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Abstract: In this paper, dynamic modeling and simulation
of photovoltaic energy conversion system for water
pumping application is presented. The proposed system
include the dynamic modeling of the photovoltaic (PV)
cells with the effects of solar irradiation and temperature
changes, model of the DC to DC boost converter, inductor
design procedure for boost converter and model of the
single phase IGBT based sinusoidal PWM voltage source
inverter. The whole system has been developed and
simulated using Matlab-Simulink environment via
graphical user interface. The simulated results are
validated with theoretical results and we find proper
synchronism between the two results.

Index Terms: Boost Converter, Inductor design, Photo
voltaic Array, PWM inverter.

. INTRODUCTION

The use of new efficient photovoltaic solar cells (PVSCs)
has emerged as an alternative measure of renewable green
power, energy conservation and demand-side management.
Owing to their high initial cost, PVSCs have not yet been fully
an attractive alternative for electricity users who are able to
buy cheaper electrical power from the utility grid. However,
they can be used extensively for water pumping and air
conditioning in remote and isolated areas, where utility power
is not available or is too expensive to transport [1].

This paper presents a single system to convert photovoltaic
power to useable single phase AC at 230 V to drive a
fractional horse power induction motor for water pumping
application [2-3]. The power obtained from the solar cell is
unusable as it is a low voltage power (approx. 24 V, 720 W)
and is DC. However, for water pumping application we need
230V single phase AC supply. The 24V DC obtained from the
PV array is boosted up to 325V by a DC-DC boost converter.
The design of the inductor in the boost converter circuit is the
most important step in the design of the converter. The DC
power available at the output of boost converter is filtered and
is converted to AC power using voltage source inverter which
employs sinusoidal PWM. The single-phase PWM inverter is
simulated and the corresponding firing pulses are produced to
trigger the IGBT switches. In the SPWM scheme, a carrier
wave is compared with the reference signal corresponding to
single-phase to generate the gating pulses for the concerned
switches with the switching frequency of 10 KHz, with the
rated output voltage of 230 volts. The rated inverter voltage of
280 volts is obtained for the modulation index of 0.9. The
whole system has been developed and simulated using

Matlab-Simulink environment via graphical user interface.
The simulated results are validated with theoretical results and
we find the proper synchronism between the two results.

Il. PHOTOVOLTAIC ARRAY SIMULATION
A. PVA Modeling

During the design process of PVA powered systems, a
simulation must be performed for system analysis and
parameter settings. Therefore an efficient user-friendly
simulation model of the PVAs is always needed. The PVA
model proposed in this paper is a circuit based model to be
used with Simulink. The proposed model was simulated with
various types of loads for performance checking.

PV arrays are built up with combined series/parallel
combinations of PV solar cells, which are usually represented
by a simplified equivalent circuit model such as the one given
in Fig. 1 or by eq.(1) [4].
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Fig. 1. Simplified equivalent circuit of PV cell

The PV cell output voltage is a function of the photocurrent
which is mainly determined by the load current and the solar
radiation level during the operation.
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where the symbols are defined as follows:
e : electron charge (1.602 x 1079 °C)
k : Boltzmann constant ( 1.38 x 10723 J/K )
I.: Cell output current, A
Ioh: Photocurrent - a function of irradiation level and
junction temperature, A
lo: Reverse saturation current of diode (0.0002 A).
Rs: Series resistance of cell (0.001 Q).
T.: Reference cell operating temperature (20 °C).
V,: Cell output voltage, V.

Both k and T, should have the same temperature unit, i.e. °C
or Kelvin. The curve fitting factor A is used to adjust the |-V
characteristics of the cell obtained from eq.(1) to the actual
characteristics obtained by testing. Equation(1l) gives the
voltage of a single solar cell which is then multiplied by the
number of the cells connected in series to calculate the full
array voltage. Since the array current is the sum of the currents
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flowing through the cells in parallel branches, the cell current
Ic is obtained by dividing the array current by the number of
cells connected in parallel before being used in eq.(1), which
is only valid for a certain operating temperature T, with its
corresponding solar irradiation level S.. If the temperature and
solar irradiation level changes, the voltage and current output
of the PV array will follow this change. Hence, the effects of
the changes in temperature and solar irradiation levels should
be included in the final PV array model.

