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Abstract — This work presents the study and
implementation of a multi-input dc-dc interleaved boost
converter used in solar photovoltaic systems. Initially, a
comparative analysis between two popular techniques
used to track the maximum power point is performed to
demonstrate whether controlling the PV array voltage or
current has significant impact on the solar energy
conversion into electricity. Due to their popularity,
perturb and observe and incremental conductance are
chosen and evaluated through simulation tests.
Considering that the results obtained with both
techniques controlling either the voltage or the current of
the modules are similar, incremental conductance is
implemented in and dc-dc interleaved boost converter
operating in discontinuous current mode. Thus, it is
possible to mitigate the partial shading effects on
photovoltaic arrays, also reducing size of passive elements
and providing fast transient response. Experimental
results on a PV system using a digital signal processor are
presented to validate the proposed approach.

Keywords —  Interleaved converters,
Photovoltaic power systems, Solar energy.
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I. INTRODUCTION

In the next few years, the world is supposed to face
several problems related to the exhaustion of some energy
sources, mainly those regarding fossil fuels [1]. It is also well
known that some aspects concerning the increase of oil price
due to economical and political matters have been the cause
of economic crisis in the last decades [1]. The search for
renewable energy sources then becomes more and more
intense as a prominent alternative for the mitigation of the
world energy crisis.

Among the clean and green power sources, the
photovoltaic (PV) solar energy comes up as an interesting
alternative to supplement the generation of electricity [2].
The significant cost reduction of PV modules in the last few
years have made the use of solar energy particularly
attractive, mainly in small single-phase residential systems
connected to the utility grid and standalone applications [3].

As the PV cells generate dc voltage, a power conditioning
system is also required, in order to suit the frequency and
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voltage level to the utility grid and allow the parallel
connection. In addition, a PV system must present some
features related to the safety, efficiency, and power quality.
A required feature of a PV system is the ability to track the
maximum power point (MPP) of the PV array [4]. Besides,
MPP tracking (MPPT) is desirable in both grid-connected
and stand-alone photovoltaic systems because both the solar
irradiance and operating temperature of the PV module
change throughout the day, as well as along seasons and
geographical conditions, also leading to the modification of
IxV (current versus voltage) and PxV (power versus voltage)
curves that determine its behavior. The application of MPPT
is also justified by the relatively high cost of the kilowatt-
hour generated by PV systems if another energy sources are
considered.

A PV system is typically composed by a PV array, an
intermediate dc-dc stage, and a dc-ac converter that allows
obtaining ac voltages in either grid-connected or stand-alone
applications. The dc-dc converter plays an important role not
only in the voltage step-up of the PV modules, but also in the
achievement of the MPP. Literature presents numerous
examples of power converter topologies adequate for this
purpose e.g. the dc-dc interleaved boost converter [5].
Prominent advantages are increase of the frequency for
which the magnetic elements are designed, also partially
canceling the input and output ripples, with consequent
reduction of size of the energy storage inductors and
differential-mode electromagnetic interference (EMI) filters.
This converter is also adequate for high-current applications
as the number of involved phases can be increased according
to the power processed by the PV system.

Within this context, the scope of this paper is divided in
two distinct parts. Firstly, it aims to investigate which is the
preferable variable to be controlled in the MPPT algorithm.
That is, voltage MPPT (VMPPT) and current MPPT
(CMPPT) control will be analyzed, simulating the impact of
the wvariation of irradiance and temperature on the
performance of two well-known MPPT methods i.e. pertub
and observe (P&O) and incremental conductance (IC).
Secondly, a multi-input converter based on the interleaved
boost topology operating in discontinuous conduction mode
(DCM) is studied, which has not been presented in literature
before in such type of application. A digital signal processor
(DSP)-based approach is used to track the MPP in each
phase, as the effect of partial shading on a given PV module
or cell is not supposed to affect the power extraction from the
remaining strings.
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Il. REVIEW OF MPPT ALGORITHMS

Typical algorithms used to determine the MPP are P&O,
IC, parasitic capacitance (PC), and constant voltage (CV),
even though many others exist in literature [6]. The
comparison of performance regarding numerous MPPT
techniques is not new and has also been the scope of some
papers, what is discussed as follows.

