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Abstract—This paper exhibits the performance of a high step—
up converter employed for maximum power extraction in a
photovoltaic system. The proposed converter is conformed by a
conventional boost followed by a diode-capacitor-based multiplier
for increasing the nominal voltage gain of the boost converter,
resulting in a lower duty cycle at the maximum power point.
The main characteristics of the converters are analyzed in order
to determine an optimal equivalent input impedance. Evaluation
of the proposed converter using standard Perturb and Observe
algorithm is carried out. Switching simulations evidence the good
performance of the whole system under irradiance disturbances.

I. INTRODUCTION

A photovoltaic (PV) panel has a unique operating point
called the Maximum Power Point (MPP), at which the extrac-
tion of the available power is maximized, for given climatic
conditions such as temperature and solar radiation [1].

The MPP depends not only on the climatic conditions but
also on the PV panel manufacturing characteristics, that means
every module might have a different MPP even in cells of the
same type. Besides, this MPP moves in an unpredictable way.
Even though, it is possible to obtain the current-voltage or I-V
curve of the PV panel by means of experimental measurements
in order to know the MPP location, it is necessary to use
efficient techniques for tracking the MPP [1]. Algorithms for
extracting the maximum power from the PV panel are called
MPP trackers (MPPT). Thus, many MPPT algorithms have
been developed in order to achieve maximum efficiency in
operation [2], [3].

The PV panel curve can be experimentally obtained em-
ploying different methods; one of the simplest consists in
connecting a variable resistor at the module terminals. Then,
values of current and voltage are registered for different load
conditions and finally the delivered power is computed [4].
Knowing the exact location of the MPP allows the implemen-
tation of straightforward algorithms based on the irradiance
value, however an extra sensor is required which increases the
total cost.

Fig. 1 contains a typical configuration of a PV system which
is constituted by a power converter controlled by an MPPT
algorithm feeding a fixed DC load Ry,. The DC—DC converter,
with a voltage gain of Gy, can emulate a variable resistance

joining the PV module and the load. In terms of average
values, the converter behaves as an impedance which depends
on the value of Ry, and duty cycle D [5]. In order to operate
at the MPP the duty cycle generated by the MPPT algorithm
needs to be adjusted, it is essential to select a suitable converter
that allows reaching the MPP for a specific Ry, and therefore
the converter input impedance seen by the module Z;,,.

Basic converter topologies such as buck and boost are
widely used for MPPT applications because of their simplicity.
Nevertheless, there is a huge number of power converters well-
reported in the literature [6] that enjoy their own advantages.
An appropriate DC—DC converter selection will guarantee
reaching all the range of optimal impedance values that the
system requires throughout the sun hours. On the one hand,
for low irradiance conditions, a high gain is desired in order to
comply the load voltage level, thus several high gain converters
have been proposed, however they usually present complex
configuration and more than one single power transistor, which
in turn increases the losses, whereas others are realized with
a single power switch [7] overcoming this disadvantage. On
the other hand, converters with gain flexibility like the conven-
tional buck—boost are more adequate for PV applications since
they offer an output voltage higher or lower than the input
voltage [8]. However, the input current discontinuity deterio-
rates the MPPT algorithm performance [9]. It is desirable that
the converter operates on the Continuous Conduction Mode
(CCM) for high efficiency and continuous current through the
inductor.
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Fig. 1: Block diagram of the PV panel with MPPT control.
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This paper suggests the utilization of a boost DC—DC
converter [10] with diode—capacitor multiplier controlled by
an MPPT algorithm to interface a PV panel with a fixed load.
The operation principles, analysis and the simulation results
of the proposed converter are presented. Besides, guideline
for power converter selection based on the input impedance
characteristics are provided; also the utilization of a proposed
DC—-DC converter controlled by an MPPT algorithm is sug-
gested and analyzed. A standard MPPT algorithm is taken as a
reference in order to evaluate the proposed DC-DC converter.

The remaining of this paper is organized as follows: a brief
review of the MPPT algorithms is carried out in Section II
remarking the P & O technique which is taken as reference.
Section III presents the relevance of the input impedance of
various power converters. Section V the proposed converter is
presented and analyzed in order to validate its effectiveness,
then it is incorporated into the PV system as explained in
VI. The theoretical analysis is validated via simulation and
experimentation whose results are reported in Sections VII
and VIII, respectively. Finally, conclusions close the paper.

