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ABSTRACT

This thesis presents designing and modelling of water pumping system powered by solar
energy and comprising of BLDC motor drive. It manifests the performance comparison
between Zeta, Sepic and Cuk converter based output conditioning of SPV array as well. As
the solar insolation level is not constant, SPV array output is controlled using Maximum
Power Point Tracking (MPPT) along DC-DC converter in order to ensure maximum power
usage from SPV array. MPPT is implemented using Incremental Conductance (INC)
algorithm along with Zeta, Sepic and Cuk converters to power BLDC motor drive. The DC-
DC converters along with the entire simulation are analyzed for peak insolation level as well
as varying insolation level and comparison has been performed on the basis of performance
characteristics. The BLDC motor is fed using a six-pulse converter which is controlled using
Space Vector Pulse Width Modulation (SVPWM) technique which facilitate maximization
of efficiency of whole system. The simulation results are obtained from model created in

MATLAB (Simulink) environment.
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CHAPTER 1: INTRODUCTION

1.1. INTRODUCTION

Solar radiation is a clean source of energy that is available all across the world. It is easy to
harness with high efficiency SPV panels available these days and the cost of setup is also
decreasing rapidly [1]. All these advantages make it an excellent alternative to conventional
energy sources. Also, SPV assembly can be installed remotely with minimum requirements
anywhere in the world. Solar energy can be used with all the things that run on electricity,
and hence, it becomes an obvious choice for a remote water pumping setup which uses
electric motor to rotate turbine [2]. Such water pumping solutions find huge application in
farming sector in developing countries where electricity is far from reach and reasonably
priced irrigation equipment is not available. Conventional induction motor is now being
surpassed by BLDC motor in terms of cost [1]. BLDC motor offers excellent speed control
along with reliable and efficient performance [3]. Thus, BLDC motor becomes obvious

choice for driving a water pumping system powered by solar energy.
1.2. SOLAR WATER PUMPING SYSTEM

Solar powered water pumping system has SPV array [4] and BLDC motor [5] at its core but
it requires various control mechanisms as well in order to achieve control over various
aspects of the system. For a remote pumping system, various speeds may be required by the
user depending upon the application, hence, speed control for BLDC motor is essential.
Field oriented speed control is a well-known speed control method that provides efficient
and accurate speed control for BLDC motor. SPV array output is not constant due to varying
weather conditions which translates to varying point of maximum power for SPV array.
Thus, power extraction mechanism such as MPPT algorithm [6] is required to make sure
that operation point is always the point of maximum power. The techniques used to achieve

these controls are discussed in next section.



1.3. SYSTEM DESIGN AND CONFIGURATION

The solar water pumping system uses a 3.2kW SPV array which is capable of powering a
2.82kW BLDC motor and supply all the necessary losses. The 3.2kW output of SPV array
is obtained at a 1000W/m? of peak insolation [7]. SPV array produced output conditioning
is done using DC-DC converter along with MPPT module to generate PWM signal [8] that
facilitate maximum power transfer. Zeta, Cuk and Sepic converters [9, 10, 11] are the three
DC-DC converters used for testing with same simulated environment. MPPT is done using
INC algorithm [12] to extract maximum power. The DC link voltage at peak insolation of
1000W/m? is 200V. C; is DC link capacitor which is equipped to condition the output from
DC-DC converter. The six-pulse converter [13] is fed using DC-DC converter output which
gives three phase output to drive BLDC motor. SVPWM technique [14] takes shaft angle as
feedback from BLDC motor in order to achieve speed control and ensure efficient operation
of the motor. The motor shaft is connected to a turbine for pumping application. The
parameters and selected values of BLDC motor and SPV array are shown in appendices.

1.4. BLOCK DIAGRAM

INC MPPT SVPWM
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Fig. 1. Block diagram of solar water pumping system.