The work developed in [7] describes an experimental
comparison of techniques regarding the efficiency of the
aforementioned algorithms. It is shown that P&O algorithm
is the most commonly used in commercial converters. IC has
a performance level close to P&O, but in general the higher
implementation cost compared to P&O would not be
justified by an improvement in performance. The PC method
leaves some doubt about an implementation in commercial
PV because of the use of large input capacitors. At last, the
CV method has shown the worst MPPT efficiency, despite
being the simplest and less expensive alternative.

The study carried out in [8] focuses on various MPPT
techniques from the analysis of over 90 compiled papers.
Methods such as P&O and hill climbing (HC) are found to be
of simple implementation in either analog or digital forms.
On the other hand, IC is slightly more complex and requires
digital circuitry. However, the choice of a given method
depends on engineers’ and designers’ knowledge and
familiarity with analog and digital circuitry [8].

The comparison of several MPPT techniques applicable to
grid-connected inverter configurations operating in DCM has
been discussed in [9], where both dynamic and steady-state
performances are evaluated. The work mentions that the
choice of a given MPPT scheme depends on the application
type. Besides, HC and IC are able to track the MPP
accurately for all environmental conditions, since appropriate
perturbation steps on voltage or current reference are used
for tracking. However, they require comparatively larger
time to track MPP if compared to other methods such as CV
[9].

Another comparison involving ten popular algorithms
including P&O and IC is presented in [10], while the
conclusions are similar to those obtained in [7]-[9]. If other
methods such as PC are considered, P&O and IC aggregate
prominent advantages such as relatively simple
implementation and low cost associated to fast convergence
speed if adequate steps are used, and satisfactory accuracy.

By considering the aforementioned methods, MPPT can
be achieved by monitoring and controlling either the voltage
or current of the PV array. However, it seems that literature
does not come to a common sense conclusion about which is
the best choice regarding the achieved efficiency. This fact is
evidenced in the aforementioned works [7]-[10].

The output power of PV arrays decreases significantly
when one or more of the panels that exist in the array are
subjected to shading. Partial shading can be caused by the
shadows of buildings, trees, and poles. In large PV systems,
moving clouds may also lead to partial shading. Partial
shading complicates the PV characteristics with multiple
peaks, apart from reducing the energy extraction from PV
systems. The occurrence of such multiple peaks can mislead
some MPPT algorithms to get trapped at local peaks [11].
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The partially shaded condition is not considered in [7]-
[10], while irradiation is assumed to be uniformly spread
over the PV array. In cases in which one or more of the PV
modules comprising the PV array are shaded (e.g., due to
dust, shading from surrounding buildings, trees or poles,
etc.), the PxV characteristic of the PV array exhibits multiple
local maxima and only one of them corresponds to the global
MPP  [12]. Under partial-shading conditions, the
conventional MPPT techniques fail to guarantee successful
tracking of the global MPP [12] [13].

The connection of PV cells and modules in parallel in
order to avoid the effect of partial shading is an interesting
solution, even though it is restricted to low and medium
power applications due to the number of converters and
components that may be necessary to increase power [12]
[14]. Distributed MPPT (DMPPT) is used in [15], where a
dc/dc power converter with MPPT controller is incorporated
to each PV module of the PV string, thus increasing the total
available MPP power of the array.

However, the approach in [15] is based on the buck
converter and is only adequate for standalone applications
and battery charging. If a grid-connected system is
considered instead, many series-connected PV panels are
necessary to supply the dc link of the dc-ac stage, and boost-
based topologies are able to reduce the number of required
panels significantly [16].

As it was mentioned before, several MPPT algorithms
exist in literature [7]-[10], while some of them are popular
for their simplicity and robustness e.g. P&O and IC. A brief
review of concepts involving such methods is presented as
follows, since they will be analyzed in detail in this work.

A. P&O

P&O is one the simplest MPPT methods [17]-[20] with
excellent performance and can be easily implemented in low
cost systems [20]. Some more sophisticated methods are
based on the same principle employed in P&O method e.g.
HC and modified HC [8].

Figure 1 shows the flowchart representation of P&O
technique, where (k) and (k) are the present voltage and
current of the PV array, and V(k-1) and I(k-1) are their
previous values, respectively. The principle lies in disturbing
the voltage or the current of the PV module and observing its
effect on the resulting power. The algorithm compares the
power of the previous step with that for next step so that it
can increase or decrease the voltage or current. This method
changes the reference value, which can be a constant current
or voltage. The operating point is then periodically moved
towards the MPP by either increasing or decreasing the array
voltage or current.