II. MPPT TECHNIQUES

As mentioned before, there are several MPPT algorithms
reported in the literature [9], some of them are very simple
and easy to implement. Algorithms most frequently found in
the literature are the Fractional Open Circuit Voltage [11],
the Fractional Short Circuit Current [12] and the Perturb and
Observe (P&O) [5], the latter has been accepted as a standard
algorithm commonly used for comparison purposes. These
algorithms present disadvantages like low accuracy and PV
array model dependence. Others are fast with high degree
of accuracy but possess complex structures, making these
algorithms have high computational cost [13]. In general,
the effectiveness of an algorithm is determined by some pa-
rameters like easiness of implementation, scheme complexity,
number of required sensors, convergence speed and stability.
Particularly, the P&O algorithm, shown in Fig. 2, is easy
to design and implement, it does not need the PV panel
model and it can be implemented either with analog or digital
circuitry [5].

The P&O algorithm operates by changing the PV panel
operating voltage and observing the power drawn from the
PV source. The flowchart of the P&O method is presented
in Fig. 2. The MPPT algorithm is continuously sampling the
actual PV output voltage Vi and current Iy, then the power P
is calculated. The differences between the power and voltage
are obtained in dP and dV at the instant £ and k — 1. For a
positive value of dV/, if dP is positive, the step perturbation
Ap should increase whereas if dP is negative, Ap must
decrease. On the other hand, for a negative value of dV, Ap
should change in an opposite way, as indicated in Fig. 2, [3].
After a several number of iteration steps the P&O algorithm
will make the operating point oscillate around the MPP.

III. CONVERTER TOPOLOGIES

The equivalent input impedance (Z;,) of a power converter
takes relevant importance in PV panel applications, since the

/ Measure Vi and I /
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Fig. 2: Flowchart of P&O algorithm.

ultimate objective of the converter is to manipulate the load
“seen” by the source. In short, the converter acts as an interface
between the load resistor which consumes usefully the energy
and the PV panel. Table I summarizes ideal voltages and
currents relationships of conventional power converters along
with the proposed high step—up power converter. The input
characteristic Zj, of each converter is also provided. The
load value R;, depends on the particular application, however
the equivalent impedance can be modified properly by the
power converter, thus components selection is very important
in the design process. Moreover, it is worth noting that Ry,
determines the range of Z;, needed to achieve the MPP and
the range of duty cycles in which the converter will operate.

TABLE I: Converter parameters.

Parameter
Converter % % Zin
buck D % %
boost ﬁ 1-D (1-D)Ry,
buck—boost % 1-D (I_DE)Q Ry,
High step—up i‘g L__g glggz Ry

For a certain load, the PV panel “sees” an input impedance
as plotted in the Fig. 3. And the most remarkable character-
istics are the following: (i) converters with boost capability
have a Z;, < Ry, condition, (if) for the buck converter the
characteristic is that Zj, > Ry, and (iéii) the buck—boost
converters can have an input impedance in a wider range,
including lower or greater values of Ry..

It is important to note that Z;,, decreases while the value of
D rises as Fig. 3 shows.

The advantage of using the high step—up converter is that the
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Fig. 3: Equivalent input impedance of various power converters.

PV panel is always loaded with a lower impedance in spite
of possessing high voltage gain. As a result, the maximum
extracted power can be achieved with a relatively low duty
cycle which is desirable given the fact that it keeps the losses
low.

IV. APPLICATIONS OF THE MPPT ALGORITHM

Two different realizations of the MPPT algorithm for PV
systems can be accomplished. The utilization of a DC/AC
converter in order to transform the DC power from the PV
module to AC power is used in systems connected to the
utility grid. However, this study is not considered in this work.
Stand—alone PV systems are commonly used in low—power
applications. An energy storage device, such as a battery, is
necessary. The simplest way of integrating a battery with a
PV panel is the direct parallel connection. Nevertheless, the
battery tends to control the PV voltage and does not allow
operating in the MPP. Moreover, this condition reduces the
efficiency of the system and it is not possible to regulate the
battery power [14]. For that reason, it is necessary to connect
a DC-DC converter between the PV panel and the battery.

Battery charger systems are widely used in stand—alone PV
systems, as presented in [15] with a novel battery charging
regulation system. It consists of a buck converter controlled
by an MPPT technique. The increase of the battery lifetime
and the better exploitation of the PV source are the advantages
of this method. Similarly in [16] an MPPT algorithm based
on a voltage sensor for a SEPIC converter with a battery load
is implemented.