1.5. OBJECTIVES OF THE PROJECT

The objective of designing the proposed project is to simulate a solar powered water
pumping system which offers following features:
a) The system should have high efficiency so that maximum power can be obtained at
remote areas as solar every is not completely reliable energy source.
b) The solar pumping system should be easy to understand as technical assistance is not
easy in remote areas.
c) Accurate speed control is desirable as system may be used in varying applications
that require the pump to operate at different speed.
d) The system should be economic so that maximum number of people can adapt to solar
energy and the transition can be profitable as well.

This is achieved by choosing those components which work optimally with each other and

achieving control using best possible control techniques.
1.6. OUTLINE OF THE THESIS

The thesis is presented into chapters as follows.
Chapter 2 illustrates designing of SPV array followed by DC-DC converter modelling in
Chapter 3. Chapter 4 discusses different controlling techniques used in the system and

Chapter 5 constitutes results and discussion followed by conclusion in Chapter 6.



CHAPTER 2: MODELLING OF SPV ARRAY

2.1. INTRODUCTION

Solar photo voltaic energy is a clean source of renewable energy which is contributing in
reaching modern country’s energy demands. Many researchers have conducted various
research in past decade to improve the methods for modelling and designing of solar cells
to move the technology forward. Various models have been developed to evaluate the

performance parameters for improvement of the model.
2.2. SPV MODULE SIMULATION THEORY AND DESIGN

Conversion of solar radiation to electrical energy is done by solar cell wafers which are
connected electrically to form a solar PV module. Voltage and current value of solar module
depends upon the sets of solar cells connected in series and parallel arrays. Solar modules
are then wired in series and parallel arrangement and the load requirement dictates the
number of panels in array. The representation of a solar cell consists of a diode representing
p-n junction and the photoelectric effect is represented by a current source and one resistance
in series to simulate Joule effect and one resistance in parallel to compensate for
recombination losses. Complete circuit model depicts the function of a solar cell under given
radiation condition [15]. For modeling of SPV array, MATLAB Solar panel block is used
as it incorporates this model and provides interface to specify key parameters that define an
SPV array [16].

= B - :

Fig. 2. SPV cell circuit model representation.



SPV array voltage Vmpp and current 1y, are maximum power point operating specifications
and they are selected to be 136V and 23.55A in designed SPV array. SPV module voltage
V' and current I, are maximum power point operating specifications and they are selected
to be 22.7V and 11.83A in designed SPV module. These values are chosen by the designer.
The module open circuit voltage and short circuit current values are also chosen by designer.
The open circuit voltage V., and short circuit current I are selected to be 27.2V and 12.92A.
Based on these chosen values, number of series and parallel modules is obtained.

Number of solar modules in array wired in series

\Y
N =y =136/p5= 6 @1
Number of solar modules in array wired in parallel
_ Impp — 23.55 —
Np = /Im = #599/1183=2 (2.2)
Power generated by SPV module
Pmpp = Vimpp X Impp = 136 X 23.55 = 3200W (2.3)

All these values are given in appendix in tabular form.

2.3. IV AND PV CHARACTERISTICS OF SPV ARRAY

Array type: User-defined;
& zeries modules; 2 parallel strings
T T T T T T T

0.5 kWim?

0.1 KWim?

v 20 40 &80 80 100
Vaoltage (V)

180

Voltage (V)

Fig. 3. SPV array 1V and PV characteristics.



2.4. CONCLUSION

SPV array modelling is done using MATLAB Simulink successfully as the software
facilitates designing of the module by specifying key parameters such as open circuit
voltage, maximum power point voltage and current, short circuit current and number of
modules to be wired in series array and parallel array to generate required power at a
specified load.



CHAPTER 3: DC-DC CONVERTERS

3.1. INTRODUCTION

As the solar insolation level and temperature of surroundings change, the maximum power
point of SPV array changes, thus DC-DC converter is necessary. Zeta, Sepic and Cuk
converters are very efficient converters and all the three converters are capable of both buck
and boost operation. DC-DC converters are essentially a high frequency switching device
which is capable of converting one input of one voltage to output of another desired voltage

value based on the switching duty ratio of switch.
3.2. ZETA CONVERTER
3.2.1. SCHEMATIC DIAGRAM AND THEORY

Zeta converter is evolved from buck boost converter design. Buck boost converter output is
inverted while in Zeta converter, positive polarity output is obtained. Fig. 4 shows circuit
diagram of Zeta converter. VVoltage gains and higher efficiency is there in Zeta converter

compared to buck boost converter [17].