P&O method works well when the irradiance does not
vary quickly with time. Thus, the power oscillates around the
MPP in steady state operation and it is not good when there
are fast variations of temperature and solar irradiance.

B. IC

IC has been proposed as a solution to overcome some
limitations of the P&O method, such as convergence speed
and steady-state error [21]. Often cited as the best technique
based on the principle of disturbance and observation, it
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aggregates some prominent advantages such as easy and fast
response to rapidly changing solar irradiances. In the IC
method, the derivative (conductance) of the Px) curve is
used by the algorithm, which is represented in Figure 2. The
error is reduced because the operation point is less disturbed
than in the P&O method. It is based on the fact that the
derivative of power with respect to voltage ¥ (IC) or current
I (incremental impedance — II) at the MPP is null. Under
such condition, the following expressions result:

dv-1
d_P:M:I.d_V_FV.ﬁ:]_i_V.ﬂ (1)
dVv dVv dv dVv av

d\Vv-1
d_Pz(—):].d_V+V.£:V+[.d_V (2)
dl dl dl dl dl

From the calculation of AV and Al, and by using the ¢
values of 7 and 7, expressions (1) and (2) can be employed in
the algorithm decisions, thus comparing the instantaneous
conductance //V and the incremental conductance i.e. [8]:

- AIIAV==IIV the operating point lies exactly in the MPP;

- AIIAV>=IIV: the operating point lies to the left of the MPP;
- AIIAV<=IIV: the operating point lies to the right of the
MPP.

Based on the results of the comparisons above, the
algorithm takes the decision to increase or decrease the
voltage across the PV array.

Vi), I(k)

P(k) = V(K) . 1(K)

No k) > Vik-1)
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Y
‘ Vref = Vref - AV ‘ ‘ Vref = Vref - AV ‘

\ \ [
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Fig. 1. P&O algorithm.
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Fig. 2. IC algorithm.
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C. MPPT Control Variables and Comparison Between
P&O and IC Techniques Using VMPPT and CMPPT

As it was mentioned before, a dc-dc converter corresponds
to the interface between the PV array and the load, which
may be a battery bank or the first stage of a grid-connected
system, as shown in Figure 3.

For a given operating condition, the MPPT algorithm can
provide a current reference (CMPPT) or a voltage reference
(VMPPT) to the converter controller operating in closed
loop. The reference provided by the MPPT block represents
the position of the MPP. Another possible configuration is
the direct duty cycle control, where the MPPT acts directly
on the turn on and turn off of the controlled switch [22].
However, the latter technique subjects the converter to
excessive stress and increased losses [23].

The choice between the voltage and current to track the
MPP is thoroughly discussed in literature [24]-[28].
According to [24], due to the fact that the PV array voltage
remains relatively constant over a wide range of the solar
radiation, the choice of wvoltage control is better
recommended. The authors in [25] say that the current
through the PV array varies strongly with the radiation. And
yet, the transient responses of the MPPT algorithm may
cause the saturation of the PV array at short circuit condition,
resulting in a sudden drop in voltage and extracted power
[25] [26]. However, the work developed in [27] proposes the
control of the PV array current and concludes that it is more
advantageous compared to the voltage control using the IC
method. The aforementioned works have in common the
analysis of each method through assumptions made based
only on the characteristic curves of PV panels.

The PV system employed in this study consists of an array
formed by two series-connected BP SX 120 modules whose
characteristics are given in Table | [29], a conventional dc-dc
boost converter, and a constant-voltage DC bus at the
converter output. Some simulation results are presented and
discussed as follows, aiming to determine which method is
more efficient by sensing either the current or the voltage of
the PV array.

Let us consider a hypothetical case where the solar
irradiation and temperature vary in the step form according
to the pattern in Figure 4 as follows:

e A4:800W/mz, 32 °C;
B: 1000 W/mz, 32 °C;
C: 1000 W/mz; 20 °C;
D: 1000 W/mz; 32°C;
E: 800 W/mz, 32°C.

