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ABSTRACT
This paper presents theoretical and experimental evaluation of DC-DC converters used with
photovoltaic (PV) power systems. Criteria for converters used with PV systems are discussed and a
fairly detailed simulation of a PV system which includes different types of DC-DC converters is built.
The simulation is used to assess the performance of the most common DC-DC converters over a wide
range of loads, irradiation levels and duty ratios. The presented simulation results are verified
experimentally using a DSP-based laboratory system. The results illustrate clearly that the range of
change in converter duty ratio to operate at maximum power point is smaller with CUk converter
which leads to more reliable and stable operation of PV system with Cuk converter. This result is,
also, of prime importance to power system engineers forming a useful guide to design and operate PV
systems at maximum power point without additional complexity, leading to the design reliable and
low cost PV system for remote areas ,rural villages and desert development applications.
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1- INTRODUCTION

There is a worldwide agreement on the need to
reduce greenhouse gas emissions. Different policies
are implemented both internationally and locally
regarding this matter [1,2]. One of the vital
components in the achievement of this goal is the
intention to provide a high share of energy obtained
from renewable sources worldwide. Also, the
limited sources of conventional energy and the ever-
increasing energy consumption renders the search
for new sources of energy an urgent matter. It is
believed that between the years 2020 and 2030, a
major “energy gap” will arise between the required
amount of energy and what can be produced from
fossil fuels. To resolve this energy gap, new energy
sources will be needed. Among these new energy
sources, photovoltaic power generation holds
particular promise as it is green, unlimited and is
available anywhere in the world.

The photovoltaic is considered an electric source for
non-space applications after the oil crisis in 1973.
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Intensive research plans financed by photovoltaic
authorities and incentive programs to encourage the
use of photovoltaic energy over the past 40 years led
to a substantial reduction in solar cell production
cost and enormous increase in solar cell efficiency
[3].

There are two major sectors for the use of
photovoltaic systems, grid-connected and stand-alone
systems. The former delivers power directly to the
grid as the dc current from the solar modules is
converted into ac by an inverter. The latter supplies
power to decentralized systems and small-scale
consumer products. A major use of PV systems being
currently developed is in solar home systems,
supplying basic electricity demand of rural
population in developing countries and many other
application systems in remote areas. This, however,
requires that such loads are supplied via a DC-DC
converter to match the load voltages especially
dynamic loads[3]. However, the role of duty ratio
setting is of prime importance to operate at maximum
power point
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The work described in this paper is part of a project
initiated in Menoufiya University, Egypt with the
objective of analyzing the performance of AC and
DC loads when fed from PV sources. Also, the
project aims to substitute for the lack of conventional
energy, increasing solar energy share and producing
economical and reliable PV systems for remote areas,
rural villages and desert development. This paper
present a theoretical and experimental evaluation of
the DC-DC converters used with PV systems [3].

2. DC - DC Converters

The output voltage of the PV array continuously
change due to the varying nature of solar
irradiation[4-8]. This and the  nonlinear
characteristics of PV arrays require that DC-DC
ensures constant voltages at the load terminals when
closed loop systems are being considered. Also, the
DC-DC converters are also an important element in
the PV system, enabling the design of maximum
power trackers to track the maximum power point at
different irradiation levels [9, 10].

2.1 Buck Converter

The buck converter is known as a dc-dc step down
converter. The di/dt of the load current is limited by
an inductor. However, the input current is
discontinuous and a smoothing input filter is
normally required. It requires a protection circuit in
case of a possible short circuit across the diode path.

2.2 Boost Converter
A boost regulator can step up the output voltage
without using a transformer. The input current is
continuous. However, a high peak current has to flow
through the power switch. The output voltage is very
sensitive to changes in duty ratio and it might be
difficult to stabilize the regulator.

2.3 Buck-Boost Converter

A buck-boost regulator provides voltage polarity
reversal without a transformer under fault condition
of the transistor and has a step up/down capabilities.
However, the di/dt of the load current is limited by an
inductor. Output short circuit protection would be
easy to implement. However, the input current is
discontinuous and a high peak current flows through
the power switch. Both the input and ouput currents
are highly discontinuous which Leads to large
external filtering requirements
2. 4 Cuk converter

The CuUk converter is a type of dc-dc that has step
up/down capabilities with an inverted output. The
CUk converter is based on the capacitor energy
transfer. As a result, the input current is continuous.
The circuit has low switching losses and has high
efficiency. The output voltage is reversed (opposite
of the input voltage). The output voltage may be
more or less than the input voltage. Thus it operates
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in both buck and boost mode which depends upon the
duty-ratio. The advantage of the Cuk circuit is that
both the input current and the current feeding the
output stage are reasonably ripple free. This
advantage translates in terms of low filtering
requirements on both sides.
2.5. Sepic Converter

It is also known as single-ended primary-inductor
converter which is a type of dc-dc converters similar
to the Cuk converter but has advantages of having
non-inverted output i.e. the output voltage is of the
same polarity as the input voltage.