B = BT

SWITCH

Vmpp L1 AD €2 Vbc

v v

Fig. 4. Zeta converter schematic circuit diagram.



3.2.2. DESIGN OF ZETA CONVERTER

Zeta converter is a DC-DC converter which is employed in this project to utilize maximum
power of SPV array by operating at point of maximum power regardless of solar insolation
level and ambient temperature. The solar panel maximum voltage is 136V at peak insolation
of 1000W/m?. The switching frequency for Zeta converter is chosen to be 30KHz. The
MPPT module uses INC algorithm to calculate duty cycle for Zeta converter to extract
maximum power. Zeta converter evolved from buck boost converter but output of Zeta
converter is of positive polarity contrary to buck boost converter. Calculations for all the
components is done taking ripple of 10%. The selection of values for the components used
in Zeta converter depends on output side BLDC motor parameters and input side SPV array
parameters shown in appendix.

Zeta converter calculations are given below.

Vac 200

Duty ratio = = = 0.595 (3.1)
VactVmpp  200+136
_ DVmpp 0.595%136 _
Ly = fgAl;  30000%(23.55¢0.1) 1.9 mH (3.2)
_ (1-D).V4c _ (1-0.595)%200
Ly = fo.Al,  30000%(16%0.1) 2.81 mH (3.3)
_ Dlge _ 0.595%16 — 15.8 uF (3.4

17 f,.AVe,  30000%(200%0.1)

The Zeta converter output is conditioned using a DC link capacitor C,. DC link capacitor
rated and minimum values Caraeq and Comin are calculated for w, and wmin Which is the rated

and minimum angular speed of BLDC motor as shown below.

_ 2nNp P _ 2mx3000%6 _ 942rad/s (3.5)

™ 120 120
» __ 2mNpip.P __ 2mx1500%6
min = 450 T 120

= 471rad/s (3.6)



Iac _ 16
6.Wrated-AVdc 6%941%(200%0.1)

Corated =

= 141.69uF (3.7)

I4c _ 16
6.0min-AVdc 6+471%(200%0.1)

= 283.08pF (3.8)

Comin =

DC link capacitor C, value is selected 283.08uF as Cypin -

3.2.3. SIMULATION BLOCK DIAGRAM

INC MPPT SVPWM
MODULE B SPEED CONTROL
F OF BLDC MOTOR

L2
Cc1
@ @ @
—
€2 o
L1 Diode — Yy Yl R\
lie ®
. b -
52 sS4 @is BLDC MOTOR CENTRIFUGAL PUMP
SOLAR PV MODULE @ @

ZETA CONVERTER

INVERTER

Fig. 5. Simulation block diagram utilizing Zeta converter.

3.3. SEPIC CONVERTER
3.3.1. SCHEMATIC DIAGRAM AND THEORY

Sepic converter evolved from boost converter and it can be derived as a buck and boost
converter in cascade design. In Sepic converter, positive polarity output is obtained similar

to Zeta converter [18]. Sepic converter circuit is shown in Fig. 6.
L1

—ss——A——>

D

Cl

Vmpp -@SWITCH L2 C2 e | VDC

Fig. 6. Sepic converter schematic circuit diagram.
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3.3.2. DESIGN OF SEPIC CONVERTER

Sepic converter is a DC-DC converter which is employed in this project to utilize maximum
power of SPV array by maintaining the operating point at point of maximum power
regardless of solar insolation level and ambient temperature variation. The solar panel
maximum voltage is 136V at peak insolation of 1000W/m?2. The switching frequency for
Sepic converter is chosen to be 30KHz. The MPPT module uses INC algorithm to calculate
duty cycle for Sepic converter to extricate maximum power. Sepic converter evolved from
boost converter and it can be derived as a buck and boost converter in cascade design.
Calculations for all the components is done taking ripple of 10%. The selection of values
for the components used in Sepic converter depends on output side BLDC motor parameters
and input side SPV array parameters shown in appendix.