N oc S—
-
PV
String DC ‘
ly vV 1
Command
MPPT > and
Control

Fig. 3. Generic PV system.
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Figure 4 shows that the methods present nearly the same
results, being able to track the MPP satisfactorily with
negligible error. However, it can be seen that the response of
the controller is slower when the current through the array is

used in the MPPT, as in Figure 4 (c) and (d).
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Fig. 4. Power extracted from the PV array considering that the solar

radiation and/or the temperature vary quickly.
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It is also important to analyze the behavior of the
aforementioned methods when the solar radiation and air
temperature vary over one day. For this purpose, data
measured in the city of Botucatu, Brazil and shown in Figure
5 and Figure 6 will be used in the simulations. It is worth to
mention that they represent real profile curves characteristic
of typical weather in Brazil [30], although data acquisition

was not performed by the authors.

700

600 -

500 -

400 -

300 -

200 -

Global solar radiation [W/m?]

100 -

0 I | I

6 8 10 12
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14

Fig. 5. Global solar irradiation in Botucatu, Brazil measured on

06/23/1998 [30].
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Air Temperature [°C]

L L
6 8 10 12
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Fig. 6.

TABLE I

14

16 18

Air temperature measured on 06/23/1998 with a
meteorological station in Botucatu, Brazil [30].

Typical Electric Characteristics of
PV Module BP SX 120 [29].

Parameter Value
Maximum power (P,,..) 120 W
Voltage at Py (Vinp) 33.7V
Current at Pax (1) 3.56 A
Warranted maximum power P,,.. 110W
Short-circuit current (/) 3.87A
Open-circuit voltage (V,.) 421V
Temperature coefficient of /. (0.065+0.015)%/°C
Temperature coefficient of V. -(80£10) mv/°C
Approximate effect of temperature on power -(0.5+0.05)%/°C
NOCT 4742 °C
Maximum system voltage 600 V
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Figure 7 shows the behavior of the output power using
P&0O and IC when both CMPPT and VMPPT are
implemented. The full range of the PV array was used to
determine the perturbation steps. The chosen values for the
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(d) CMPPT - IC
Fig. 7. Output power profile of the PV array using P&O and IC.
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perturbation steps correspond to the values of the open
circuit voltage and short-circuit current of the array divided
by 1000. Since both solar irradiation and temperature in
practice usually vary smoothly during the day, oscillation
and slow response of the controllers are not verified. Once
again, the obtained results are nearly the same for all
methods.

However, in order to establish a fair comparison, the
energy extracted from the PV array was measured
considering the profiles given in Figure 5 and Figure 6. Table
Il shows that the performances of the methods are similar,
while the difference in the extracted energy between the most
efficient one and the least efficient method one is 0.022%.

This result is particularly important and interesting,
because VMPPT or CMPPT techniques produce nearly the
same results, but the control of current or voltage by the
power converter is concerned with the system stability.

Additionally, it is important to give special attention to the
choice of an adequate disturbing step for the MPPT
algorithm. A wrong choice can lead to power losses due to
the saturation of the panel current or voltage, which may
assume short-circuit current or open circuit voltage
condition, respectively, as shown in Figure 8. For this
simulation, IC with current control is employed. At the
points highlighted in Figure 8, the algorithm increments the
reference current and the output current almost assumes the
short-circuit condition due to the extremely large
perturbation step. Therefore there is a decrease of the voltage
across the PV array and power loss occurs. This situation can
be avoided by choosing the appropriate perturbation step i.e.
the disturbing step should be smaller in this case.

TABLE II
Energy extracted from the PV array using
distinct MPPT methods.
Method Extracted Energy
VMPPT - P&O 1141.27 Wh
CMPPT - P&O 1141.14 Wh
VMPPT - IC 1141.27 Wh
CMPPT -IC 1141.02 Wh
X 1.816
1.2 - T T Y1138 T :
E ]
E 1 -\-rLrU-I'rl_n_r\.rLru I"-|_|-u-\.'.LI-IJ-L’-l_|-|_,-\-r"J
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o T0[ e By
o X 1.816
£ sof _I-l ¥:55.29 _I.
o
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= Al leLr‘FJn I
£ U] I |
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Fig. 8. Behavior of IC MPPT technique when an inadequate

disturbing step is used.
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I11. INTERLEAVED BOOST CONVERTERS USED IN
THE MITIGATION OF PARTIAL SHADING IN PV
ARRAYS

A. Proposed System

Interleaved converters have been proposed over 40 years
ago as a prominent solution for general high-current
applications [31]. This technique consists in the association
of several converters in parallel, where each one of them is
responsible for processing part of the total output power, thus
reducing the current stress through semiconductor elements.