B. Temperature and Irradiation Correction factors

For a known temperature and a known solar irradiation
level, a model is obtained and then this model is modified to
handle different cases of temperatures and irradiation levels.
Let eq.(1) be the benchmark model for the known operating
temperature T, and known solar irradiation level S, as given in
the specification. When the ambient temperature and
irradiation level changes, the cell operating temperature also
changes, resulting in a new output voltage and a new
photocurrent value. The solar cell operating temperature varies
as a function of solar irradiation level and ambient
temperature. The ambient temperature T, affects the cell
output voltage and cell photocurrent. These effects are
represented in the model by the temperature coefficients Cyy
and Cy for cell output voltage and cell photocurrent,
respectively, as

Cry =1+ B (T, —T) 2
Cry =1+ (T, —T) 3)

where, 7 = 0.004 and y; = 0.06 for the cell used and T,=20°C
is the ambient temperature during the cell testing. This is used
to obtain the modified model of the cell for another ambient
temperature T,. Even if the ambient temperature does not
change significantly during the daytime, the solar irradiation
level changes depending on the sunlight and clouds. A change
in solar irradiation level causes a change in the cell
photocurrent and operating temperature, which in turn affects
the cell output voltage. If the solar irradiation level increases
from S,; to S,», the cell operating temperature and the
photocurrent will increase from Ty, to Ty, and from lpy to Ighy,
respectively. Thus the change in the operating temperature and
the photocurrent due to variation in the solar irradiation level
can be expressed with the help of two constants, Csy and Cg,
which are the correction factors for changes in cell output
voltage V¢ and photocurrent 1, respectively.

Covy = 1+ Bras(Sy —Sc) (4)

Coi = 5 (S =) (5)

where, S, is the benchmark reference solar irradiation level
during the cell testing. Sy is the new level of the solar
irradiation. The temperature change ATc occurs due to the
change in the solar irradiation level which is obtained using
AT, = aS(Sx - Sc) (6)
The constant as represents the slope of the change in the
cell operating temperature due to a change in the solar
irradiation level and is equal to 0.2 for the PVA used. Using
correction factors Cry, Cyy, Cgy and Cg,, the new values of the
cell output voltage V¢, and photocurrent I, are obtained for
the new temperature T, and solar irradiation S,

Vex = Csy Cry Ve (7
[phx = CSI CTI Iph (8)
Vc and Iy, are the benchmark reference cell output voltage

and reference cell photocurrent, respectively. The final model
of the PV Array is shown in the discussion section.

I1l. THE BOOST CONVERTER

Boost converters make it possible to efficiently convert a
DC voltage from a lower level to a higher level [5]. The fig. 2
depicts a step up boost converter. It consists of a DC input
voltage source Vs, boost inductor L, controlled switch S, diode
D, filter capacitor C, and load resistance R.

Fig. 2. Boost Converter

The switch S is replaced with a MOSFET. Diode D is a
Schottky diode. Schottky diode offers a very small recovery
period with a minimum voltage drop across it during ON
period. The metal-semiconductor junction is responsible for
the low voltage drop. Design of the inductor L is very
important and critical step in the Boost Converter design. The
design procedure is explained in the following section.

IV. INDUCTOR DESIGN

A. Relation between V,, and Vj, in Continuous Conduction

The idealized boost converter circuit is shown below in
figure 3. Under normal operation, the circuit is in continuous
conduction mode (i.e., i is never zero) [6].
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Fig. 3. DC - DC Boost Converter

The circuit is assumed to be lossless so that P;, = Py« or,
Vin ILan = Vout lout Where ILavgzlin-

Assuming continuous conduction, the circuit has two states
switch closed, and switch open. They are shown in figures 4
and 5.
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Fig. 4. Switch Closed
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Fig. 5. Switch Open

When the switch is closed, the diode is reverse biased and
open, I increases at the rate of
di, _ Vi _ Vi
—t=-t=-,0<t<DT 9)
and the inductor is charging. When the switch is open, the

diode is forward biased, i, decreases at the rate of
CLU A DT <t<T (10)

a L L
and the inductor is discharging. The inductor voltage is shown
in figure 6.
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Fig. 6. Inductor Voltage

Because of the steady-state inductor principle, the average
voltage V| across L is zero. Since v_ has two states, both

having constant voltage, the average value is
Vin (DT)+(Vin _VDut )(1_D)T _

- 0 (11)
The above expression reduced to
Vin
Vour = 1-D (12)