3 - SYSTEM DESCRIPTION
Figure 1 shows the PV system considered in this

study. It consists of the PV array which includes 6
modules with the possibility of having different
external connections to get the required output
voltage and current. The PV array is connected to
the load via a DC-DC converter. The most
commonly used three different types of DC-DC
converters have been considered; Boost, Clk and
Sepic Converters. The circuit diagrams of these
converters are shown in Figure 2.
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Fig.1 Schematic Diagram of the PV system
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Fig. 2 Circuit diagram of DC-DC Converter

4. SIMULATION RESULTS

The system is simulated using MatLab SimScape PV
cell standard model[8]. The PV simulation model is
shown in Figure 3.

Asignal ————
= SEPIC CONVERTER

o —ie

Fig. 3 : MatLab Simulation PV System Model

4.1. Power Voltage characteristics

Initially, the power voltage characteristics of the PV
array have been measured for a single module, two
parallel and two series modules. An optimization
technique is then wused to estimate the array
parameters and an agreement between measured and
simulated characteristics were obtained at an
irradiation level 1, = 1000 W/M?. The simulation is
then used to predict the power voltage characteristics
over a wide range of irradiation levels as shown in
Figure 4. The analysis of these results which are
confirmed experimentally illustrates that a difference
of maximum power (MPP), between I, = 200 W/M?
and I, = 1200 W/M? is very limited as shown in
Tablel. The voltage at MPP varies between 32.01
volt at 1200 W/M? and 30.55 volt at 200 W/M?. This
is shown in Table 1. This result is of prime
importance to PV system designers as it enables them
to design low cost PV systems by adjusting the DC-
DC converter duty ratio within limited range.
Therefore, a comprehensive assessment of the effects
of duty ratio is required.

[ I Ep—

U [ P

Figure:4 Solar Power variation versus Voltage at different
Ir
Table 1: Voltages at MPP with different irradiation

Ir 1200 | 1000 | 800 | 600 | 400 200
585.

Pmax | 882.8 | 734.9 6 | 434.7 | 283.8 | 135.13
31.5

Vmp [ 32.10 | 32.09 813154 [30.95]| 30.55

Pmax 880 733 | 584 | 4341|2825 130

4.2 Effects of Converter Duty ratio

Figure 5 shows variation of PV power versus duty ratio
for boost and Cuk converter. These results were obtained at
load resistance = 28 Ohm

o0
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(i) Boost DC-DC converter
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(ii) Cuk DC-DC converter
Figure 5: Variation of PV Power versus duty ratio

These results illustrate that for boost converter
maximum power point Dy, varies between 50% and
about 80%, while it varies between 70% and 80% for
Cuk converter. Variation of duty ratio for Sepic
converter was found to be similar to Cuk converter.
Further analysis illustrated the duty ratio at maximum
power point Dy, is also affected by system loads as
shown in Table 2. This is also confirmed by the
results shown in a comparative form for Boost, Cuk
and Sepic converters at 1, = 1000W/M? and load
resistance = 5 Ohm in Figure 6. These results
confirm that Dy, is significantly affected by loads
and without using a Maximum power point tracking
technique careful attention should be given to the
adjustment of the duty ratio. This is essential to
extract maximum power, or even near maximum
power, from the system. This becomes of prime
importance for using PV system in remote and rural
areas which requires less complicated systems and
the cost becomes an important factor for using such
systems.
Table 2 PV Power versus Dy,

H = ' ' ' ' Ve
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=800
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Load Resistance

Converter Type |6 Q [ 12 Q |18 Q |28 Q

%Dy (BOOSt) | 51 | 65 72 77
pp

%Dppp (Cak ) | 70| 75 79 81

%D mpp (Sepic) 74 78 81 83

PV Power wrses Pexceslage Duly Ralio
ey N S S R S N

e NI N
------ e -k R by s

a H H H H H H H H H H
W ¥k 4 45 S 5% B OB W O M O
Perxcesiage " Duly Ralio

Fig. 6 : Power variation at R=5 Ohm and Ir = 1000W/M2
1=Boost, 2= Cuk 3= Sepic Converter