Sepic converter calculations are given below.

Duty ratio = Vae 29 _ 595 (3.9
Vac+Vmpp  200+136
_ DVmpp _ 0595+136
L, = f.AlL;  30000%(23.55%0.1) 1.9 mH (3.10)
_ (1-D).V4c __ (1-0.595)x200
L, = foAlL,  30000%(16%0.1) 2.81 mH (3.11)
_ Dl _ _ 059516 _ jcg IF (3.12)

17 f,.AVe,  30000%(200%0.1)

The Sepic converter output is conditioned using a DC link capacitor C,. DC link capacitor
rated and minimum values Caraeq and Comin are calculated for w, and wmin Which is the rated

and minimum angular speed of BLDC motor as shown below.

2nNp.P _ 27%3000%6
o e 942rad/s (3.13)
2N pin.P 2m*1500%6
Omin = “120 == ——— = 471rad/s (3.14)
Corateq = ——3&— = 10 = 141.69uF (3.15)

6.Wrated-AVdc N 6%941%(200%0.1)



I4c

16

C2min -

6.0Wmin-AVdc o 6%471%(200%0.1)

= 283.08pF

DC link capacitor C, value is selected 283.08uF as Cy.in -

3.3.3. SIMULATION BLOCK DIAGRAM

MODULE

SOLAR PV MODULE

g <

INC MPPT |  pwmsicual

L1

11

(3.16)

SVPWM

SPEED CONTROL
3 OF BLDC MOTOR

U &

Diode

’ c2
L2 —

Fig. 7. Simulation block diagram utilizing Sepic converter.

SEPIC CONVERTER

3.4. CUK CONVERTER

@52 @54 @?5 BLDC MOTOR CENTRIFUGAL PUMP

INVERTER

3.4.1. SCHEMATIC DIAGRAM AND THEORY

Cuk converter is evolved from boost converter design and it can be realized as a boost and

buck converter in cascade design. In Cuk converter, inverted polarity output is obtained

similar to buck-boost converter [19]. Cuk converter circuit diagram is shown in Fig. 8.

L2

,— 000!

Vmpp _@

¥

SWITCH

Yo

O

o i —

Fig. 8. Cuk converter schematic circuit diagram.

Vbc
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3.4.2. DESIGN OF CUK CONVERTER

Cuk converter is employed in this project to utilize maximum power of SPV array by
operating at point of maximum power regardless of ambient temperature and solar insolation
level. The solar panel maximum voltage is 136V at peak insolation of 1000W/m?2. The
switching frequency for Cuk converter is chosen to be 30KHz. The MPPT module uses INC
algorithm to calculate duty cycle for Cuk converter to extract maximum power. Cuk
converter is evolved from boost converter design and it can be realized as a boost and buck
converter in cascade design. Cuk converter output is inverted with respect to reference.
Calculations for all the components is done taking ripple of 10%. The selection of values
for the components used in Cuk converter depends on output side BLDC motor parameters
and input side SPV array parameters shown in appendix.

Cuk converter calculations are given below.

Duty ratio = —de — = 2% _ _ ¢ 595 (3.17)
VactVmpp  200+136
_ DVimpp _ 0.595%136 _
Ll N fs.AlLq - 30000%(23.55%0.1) = 1.9 mH (318)
_ DVmpp _ 0.595%136
L2 - fs.AlL B 30000%(16%0.1) = 1.68 mH (319)
C, = (1-D)Impp _ (1-0.595)x23.55 _ 0.95 uF (3.20)

f¢.AVey  30000%(200%0.1)

The Cuk converter output is conditioned using a DC link capacitor C,. DC link capacitor
rated and minimum values Cjraeq and Comin are calculated for w, and wmin Which is the rated

and minimum angular speed of BLDC motor as shown below.