For high-current and voltage step-up applications,
interleaving of several converters is very often employed to
improve performance and reduce size, as shown in Figure 9.
Besides, interleaving effectively doubles the switching
frequency and also partially cancels the input and output
ripples, as the size of the energy storage inductors and
differential-mode electromagnetic interference (EMI) filter in
interleaved implementations can be reduced [32].

L, Ll
5 DI
> I
Vi C
i nn 3 T
b ®
- . L2
L2

Fig. 9. Two-phase interleaved boost converter.

The interleaved boost converter, also known as multi-
phase dc-dc boost converter, is able to operate in either
continuous conduction mode (CCM) or DCM, depending on
the size of the filter inductor and also key parameters such as
the switching frequency, input voltage, and load current.

In the interleaved boost converter shown in Figure 9, the
drive signals of switches S; and S, must be phase-shifted by
2-n/m=2-1/2=180°, where m=2 is the number of phases. In
order to explain the operation in DCM, let us consider one of
the phases composed by L;, S;, and D;. In the first operating
stage, switch S; is turned on, while diode D; is reverse biased
and the output capacitor provides energy to the load. Besides,
the current through L; increases linearly. In the second stage
S, is turned off and D, is forward biased, as the energy stored
in the inductor is delivered to the load and the output
capacitor is charged. It is important to notice that the current
through L,; decreases linearly until it becomes null i.e. the
inductor is fully discharged. This is the main difference
between CCM and DCM. Finally, in the third stage, both S,
and D, remain turned off and only the capacitor provides
energy to the load.

The study developed in [33] and [34] shows that the
converter efficiency is always higher for the converter
operating in DCM, while reduced size of filter elements is
also obtained. However, it is important to mention that in this
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mode the majority of DC-DC converters are accompanied
with extremely high EMI levels. Generally, power converters
manage the energy in a pulsating way but the use of
interleaving technique provides a more continuous energy
flow. From the point of view of conducted differential mode
EMI, interleaved operation is very interesting, since the bad
EMI behavior of switched converters is in part due to the fact
that the energy is taken from the main source abruptly at high
frequencies [35]. In the interleaved boost converter, CCM
operation can be achieved even though each phase operates
in DCM, as seen in Figure 10. That is, the size of boost
inductors L; and L, can be reduced, while efficiency is
significantly increased. Besides, the size of output capacitor

C, is also reduced.

— i1 —_—iLz  ee--- iL1+iL2

Current [A]

Time [s]
Fig. 10. Current through the boost inductors.

Considering the multi-input PV system shown in Figure
11, the DCM interleaved boost converter can be used in an
approach where the current or the voltage regarding each
string can be controlled independently in such a way that the
partial shading of a given cell or panel is not supposed to
influence on the performance of the whole system.

L1
R4 DI
PV >l ®
string 1 Cpl S1 +Co
& .
L2 Do
PV
. Cp2
string 2 T Ju | S2
« Lm
. Dm
PV
string m Cpm Sm

Fig. 11.
converter.

Multi-input PV system based on the interleaved boost

B. Control System

From the transfer function that represents the small signal
model of the DCM boost converter, it is possible to properly
design a controller so that the desired dynamic performance
is achieved. By using small signal analysis, average current
mode control can be implemented considering that the
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current through the boost inductor i; is the variable to be
controlled, as shown in Figure 12, where G.(s) corresponds
to the controller, Gpy(s) is the pulse width modulator, G;.(s)
is the transfer function of the inductor current to the duty
cycle, and K; is the current gain. Current i, is compared with
a reference value (i;*), while the control signal can be
adjusted and compared with a sawtooth wave, thus
generating the proper duty cycle (d). The control loop can
then be implemented in each phase of the interleaved

converter represented in Figure 11.
1,°(t)

* é(r) v.(0) d()
Ge(s)  fag | GPWMI(S)

(o) i, (1) /Ki
) Gid(s)

Fig. 12. Block diagram representing average current mode control.