4.3 Transient response

To further prove the above remarks, the PV system is
operated with the boost and Cuk converter at
Ir=1000 W/M? and Duty ratio, D= 50% as shown in
Fig.7.i in a comparative form. This results illustrate
better performance of boost converter over CuUk
converter. This is due to the fact that the value of
D=50% represents Dmmp for boost converter and is
much less than Dmmp of Cuk converter. This test is
then repeated at D=70% which is nearly equal to
Dmpp for Cuk converter and greater than that for
boost converter as shown in a comparative form in
Fig. 7.ii. The results illustrate that better performance
of Cuk over that for the boost converter. This
illustrates that adjusting the duty ratio to that near
Dmpp is crucial in PV systems to extract maximum
power. Moreover, power variation is very sensitive
for boost converter than that of Cuk converter. It can
be observed that adjusting the duty ratio for Cuk
converter to about 75% will be suitable for most
loads. This may be reduced to 70% for heavy loads
and increased to 80% for small loads. This
conclusion is not applicable for boost converter as
the duty ratio varies over the whole range i.e. from
50% to 80% which is wider than that of Culk
converter. This makes the Cuk converter more
suitable for PV systems.
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PV Transient response Load Transient response
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Figure 7 : Response of PV system at D=68%, R=6,
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5. Experimental Results

5.1 Installation of the PV Array

The PV array consists of 6 modules (Model PX 170)
. Each module has 72 series cells and the simulation
considered the possibility of various module
connections so that any required voltage can be
obtained.  The modules have been fixed after
comprehensive measurements of solar irradiation.
Figure 8 shows the measurements of solar irradiation
in two days which illustrate the effect of shading on
solar irradiation.

Solar inadiation Solar Imadiation
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(i) Sunny day (ii) Cloudy day
Figure 8 Measured Solar irradiation Characteristics

Figure 9 shows the effects of tilt angle on irradiation
level. The effect of the tilt angle on the output power
and daily energy is also shown Figure 10. These
measurements are used to install the PV array as
shown in Figure 11.

Effect of Array Direction Angle on Solar Irradiation
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Figure 9: Effect of tilt angle on solar Irradiation
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Figure 11 Effect of Tilt angle on Pma
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the starting decrease in load voltage. This is also
clear by examining the results Table 1. Also the load
voltage starts to decrease confirming that the PV
reaches its maximum value as might be extracted
from Figures 5 and 7.

Response TO Gradually Change in Duty Ratio of converter from 40% to 80%
00
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@
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Figure 11: Installation of PV array

5.2 Experimental set up 30

Figure 9 shows the DSP-based Laboratory system. 20

The PV array, shown in Figurel?2, consists of 6 10

modules (Model SUNSET PX 170) which are o : ; . . 5 2
connected to the load via a DC converter as shown Time, Sec

in the figure. Measurements are recorded and

Response TO Gradually Change in Duty Ratio of converter from 40% to 80%

algorithms have been implemented using the DSP *

controller board DS1104 with the necessary drive -

circuit and transducers. The DSP board is placed in . [

the PCl slot of the PC, with uninterrupted 20 {
communication through dual port memory. IGBT is .

used as a switch which requires appropriate voltage = 2

so that the IGBT is driven into the saturation for low 15

on-state voltage. A drive circuit is used to generate a 10

pulse with a proper voltage level for the IGBT. This °

is due to that the outputs of the digital 1/O % 2 e s 10 12
subsystem of the DSP board (DS 1104) are pulses '

haV[ng magn|tude Of 5 V Wh]ch |S not Suff|c|ent to 7cl’?esponse TO Gradually Change in Duty Ratio of converter from 40% to 80%

drive the gate of IGBT.
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g 30
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Figure 12: DSP-based PV System fime. See
5.2 Performance of Static Load . e=POnNSe TO Gradually Change in Duty Ratio of comerter flom 40% o 50%
The load is connected to the PV system via the Cuk
converter with only three parallel modules. The DSP
is programmed to generate gate pulses so that 10%
gradual increase in duty ratio occurs as shown in < 200
Figure 13. These pulses are inputted to the drive Z
circuit which generates the gate voltage required for [
the IGBT and the results are shown in Figure 13. The N
results clearly confirm that the PV starts to supply 5 {
power to the load which is increased gradually as the og s : s : i =

duty ratio increases. The PV voltage decreases and
the load voltage increases with the increase of duty
ratio as shown in Figure 10. As the duty ratio reaches
70% the PV supplies maximum load as the PV
voltage reaches that at MPP and this is confirmed by
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Response TO Gradually Change in Duty Ratio of converter from 40% to 80%
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Response TO Gradually Change in Duty Ratio of converter from 40% to 80%
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Figure 13: Response to a gradual increase in duty ratio
CONCLUSION

The paper presented theoretical and experimental
assessment of boost, Cuk and sepic converters when
used with a PV array to supply DC loads. The range of
the Cuk converter duty ratio which enables the system
to work at MPP is limited in comparison with other
DC-DC converters. The results illustrate reliable and
stable of the cuk converters. This enables the user to
easily set the duty ratio at a specific value to enable the
maximum or even near the maximum power point
without additional system complexity. This conclusion
is of prime importance leading to the design of simple
low cost PV systems which operate near maximum
power point for remote areas and desert applications.
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