V. ANALYSIS OF PROPOSED TOPOLOGY

The Z-source was first introduced for overcoming the
limited voltage gain in DC-AC power conversion [17]. The
Z—-source allows increasing the output voltage by storing
the energy in an LC filter then delivering it, feeding the
conventional converter with a voltage larger than the input
voltage. Another approach for increasing the gain consists in
employing diode—capacitor pairs for multiplying the output
voltage in a DC—DC converter. Both topologies are arranged
in a full-bridge configuration, but the latter idea is taken for
realizing a family of converter [10]. The proposed converter
for MPP applications is shown in Fig. 4.

The proposed converter is constituted by the combination
of a conventional boost converter with a diode-capacitor mul-
tiplier for obtaining an additional gain, besides an LC filter for
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Fig. 4: Proposed topology.

smoothing the output voltage produced by the MPP algorithm
and the switching process. Different parts are identified in
Fig. 4; it is worth noting that Dp and C,, are shared by
the boost converter and the multiplier parts. For the following
analysis, the equivalent series resistances of the inductors is
also taken into account, represented by 7, (1,0)> for obtaining
a more realistic behaviour.

A. Equivalent circuit states

Since the proposed topology contains only one single power
switch, two equivalent circuits are obtained, seen in Fig. 5.
Nevertheless, it is always expected to work in the CCM.
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(a) Equivalent circuit corresponding to the active state.
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(b) Equivalent circuits corresponding to the inactive state.

Fig. 5: Equivalent circuits for the proposed converter.

1) Active state 0 < t < DT, For this state, with the
commanding signal ¢(¢) = 1, the input inductor is connected
directly to the input voltage producing an increasing in its
current as (1) indicates. Due to C,, belongs to the boost
converter stage, its voltage is close to vq/(1 — D) V. The LC
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filter is fed by the series connection of C,, and C,,, providing
2-v4/(1 — D) V. Therefore, the output stage can be seen as a
buck converter whose input voltage is twice vq/(1 — D) V, as
illustrated in Fig. 5a. During this state, both diodes are reverse-
biased, blocking their corresponding capacitor voltages.
AAZIZI = nggi; =Va —ir, L, (1)
2) Inactive state DTy < t < (1 — D)Ty: For this state,
with the commanding signal ¢(t) = 0, the equivalent circuit is
presented in Fig. 5b. During this state, the power transistor is
turned off whereas both diodes are forward-biased, connecting
capacitors Cy, y Cj, in parallel. As a consequence, the output
filter is fed with vq/(1 — D) V. Current through L; decreases
with a rate given by (2).

Vi, =1

VL, =1 — i, 7L, — Ve, (@)

B. Output voltage of the proposed converter

As customary in power electronics converter, a lossless
analysis is carried out. Averaging the inductor voltage during a
switching period and taking into account the current increment
(Aiy,), the input/output relationship can be obtained.

=0 3)

q=1

AlL(l,o) + AlL(l,o)

q=0

With the use of (1), (2) and (3) the total voltage gain is:

Ve, _ Vo Ve _ (1+D) 1 1 @)
Va - Va Vo - (1-D) 1_|_(1+D) TLy/ 1+TL0/

(1-D)2
C. Output voltage of the buck model

Both states can be combined in the model shown in Fig. 6,
which resembles a Buck converter whose inductor switches
between vq and 2v4, in this way the average output voltage
can be easily computed.

2vq

||—oq’

| \_rmﬂ_
|| q=20

.

Fig. 6: Buck model.

As assumed in Fig. 6, the average voltage at the load side
corresponds to (4) with the parasitic element of inductors set
to zero.

VI. POWER CONVERTER WITH MPPT CONTROLLER

The main objective of the MPPT is to match rapidly the
impedance Z;, with the optimal impedance of PV module
at the MPP. The perturbation step size and the perturbation
time are two decisive factors. The output power oscillation

magnitude depends directly on the step size, the smaller step
used is the lower ripple obtained, which is desirable and it
gives more sensitiveness to the algorithm. The perturbation
time is also crucial since it controls the MPPT response
time being able to track the MPP successfully even with
temperature and irradiance variations [5].

To select the value of R, the simulation of the PV module
without the MPPT controller was analyzed, under constant
irradiance and temperature (G =1,000 W/m? T = 2500).
Then using the voltage and current at MPP (V,,,, I,,,) depicted
in Fig. 7. Thus the value of R, was calculated from (5) by
Ohm’s law.

60F — NPP
’

w
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T
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Fig. 7: P-V curve (solid), I-V curve (dashed).

Rm = 7 (5)
For maximum power transfer R, must be equal to R.