__ 2mNpP _ 2m+3000%6
r— 120 120

__ 2mNpip.P _ 2mx1500%6
Omin = 70 T 7 120

= 942rad/s (3.21)

= 471rad/s (3.22)
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Iac _ 16
6.Wrated-AVdc 6%941%(200%0.1)

= 141.69yF (3.23)

Corated =

I4c _ 16
6.0min-AVdc 6+471%(200%0.1)

= 283.08pF (3.24)

Comin =
DC link capacitor C, value is selected 283.08uF as Cypin -

3.4.3. SIMULATION BLOCK DIAGRAM

SVPWM

I:;%gdjfg | PWM SIGNAL SPEED CONTROL  |[—
L1 L2 . OF BLDC MOTOR

ClI
| @ @s @
—
c2 "s’ .,.- B
Diode — i @\
!. ‘r‘ \ j
," )
BLDC MOTOR CENTRIFUGAL PUMP
rLAR PV MODULE @:52 @:54 @36
CUK CONVERTER

INVERTER

Fig. 9. Simulation block diagram utilizing Cuk converter.

3.5. CONCLUSION

Zeta, Sepic and Cuk converters are successfully modelled in MATLAB Simulink
environment and simulated along complete simulation successfully. Controlling techniques

and specification of BLDC motor are discussed in further chapters.
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CHAPTER 4: CONTROL TECHNIQUES

4.1. INTRODUCTION

Solar water pumping system is a complex system which requires controlling mechanism at
different stages in order to achieve desired parameters such as BLDC motor speed and DC-
DC converter output voltage. The BLDC motor speed, shaft angle of motor is measured and
taken as feedback to control speed using SVPWM speed control. DC-DC converter output
voltage is controlled by measuring converter input voltage and current and using INC
algorithm to maintain point of maximum power. These techniques are discussed in further

section.
4.2. MAXIMUM POWER POINT TRACKING (MPPT)
4.2.1. MPPT THEORY

MPPT is a widely used technique which helps in utilization of maximum amount of usable
or available power from SPV array. Various MPPT techniques have been developed over
the years to improve the efficiency of solar powered setups. MPPT technique works by
measuring voltage and current output at terminals of SPV array at a very fast rate and then
runs algorithm to find the best duty ratio for a DC-DC converter which facilitates the
utilization of maximum power.

INC algorithm has been used in this project as MPPT technique and it controls Zeta, Sepic

and Cuk converter and comparison is made. INC algorithm calculates duty ratio adjustment

in real time to find a duty ratio which satisfies the condition Z‘I/ﬂ +2¥ — 0. The condition
PV PV

for optimal duty ratio according to INC algorithm is that when instantaneous conductance

and incremental conductance add up to zero and that duty ratio corresponds to the maximum

dIPV

. 1 . .
power point [21]. V”—V represents instantaneous and represents incremental conductance.
|4

P dVpy

INC algorithm flow graph and program code are shown in further sections [22].



4.2.2. INC MPPT FLOW GRAPH

Read ‘u’[t} I(t) )

= I{t} I(t - dt)
d‘u’ "n.n’{t]l V(t - dt)
No Yes

dv=0
\/

Yes

difdv =-1/v

Yes

Gn::rease "U"RED @ecrease VRED ( Increase VRef )

Decrease VRef

I(t - dt) = I(t)

Vit - dt) = V(t)

Fig. 10. INC MPPT algorithm flow graph.



4.2.3. INC MPPT PROGRAM CODE

function Dutyratio = INC(Vpv,lpv) //start of code
Delta = 0.0001;

dutyratio_initial = 0.52;

dutyratio_minimum = 0.83;

dutyratio_maximum = 0.32;

persistent Vold dutyratio_old lold;

if empty(Vold)