B. Inductor current in continuous conduction
The graph of i, is shown in figure 7.
T
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Fig. 7. Inductor Current
From equation 9 and the boundary condition I, ;,=0,
AI — (Vout _Vin)(l_D) — Vin="Vin (1-D) — Vin D — ZIL avg»
Lbaundary f Lbaundary f Lbnundary f
(13)
so that
VinD Vin D
L = Loy = 12— = 14
boundary crit 2L avg f 2 f ( )

will guarantee continuous conduction for all D. The inductor
is designed for specific scheme in this paper.
C. Inductor Design

The design procedure starts with the determination of the
input states of the inductor which are also the input parameters

for the design. The selection of topology, power developed
Pot,  Switching frequency fsy, output DC voltage
Vou» Minimum input voltage Vi, min, Maximum input voltage
Vin max, Maximum temperature T, efficiency of the inductor 7,
efficiency of the pre-regulator 7, are the required parameters
for the design problem.

The equations used to design the inductor are given below.

P = (1 = 1) (Pou /77p reg) Watts (15)
Pre = 1101/, = P, Watts (16)
Loss per core weight is given by
D = ?—Vovtt Watts per kg @an
Core loss is also equal to
P = 6.5 fi2! BL7* Watts (18)

Having calculated the L and l;, we now calculate the
energy storage requirements of the inductor.

E = O'S(Lcrit 11%1 peak ) Watts (19)
The required area product W,A. is given by
2Ex10%
Wole =5 % o’ (20)

where, J is the current density and K is the window utilization
factor. The number of turns and the air-gap required is given
by the following expressions.

Lerit lin crit X104

N = 21
Bmax AL‘ ( )
047 NIy ppx107% |
ly ==t =k om (22)
Bmax uA

where |, is the magnetic mean length and w4 is the
incremental magnetic permeability of the core material. The
core can be selected using the catalogue from the
manufacturers. The details to be obtained from the
manufacturers are the core dimensions a, b, c, d, e, f, |, area
A, surface area SA. Refer to fig. 8 for the dimensions of the
core. The conductor area and the losses can be calculated by
taking current density and resistivity of copper into account.
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Fig. 8. Core dimensions of inductor

The MATLAB code for the design of inductor is given in
Appendix 1.

V. INVERTER

The input to the inverter is the output from the Boost
Converter. It is 325V DC power. The inverter proposed is an
IGBT based single phase sinusoidal pulse width modulated
voltage source inverter.

The main objective of static power converters is to produce
an AC output waveform from a DC power supply [7]. These
are the types of waveforms required in adjustable speed drives



(ASDs), uninterruptible power supplies (UPS), static VAR
compensators, active filters, flexible AC transmission systems
(FACTS) and voltage compensators which are only a few
applications. For sinusoidal AC outputs, the magnitude, the
frequency, and the phase should be controllable.

The Single phase full bridge voltage source inverter is
shown in figure 9.
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Fig. 9. Single Phase Full Bridge VSI

Uni-polar PWM inverters (also known as Class D or
switching amplifiers) efficiently amplify a small input signal
Veont- The output voltage to the load is either +Vy,, —Vq, or
zero, depending on whether Vg, OF —Veone IS greater or smaller
than a reference triangle wave V. The output load voltage
contains a replica of V¢, and also strong harmonics around
even multiples of m;, where m; is the ratio of the reference
triangle wave frequency with respect to the frequency of Vgn.

Veont Viri —Veont

Fig. 10. Waveforms of Sine wave and Triangle wave

The illustration in fig. 10 has m, = 0.9, where m, is the ratio
of peak control voltage to peak triangle (modulation index).

A high-frequency signal is compared with a specific
sinusoidal signal with specific frequency. The high-frequency
signal is known as carrier or modulator signal. The carrier can
be a triangular train of pulses shown in fig. 10. This minimizes
the noise in the system, ripple current, harmonic distortion and
acoustic noise. In the SPWM the reference signal is a sinusoid
[8-10]. The comparison of this signal with triangular wave
generates the output as shown in fig. 11. In order to make the
analysis of SPWM it is necessary to define some parameters
namely my and m,.

feri
m = f cZnt (23)
my = _"VCT"t (24)
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Fig. 11. SPWM Modulation

VI. MODELING OF PVA USING SIMULINK

The Simulink block diagram is shown in the figure 12.
Figures 13 and 14 show the incorporation of correction factors
to the developed model.
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Fig. 13. Sub System for Correction factors
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Fig. 14. Sub System for Correction factors

This model proposes fifteen cells in series and four such
arrays in parallel. The assumed ambient temperature is 20°C
and the light intensity is 1000W/m?.