The transfer function of the inductor current to the duty
cycle can be determined by using either the average state
space technique or the PWM switch model [36]. Both
techniques are well known and its utilization will not be
demonstrated here, while the following expression results:

2-1-U) 2U 2-U-V,
- . R - 3
6, (s)=[0 1] DT, Dy RT, | L 3)
1 DTV
¢ "R L-C,

where D, represents part of the switching period 7, during
which energy is stored in the boost inductor L, R, is the load
resistance, C, is the output capacitor, V; is the input voltage,
and U is the static gain given by:

2
gV 1 L [ 2DRT, @)

V22 L

i

The procedure that allows the design of controller G.(s)
using the K factor is well known in literature and detailed as
follows [37]:

1. Plot the Bode diagram for the transfer function defined by
(3) i.e. the transfer function of the current through the filter
inductor to the control variable of the MPPT algorithm.

2. Choose the crossover frequency f., which must be less
than one fourth of the switching frequency f;.

3. Choose the phase margin.

4. Determine the gain of the compensator for which the
closed-loop gain at the crossover frequency is unity.

5. Define angle a=M-P-90°, where M is the desired phase
margin and P is the phase-shift angle of the system.

6. Choose the controller type. If a<90°, a Pl controller is
used. Otherwise, if @>90°, a PID controller is chosen.

7. Calculate the K factor.

8. Allocate poles and zeros for the controller according to the
K factor.
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C. Implementation and Experimental Results

Considering the representation in Figure 13, and also the
conclusions obtained in Section I1.C, an experimental
prototype of the multi-input two-phase boost converter was
implemented according to the specifications in Table I1l. IC
using CMPPT was chosen in this case aiming to demonstrate
that this method is as effective as P&O. However, if a high
number of PV strings is considered, high component count in
terms of semiconductors and sensors with consequent
increase of cost could be a disadvantage, especially if Hall
current sensors are used.

N Ipvi
PV oo >
string 1 p CoS R
£ + va1 JuL ,—q S1 + ° % 0
L2 I.-------- ------..
< 7 v, e D2 :
v I VL‘ I I .
PV '
. szT '
string 2 + Veva W. S2 E
K- ; :
Ipvy : Ipvy :
H —> '
Vevz | MPPT2|™° Vevi | MPPTL |""""
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Fig. 13. Multi-input dc-dc interleaved boost converter operating in
DCM used in MPPT.

TABLE III
Specifications of the experimental prototype.
Parameter Value

Boost inductor L,;=L,=170 pH
Input capacitor C,=C,,=100 uF
Output capacitor C,=226 pF
Load resistance R,=500 Q
Switching frequency £=25 kHz
Sampling frequency of the inductor current Jsamp=25 kHz
MPPT Algorithm P&O, CMPPT

The experimental setup is shown in Figure 14, where A4 is
the power converter, B is the DSP board, C is the drive
circuitry, and D is a digital oscilloscope. The converter uses
two IGBT modules SK45GB063 and is controlled using DSP
TMS320F2812 from Texas Instruments. Two strings using
two series-connected BPSX120 modules are connected to
each phase of the interleaved converter, whose total rated
output power is 480 W. The experimental tests using a pure
resistive load were carried out with and without using the
MPPT algorithm and are discussed as follows.

The currents through the boost inductors are represented
in Figure 15, where it can be seen that the converters operate
in DCM. Besides, perfect current sharing is not maintained
because the irradiance levels for the PV strings are not the
same.

The behavior of the current through one of the inductors
and also the PV string current when MPPT is not
implemented is shown in Figure 16. A positive step of 200

Eletron. Potén., Campo Grande, v. 18, n.4, p.1138-1148, set./nov.2013



mA is applied to the reference current, demonstrating that the
controller response is fast when such disturbance occurs.

The current and voltage waveforms for each one of the
strings are depicted in Figure 17. The MPPT algorithm was
only implemented in one of the converters (CH1 and CH2),
while the extracted power corresponds to about 84 W. The
remaining one was driven with fixed duty cycle (CH3 and
CHA4), and the extracted power in this case is only 39 W.

lJL1 i |!___ i i i i
FIRRES CRRE: TARR’ RS Gk - , (RS (MR SR BRI )
AR D T R L e R
L BN 7 08 06 O 5 s I8 O TR O o O R
VE VIV NP e VR

mAV/div., 20 ps/div.) and L, (,, — CH2 — 500 mA/div., 20 ps/div.).