Vold=0;
lold=0;
dutyratio_old=dutyratio_init;
end
delV = Vpv - Vold;
dell = Ipv - lold;
if delV ==
if dell ==
Dutyratio = dutyratio_old;
else
if dell >0
Dutyratio=dutyratio_old - Delta;
else
Dutyratio=dutyratio_old + Delta;
end
end
else
if dell/delV == -lpv/Vpv
Dutyratio = dutyratio_old;
else

if dell/delV > -lpv/Vpv
Dutyratio=dutyratio_old - Delta;
else
Dutyratio=dutyratio_old + Delta;
end
end
end

if Dutyratio >= dutyratio_max || Dutyratio <= dutyratio_min
Dutyratio = dutyratio_old;

end

dutyratio_old=Dutyratio;

Vold=Vpy;

lold=Ipv; //end of code

16
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4.3. SPEED CONTROL OF BLDC MOTOR
4.3.1. SVPWM SPEED CONTROL THEORY

The speed control of BLDC motor is attained using SVPWM technique along with six-pulse
inverter. This technique is capable of providing varying voltage and frequency output for
BLDC motor. SVPWM is a field-oriented control where voltage reference vector is
generated using feedback from BLDC motor output. The angle and magnitude of the vector
is adjusted at a very high frequency to achieve desired magnetic field vector position. BLDC
motor rotor angle is taken as feedback after clarke and park transform and 3 PI controllers
are used to minimize error by generating direct axis and quadrature axis reference voltage
vectors. The six fundamental vector directions are shown in Fig. 11 [23]. High speed
switching is done between any two vectors and center position to produce field vector of
desired magnitude and direction [24]. This method proves to be better than sinusoidal PWM
due to ease of digital realization and better use of DC link voltage which translated to higher

efficiency of operation [25].

v3(0,1,0) v2(0,1,1)

Sector 3

V4(1,1,0)

» v1(0,0,1)

Sector 4

V5(1,0,0) v6(1,0,1)

Fig. 11. Space vector diagram and reference representation.
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4.3.2. SVPWM SPEED CONTROL BLOCK DIAGRAM

DC link voltage

PWM ¢ #
|q ref ;

signal
+ Pl + Pl Vaqref |
W ref —_ >
© %_ controller @_ I controller } l2 >
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N_IC

.

Wby

Pl
controller

ld ref dk 4

la ‘
Park € Clarke
transform |g—— transform ¢

d/c.+ | 7 %97

Fig. 12. SVPWM speed control block diagram.

4.3.3. SVPWM TECHNIQUE BLOCK DIAGRAM

Duty ratio for inverter

switches
—> —>
Vq ref Vref t0 —P L
’ > ; Duty ratio P ____»
Rectangle to polar Dwell times 11 A
conversion calculation ——» calculation from PWM generator
> —— 2 dwell times > —>
vd ref angle —P
—P —p
SVPWM signal
Vdc *
Sector

Fig. 13. SVPWM technique block diagram which is a sub block in SPVWM speed control schematic block diagram.

4.4. CONCLUSION

INC MPPT module and SVPWM speed control are successfully simulated and used with

complete simulation at specific stages to control specific parameters.
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CHAPTER 5: RESULTS & DISCUSSION

5.1. SPV ARRAY AND BLDC MOTOR RESULTS
5.1.1. STEADY STATE OUTPUT AT PEAK INSOLATION

The SPV array characteristics are shown in Fig. 14. The insolation level is set at 1000W/m?
the SPV output is plotted. It is evident from the characteristics that the maximum power is
being extracted at 136V from solar panels rated at 3.2kW.
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Fig. 14. SPV array peak insolation output at 1000W/m?.
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The BLDC motor characteristics are shown in Fig. 15. The converter is able to maintain
200V DC link voltage without any ripples and BLDC motor is operating at 3000RPM of
rated speed without any ripples. Motor output torque is also maintained at 9.1Nm with 2Nm
peak to peak ripples which are to be expected in a BLDC motor. As all the converters are
able to sustain DC link voltage of 200V at rated load, performance characteristics of BLDC

motor and SPV array remain unchanged at steady state.
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9150— I | ]

[&]
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Fig. 15. BLDC motor peak insolation output at 2000W/m?,
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5.1.2. OUTPUT AT VARYING INSOLATION LEVEL

The simulation is tested starting from peak solar insolation level of 1000 W/m? for steady
state analysis of the DC-DC converters. The insolation level is then decreased to 200W/m?
in order to examine the transient behavior after which the insolation level is taken to
900W/m? to test performance of system below peak insolation. The Solar insolation
characteristics and SPV array output characteristics are shown in Fig. 16.