VII. SIMULATION OF THE BOOST CONVERTER AND INVERTER

The Simulink model for converter is shown in the fig. 15
and the inverter in fig. 16. The value of reactive power
required by inductor is 214.52 VAR at a nominal voltage level
of 280 V.

Fig. 16. SPWM based VSI model in Simulink

The simulation results are presented in the Results and
Discussion section.

VIII.

The fig.17 shows the current versus voltage graph for the
simulated photo voltaic array. As the open circuit condition
clearly describes a zero current, the value of voltage at that
point gives the value of open circuit voltage of the array or
cell. Moreover, the short circuit condition is where the voltage
becomes zero. This value of current is very important as it
helps on suggestion of the optimum value of current drawn for
maximum power. Note that the value of the current increases
for rise in the temperature.

RESULTS AND DISCUSSION
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Fig. 17. Current Vs Voltage of PV Array

The figure 18 shows the power versus voltage graph. This
graph is plotted for various temperatures. We can see that the
maximum output power decreases with increase in
temperature.
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Fig. 18. Power Vs Voltage of PV Array

Figure 19 shows the outputs of the boost converter. 19(a)
shows the input current to the boost converter. 19(b) shows the
output current of the converter. 19(c) shows the voltage across
Schottky diode, 19(d) the voltage across MOSFET, 19(e) is
the output voltage of the Boost Converter and 19(f) is the
output voltage of the photovoltaic array which is also the input
to the converter.

The output of the inverter is shown in figure 19. The
SPWM can be clearly seen for a modulation index of 0.90.



Fig.19. (a)Input current to the boost converter (b) Output current of
the converter (c) Voltage across Schottky diode (d) Voltage across
MOSFET (e)Output voltage of the Boost Converter (f)Output
voltage of the photovoltaic array

I I |

1 2 3 4
Time

Fig. 20. Output voltage of the single phase VSI

IX. CONCLUSION

The photovoltaic array has been modeled and GUI has been
developed in the Simulink environment. An economical
converter system for converting the output from PV panels
into 50Hz AC voltage is presented. The boost converter helps
to provide a regulated DC voltage that is then converted into a
single phase AC voltage by SPWM VSI. Moreover, the design
of inductor for dc-dc boost converter has been computed
through computer simulation in an effective way. The
MOSFET switch in the boost converter can also provide
control signal for maximum power point tracking and it will
be focused in the future work.. The inverter output wave-form
has only higher order harmonics and that can be easily
eliminated by LC filter on the load side.

X. APPENDIX

A. MATLAB code for indctor design

function myinductor(Lcrit,Icrit,Pout,fsw,Vout,
Vin,Vinmax,temp,NL,Npreg)
Ptot=(1-NL)*(Pout/Npreg)

Pcore=Ptot/2

%using AMCC-25 core at 50 degrees
wt=22.2

P=Ptot/(2*wt)

Bmax=1.3

Bac=(P/(6.5*fsw"1.51))N(1/1.74)
delB=2*Bac
dell=(delB/Bmax)*(sqrt(2)*Pout/(Npreg*Vin))
dellLcrit=(sqrt(2)*Vin*(1-sqrt(2)*Vin/Vout))/(del I *fsw)
E=0.5*Lcrit*Icrit"2

J=500

K=0.4

WaAc=2*E*10000/(Bmax*J*K)

%refering to manufacturer’s catalogue

a=1.3; b=1.5; ¢c=5.6; d=2.5; e=4; f=8.2;
Im=19.6

Ac=2.7

mudelta=1000
N=round((Lcrit*Icrit*10000)/(Bmax*Ac))
1g=0.4*pi*N*Icrit*(10"-4)/Bmax-Im/mudelta
F=(a+lg)*(d+Ig)/(a*d)
Ncorrect=sqrt((Lcrit*(Ig+(Im/mudelta))*10°8)/(0/4*pi*Ac*F))
Ncorrect=round(Ncorrect)

Ax=b*c*K/N

Runit=2.16/Ax

MTL=2*(a+2*b+d)*10"-4
ResTotal=Runit*MTL*N
Pcu=lcrit*2*ResTotal
Bac=0.4*pi*Ncorrect*(dellLcrit/2*10"-4)/Ig
SA=2*f*(b+d)+2*(b+d)*(b+e)+2*f*(b+e)
delT=(Ptot/SA)"0.833
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