VII. SIMULATION RESULTS

In order to validate the proposed system, a Matlab Simulink
simulation with the parameters given in the Appendix was run.

The closed loop system is shown in Fig. 8 which incorpo-
rates the classical P&O algorithm with the power converter. In
order for the MPPT controller to calculate the power provided
by the PV panel, voltage and current sensors were employed
to measure such variables.

Tpv 1o
—O> —>
* v | DC-DC |
oY - h Converter VoSt
/[’-I'Il UHlL D
P&O
Algorithm

Fig. 8: Closed Loop system.

The Solarex MSX—60 [18] was selected as the PV panel
model for the simulation. The module consists of 36 poly-
crystalline silicon solar cells electrically configured as two
series strings of 18 cells each and provides 60 W as nominal
maximum power in STC. The simulation model was based on
the one presented in [19].
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A comparison between the proposed topology and the
conventional boost converter is presented. The switching fre-
quency that controls the proposed converter was set at 28.5
kHz, the PV system was perturbed periodically every 0.2
ms with a duty cycle change Ap of +1%. The system was
evaluated by applying a step change in the irradiance from
1,000 W/m? to 800 W/m? with a constant module temperature
(T) of 25°C. Results of the simulation are shown in Fig. 9.

As shown in Fig. 9a and Fig. 9b, the converters are capable
of tracking the MPP irrespective of increase or decrease in
irradiance. The PV power presents small oscillations due
to the inherent characteristics of the P&O algorithm. More
sophisticated algorithms may be implemented with a better
performance however they are out of the scope of this work.
For practical purposes, it is considered a low ripple and has
no undesirable effects on the power quality.
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Fig. 9: Simulation performance of the proposed system.

Fig. 10 shows the evolution of the duty cycles of both
converters under the same disturbance and P&O algorithm
parameter conditions. As can be seen, the duty cycle deter-
mined by the MPPT operating with the proposed converter is
significantly smaller than that of the boost converter. Fig. 11
shows the power extracted versus the PV voltage according
to the algorithm when a step change in the irradiance occurs
in both converters. It can be observed that the operating point
path achieves the maximum value even when a rapid change
in irradiance occurs.

VIII. EXPERIMENTAL RESULTS

In this section is presented the behaviour of the output PV
power by manipulating the value of Zj,. Fig. 12 shows the
laboratory prototype used for this experiment. A conventional
boost converter was implemented for this study and their

701 a
§ 65 W
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> 5b[ q
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& 50 WWHFW
=

451 q

time (ms)

Fig. 10: Simulated waveforms: Duty Cycles at MPP.
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Fig. 11: Power and voltage PV for both converters.

components are listed in Table II. A switching frequency
signal of 28.5 kHz with a variable duty cycle from 10% to
87% was applied to the power converter. Additionally, the V},,
and %, produced by a polycrystalline generic PV panel were
measured with current and voltage sensors by means the ADC
of ATmega328P microcontroller. These signals were captured
with a digital scope TPS2024 from Tektronix.

Fig. 12: Prototype photo.

Fig. 13 presents the duty cycles corresponding to the
maximum power generated by the PV panel. As presented
in Table I it is evident that there is a corresponding value of
D for a different Ry, at which the output power reaches the
maximum point. By changing Ry, to a higher value the suitable
D obtained experimentally increases, so that the value of Z;,
becomes smaller, otherwise Zj, gets higher.

IX. CONCLUSIONS

In this paper a high step—up DC—DC converter suitable for
PV applications was proposed. This converter presents a higher
voltage gain than that of a conventional boost converter and it
is appropriate for this purpose. A simulation including a P&O
MPPT technique was shown to support its effectiveness even
under varying irradiance. This paper explains the operating
principle of the proposed converter. Unlike the conventional
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Fig. 13: Experimental waveforms: Duty Cycles at MPP.

boost converter, the suggested topology can extract the maxi-
mum power with a relatively low duty cycle. The experimental
results evidence the effect of the input impedance in the closed
loop system and show the values of duty cycle that the MPPT
must provide for given conditions.
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APPENDIX
TABLE II: Parameters of the various components.

Symbol Value
Power Components
Boost Converter

Vin 10V
L, 680 uH
Cy, 200 uF
R 53Q,61 Q and 100
Proposed Topology
Vg 10V
ILy=1L, 44 uH
Co=Ch=C, 100 pF
R 450Q
Devices
MCU ATmega328P
S1  FDD5353
Dy 1N4936G
Gate driver A3120
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