1000 I ]

80O~ i - .

600~ i - .

Insolation (W/mz2)

400 I I ]

200~ i - .

150 ! | B

100

|

50 T T =

Vpv (V)

0 0.5 1 1.5
Time

Fig. 16. SPV array output characteristics for varying insolation.



SPV array voltage and current variation can be observed for change in insolation level to

ensure maximum power extraction. BLDC motor output characteristics during solar

insolation variation is given in Fig. 17. The BLDC motor characteristics indicate successful

recovery of motor speed to 3000RPM but motor torque drops to 8.9Nm and torque ripple

has increased to 2.6Nm peak to peak during insolation level recovery to 900W/m?,
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Fig. 17. BLDC motor output characteristics for varying insolation.
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5.2. ZETA CONVERTER INTERNAL CHARACTERISTICS
5.2.1. STEADY STATE OUTPUT AT PEAK INSOLATION

Zeta converter characteristics as shown in Fig. 18 show ripples under 10% during peak
steady insolation level of 1000W/m? which is under specified tolerance limit. Peak
insolation characteristics are similar compared to Sepic and Cuk converter except capacitor

voltage stress which is 200V which is in-between Sepic and Cuk converter.

| |
0 0.5 1 1.5
Time

Fig. 18. Zeta converter characteristics for peak insolation of 1000W/m?,
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5.2.2. OUTPUT AT VARYING INSOLATION LEVEL

Zeta converter is subjected to steady state, drooping and recovering insolation levels as
shown in Fig. 16. After insolation drop and recovery to 900W/m?, converter parameters
successfully recover to steady values as shown in Fig. 19. Zeta converter input and output
inductor current and capacitor voltage show maximum ripples amongst three converters that

last for 0.1s before recovering to steady state values.

1 (A)
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250 T T ]

200

150

0 0.5 1 15
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Fig. 19. Zeta converter characteristics for varying insolation level.
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5.3. SEPIC CONVERTER INTERNAL CHARACTERISTICS
5.3.1. STEADY STATE OUTPUT AT PEAK INSOLATION

Sepic converter characteristics as shown in Fig. 20 show ripples under 10% during peak
steady insolation level of 1000W/m? which is under specified tolerance limit. Peak
insolation characteristics are similar compared to Zeta and Cuk converter except capacitor

voltage stress which is 140V which is less compared to Zeta and Cuk converter.

| |
0 0.5 1 15
Time

Fig. 20. Sepic converter characteristics for peak insolation of 1000W/m?.
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5.3.2. OUTPUT AT VARYING INSOLATION LEVEL

Sepic converter is subjected to steady state, drooping and recovering insolation levels as
shown in Fig. 16. After insolation drop and recovery to 900W/m?, converter parameters
successfully recover to steady values as shown in Fig. 21. Sepic converter input and output

inductor current and capacitor voltage show no ripples.

15 I B
10 ! ! |
5 ! ! |

] 0.5 1 15
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Fig. 21. Sepic converter characteristics for varying insolation level.
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5.4. CUK CONVERTER INTERNAL CHARACTERISTICS
5.4.1. STEADY STATE OUTPUT AT PEAK INSOLATION

Cuk converter characteristics as shown in Fig. 22 show ripples under 10% during peak
steady insolation level of 1000W/m? which is under specified tolerance limit. Peak
insolation characteristics are similar compared to Zeta and Cuk converter except capacitor

voltage stress which is 340V which is less compared to Zeta and Cuk converter.

