at different irradiance levels of about [200, 1000, 650,
800, 1000] w/m?, operating temperature is 25 degree Celsius.

A. Performance of Solar PV array

Fig. 2(a) reveals the steady-state performances of Solar PV array at 1000 W/m2 The MPP is properly tracked for low value of duty
cycle (D). However, a negligible tracking time is required to show the dynamic condition with respect to solar irradiance variations
as shown in Fig. 3(a).

Two studies were conducted on the solar PV module using the MATLAB SIMULINK. In first study, the effect of solar irradiance
level regarding the performance of the PV module is investigated. This is done by simulating the module under irradiance values
between 500-1000 W/m? In 200 W/m? steps while maintaining the cell temperature at a constant level which is taken to be 25 °C. It
can be observed from the curves that the short circuit current I and the open circuit voltage V,. of the PV module increase with
increasing irradiance levels. Accordingly, the maximum output power of the solar module increases.
In the second study, the effect of the PV cell temperature regarding the performance of solar PV module is investigated. This is done
by simulating the module with the temperature values 0 °C, 25 °C, and 50 °C, while maintaining the irradiance at its reference level
of 1000 W/m?. It is observed that the maximum power and V.. increase with decreasing temperature. However, decreasing the
temperature leads to a marginal decrease in .

B. Performance Validation of Zeta Converter
Fig. 2(b) presents the steady-state performance of zeta converter at 1000 W/m2 The input inductor current I ;, intermediate
capacitor voltage V., output inductor current I, ,, voltage stress on IGBT switch Vs, current stress on IGBT switch lgy, blocking
voltage of the diode Vp, current through diode Ip, and dc-link voltage V. are presented. The zeta converter is always operated in
Continuous current mode. In this converter simulation result shows the variation in solar irradiance level, such as 1,1, V¢, 112, and
Vg shown in Fig. 3(b).
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Fig.2 Steady-state performances of preferred Solar PV array based zeta converter-fed BLDC motor drive for water pump. (a) Solar
PV array variables. (b) Zeta converter variables. (c) PMBLDC motor variables (d) Water pump variables.

Solar Irradiance
e e s e s s s s
£ oW 7
3 000 ml
2 - - -
@ 200 t 1 | | } | : | =
0 02 04 06 08 | 12 14 16 18 2
Voltage(V)
guk I IN 1 T R T ]
g:u{ i
>0 | | | | | | | | =
0 02 04 06 08 | 12 14 16 18 2
Current(4)
% T T
4 V,___t._\/—__—v____‘v___a___
-4 | _
Jrem— :
=0E ! | t } | t | } } =
0 02 04 06 08 | 12 14 16 18 2
g Power(W)
[ f b__\—_v___J__v f
200
&moE P 1
£ 0 : : : : : : :
& 02 04 0.6 08 1 12 14 16 18 2
Time(s)
(@)

©IJRASET: All Rights are Reserved

w
(@]



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.429
Volume 8 Issue X Oct 2020- Available at www.ijraset.com

Tnput Voltage(V) Inductor Current(A)
;40 i 210
2 ¥ -
2 — =0 ‘ -
0 03 | 15 10 03 | 15 )
Capacitor Voltage(Vel) Capacitor Voltage(Ve?)
ol v R ‘
S S -
- N
U] 10 N 10 ]
> L > .
T T
Inductor Current(4) Duty Cycle
et a0 |
] ) : -
0 05 | 15 10 03 | 15 1
Time(s) Time(s)

(b)
Stator Current(4)
T

E T T T T
<

Z0

4

=0t I i I L L

04 06 08 1 12 14 16 18
EMF(v)
T

24000 f T i
£000
z

0 02 04 06 08 1 12 14 16 18
Electromagnetic Torque(Nm)
T T

- T T
E04

02 e
702 y
=0 i I i i i

0 02 04 06 08 12 14 16 18

Time(s)

(©

discharge rate
T T

-~
E4
£
E-p)
&2
o
0 Il 1 Il Il
0 02 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2
Load Torque
T T T T T
=021 3
g
Zol
=
0 I I I I I
0 02 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time(s)

Fig.3 Dynamic performances of preferred Solar PV array-based zeta converter-fed BLDC motor drive for water pump. (a) Solar PV
array variables. (b) Zeta converter variables. (¢) PMBLDC motor variables. (d) Water pump variables.