CH2> CHI1>

Fig. 16. Current through boost inductor L; (I;; — CH1 - 500
mA/div., 200 ms/div.) and PV string 1 current (Ip;; — CH2 — 500
mA/div., 200 ms/div.).
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MPPT is now implemented for both strings and the
waveforms shown in Figure 18 were acquired. Compared to
the results obtained in Figure 17, it can be seen that PV string
2 is now able to extract 105 W (CH3 and CH4) from the sun,
that is, the extracted power has increased significantly. It is
also worth to mention that both current and voltage
waveforms do not remain constant due to eventual changes
in the solar irradiance. This result is particularly important
because it demonstrates that it is possible to control both
phases of the interleaved converter in a simultaneous and
individual form, also enabling MPPT. Besides, the currents
in Figure 18 show that the strings are subjected to distinct
irradiance and/or temperature levels.

Finally, Figure 19 shows the behavior of the PV system
when one of the strings is intentionally covered with black
plastic, thus emulating the effect of partial shading. It can be
clearly seen that power extraction of the remaining string is
not affected, while maximum power is obtained.

| 020 o W O e e e e e

Veys
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CH2> | ' . . '

Fig. 17. PV string 1 current (Ipy; — CH1 — 1 A/div., 2 s/div.) and
voltage (Vpy; — CH2 — 35 V/div., 2 s/div.), and PV string 2 current
(Ipy» — CH3 = 1 A/div., 2 s/div.) and voltage (Vpy, — CH4 — 35
V/div., 2 s/div.).

- Ve !
l|| i “ II'I.Ii‘r | Il

CH2> | '

CHI1> : :
Fig. 18. PV string 1 current (Zpy; — CH1 — 1 A/div., 40 s/div.) and
voltage (Vpy; — CH2 — 35 V/div., 40 s/div.), and PV string 2 current
(Ipy» — CH3 = 1 A/div., 40 s/div.) and voltage (Vpy, — CH4 — 35
V/div., 40 s/div.).
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CH4>

CH3>

CH2>

CHI1>
Fig. 19. PV string 1 current (Ipy; — CH1 — 1 A/div., 10 s/div.) and
voltage (Vpy; — CH2 — 35 V/div., 10 s/div.), and PV string 2 current
(Ipy» — CH3 — 1 A/div., 10 s/div.) and voltage (Vpy, -CH4 — 35
V/div., 10 s/div.).

IV. CONCLUSION

This paper has presented the study and implementation of
a multi-input interleaved boost converter operating in DCM
with the aim of achieving high efficiency and possible
modular expansion in a PV energy system.

The first part of the paper has investigated the
performance of popular MPPT techniques such as P&O and
IC, which are simpler approaches if compared to other
solutions. Since there are no conclusive results in literature
on the control of current or voltage of a PV string to achieve
MPPT, some simulation results regarding VMPPT and
CMPPT have shown that the obtained results are nearly the
same regarding performance and efficiency. However,
current control may present some drawbacks if the
disturbance step of the algorithm is not appropriately chosen
e.g. is too large. However, CMPPT becomes more interesting
when the design of the control system regarding the static
power converter is considered.

The ratio between the current at maximum power the
short-circuit current is generally higher than that between the
voltage at maximum power and the open circuit voltage.
Thus, relatively large disturbance steps can lead to saturation
of the panel current to the short-circuit condition, with
consequent loss of efficiency in MPPT. This is less likely to
happen with voltage control. However, as shown by the
simulation results, one can properly choose the disturbance
step and the sampling frequency to avoid such problems,
making it virtually irrelevant to choose either voltage or
current of the PV panel to track the MPP.

The second part of the paper is focused on mitigating the
undesirable effects of partial shading in the power extraction
of a PV array by using a multi-input approach based on the
DCM interleaved boost converter. Of course, the use of
interleaved converters to achieve individual MPPT in several
strings is not novel, according to [15]. However, the
association of one string per phase of a DCM interleaved
boost converter had not yet been considered as a possible
solution in this case.
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The proposal of this work is particularly interesting even
when a greater number of strings is arranged in the roof of a
residence, where different angles of inclination typically
exist. The minimized volume and weight associated with
multiple inputs may be attractive if other similar approaches
are considered.

Experimental results have shown that MPP for each string
can be tracked individually, while the performance of a given
string is not supposed to influence on the remaining ones.
The performance of the IC algorithm has proven to be
satisfactory, mainly because significant increase in the
extracted power exists when it is employed in the PV system.
Besides, the effect of partial shading has been mitigated since
MPP is individually tracked for each phase of the dc-dc
converter.
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