60 —

400~ - - —

| |
0 0.5 1 15
Time

Fig. 22. Cuk converter characteristics for peak insolation of 1000W/m?.
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5.4.2. OUTPUT AT VARYING INSOLATION LEVEL

Cuk converter is subjected to steady state, drooping and recovering insolation levels as
shown in Fig. 16. After insolation drop and recovery to 900W/m?, converter parameters
successfully recover to steady values as shown in Fig. 23. Cuk converter input and output
inductor current and capacitor voltage show ripples which are less compared to Zeta

converter.

&0 I _]

4001~ - - .

0 0.5 1 15
Time

Fig. 23. Cuk converter characteristics for varying insolation level.
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5.5.DC LINK VOLTAGE BUILD UP CHARACTERISTICS FOR ZETA, SEPIC
AND CUK CONVERTERS

The DC link voltage build up during starting for all the three converters is shown in Fig. 24.
Transient behavior during starting is different for Zeta, Sepic and Cuk converter. Sepic

converter shows the least rise time and peak time followed by Cuk and Zeta converter.
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Fig. 24. DC link voltage characteristics of Zeta, Sepic and Cuk converters.
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5.6. SVPWM SPEED CONTROL OF BLDC MOTOR

5.6.1. BLDC MOTOR OUTPUT CHARACTERISTICS FOR VARYING
REFERENCE SPEED

Speed of BLDC motor is varied with reference starting from 3000RPM to 2500RPM to
2000RPM and BLDC motor characteristics at 9.1Mm load are shown in Fig. 25.
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Fig. 25. BLDC motor output characteristics for reference speed variation.
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5.6.2. SVPWM SPEED CONTROL TECHNIQUE PWM OUTPUT

SVPWM speed control output is given to inverter. The output is PWM signal for 3 phases
of inverter which is generated for converter switches. The output waveforms are given in

Fig. 26 which shows that the three waveforms are 120 degrees apart from each other.
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Fig. 26. SVPWM control technique output PWM signal.
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CHAPTER 6: CONCLUSION AND FUTURE SCOPE OF WORK

6.1. CONCLUSION

The SPV array powered BLDC motor pump simulation has been designed successfully
using Zeta, Sepic and Cuk converters. The BLDC motor speed and torque remain steady at
rated value of 3000RPM and 9.1Nm during steady insolation of 1000W/m?. MPPT module
ensures operation of SPV array at 136V and 22.5A to ensure maximum power transfer.
Testing of all the three converters with the complete simulation is performed with variation
in insolation level where converter capacitor voltage stress was found to be least in Sepic
converter which directly affects the voltage rating of capacitor to be used. Cuk converter
showed maximum voltage stress across capacitor. However, during recovery period after
insolation was set to 900W/m?, Zeta converter input and output current as well as capacitor
voltage waveforms show maximum ripples amongst three converters. Sepic converter
performed best in recovery period also as no ripples are observed in the Sepic converter
internal characteristics during recovery. Although the ripples in Zeta and Cuk converter does
not affect the BLDC motor operation but these transient ripples are dangerous for converter
components if not taken into consideration while designing. Thus, Sepic converter
performance is found to be superior compared to Zeta and Cuk converter for BLDC motor

equipped water pumping application using solar power.

6.2. FUTURE SCOPE OF WORK

Scope of future work in the solar water pumping system is diverse with respect to different
versions of motors such as Switched reluctance motor and PMSM. Testing of new

algorithms for implementation of MPPT is also to be explored.
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PARAMETERS OF SPV ARRAY

APPENDIX

S. No. Parameter Value
1 Vmpp 136 V
2 Vi 227V
3 Impp 23.55 A
4 Im 11.83 A
5 Pmpp 3.2 kW
6 Voc 27.2V
7 s 12.92 A
8 N; 6
9 Np 2

PARAMETERS OF BLDC MOTOR

S. No. Parameter Value
1 P 2.857 kW
2 \P 3000 RPM
3 Nmin 1500 RPM
4 Tm 9.1 Nm
5 Ve 200 V
6 lac 16 A
7 Np 6
8 J 1.75e-3
9 Ke 51
10 Kt 0.49
11 Rs 0.36 ohm
12 Ls 1.3e mH
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