C. Performance of BLDC motor

Motor parameters such that the speed N, back EMF E,, stator current I, the developed electromagnetic torque T, and load torque
T_ reach their rated values are taken. Fig. 2(c) presents the steady state performance of preferred system is analysed. In that,
preferred system is operated under steady state operating condition i.e., solar irradiance is 1000 w/m?, operating temperature is 25
degree Celsius. Through that condition we analyse that at constant supply of 24 V dc link voltage to inverter maintains motor at
rated speed of 4000 rpm and rated torque of 0.25 N-m.

Fig. 3(c) presents the dynamic performance of preferred system. In that preferred system is operated under solar irradiance levels of
about [200, 1000, 650, 800, 1000] w/m?, operating temperature is 25°C. Through that condition we analyse that the proposed system
is operated even under low solar irradiance level of 200 w/m? at minimum speed of 2000 rpm and minimum torque of 0.187 N-m.
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The simulated performances are considered to evaluate the performance of water pumping system. Table. 11l and Figs. 5(a), 5(b)
show the evaluated performance of the Solar PV array-fed BLDC motor-pump, undergoing variation in solar insolation level, where
S, N, and Q are the solar irradiance from the SPV array, Speed of the BLDC maotor, and rate of discharge of water pump. Hence, this
efficiency includes the efficiency of zeta converter, INC-MPPT algorithm, VSI, and BLDC motor. The consistent discharge rate of
water about 5.3 litre/min is obtained at STC of 1000 W/m?, whereas motor pumps water at rate of 0.75 lit/min even at 200 W/m?.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Table Il. Estimated Efficiency of Proposed System

Fig. 4 Efficiency and power with solar irradiance levels.

Solar Duty P P n(%)
Irradiance Cycle(D) pv mw
(w/m?)
400 0.32 100 76 76
650 0.35 164 134 81.7
800 0.38 200 173 86.5
1000 0.41 250 232 92.8
1000 041 250 232
0.38
800 200 173
0.35
650 164 T34
0.32
700 100 (3
S(w/mz2) Duty Cycle(D) Ppv (W) Pm(W)

Table .11l Water pump Estimation

Solar Speed Load Rate Of
irradiance (RPM) Torque( Discharge(
level (w/m?) N/m) Lit/min)
200 2000 0.0526 0.750
600 3200 0.147 2.96
800 3650 0.186 4.12
1000 4000 0.216 5.3

92.8

86.5

81.7

76

n(%)
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Fig. 5 Water pump performance (a) Solar irradiance vs Shaft speed, (b) Solar irradiance vs motor speed, Rate of Discharge of pump.

E. Efficiency Evaluation of Preferred System

The simulated performances are considered to evaluate the efficiency of the preferred water pumping system. Table Il and Fig. 4
show the calculated efficiency for the Solar PV module fed PMBLDC motor pumping system subjected to a variation in the
insolation level, where Py, Py, and 1 are, the maximum power extracted from the Solar PV array, mechanical power output of the
BLDC motor, and efficiency. A very good efficiency of 92.8% is obtained at the optimum solar irradiance level of 1000 W/m?,
whereas it is 76% even at 400 W/m?,

VIl. CONCLUSION

In this paper, modified Zeta Converter based BLDC drive for solar powered water pumping system has been proposed and its
appropriateness has been demonstrated through simulated results. In the proposed system, the maximum power of solar array has
been obtained through INC-Maximum Power Point Tracking technique in which maximum power point get tracked and maintained
according to its operating conditions. Zeta converter is designed for rated voltage of BLDC motor and efficiency of converter is
improved in standard operating condition and the results were tabulated. DC link capacitance is designed to regulate the speed of
PMBLDC motor which eliminates the speed controller and current controlled circuitry that reduces cost and complexity. PMBLDC
motor drive is implemented and the performance of this drive for solar power water pumping system is validated under steady and
dynamic behaviour of PV system. The proposed system has operated successfully even under minimum solar irradiance.
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VIlI.  APPENDIXES
A. Parameters of Solar PV array (Simulated Data)
Voc =44 V; 1= 7.58 A; Prpp = 250W; Vinpp = 35.55 V; Iy = 7.04 A; Ny = 54.

B. Parameters for BLDC motor (Simulated Data)
Stator phase/phase resistance, Rs= 0.18 Q; stator/phase inductance, Ls= 0.7 mH; torque constant, Kt=0.036 Nm/A; voltage constant,
Ke= 17 Vi/kr/min; rated speed, Nrated = 4000 r/min; no. of poles, P = 8.
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