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Abstract—Photovoltaic (PV) systems based on multistring con-
figuration are the best effective solution, given its advantages in
terms of system availability, reliability, and energy efficiency. In this
particular configuration each substring has its own dc—dc converter
and a dedicated maximum power search algorithm which increase
the cost and complexity. In this article, an efficient centralized
global maximum power tracking (GMPPT) algorithm for multi-
string PV array subject to partial shading conditions is proposed.
The algorithm is based on artificial bee colony (ABC) as an op-
timization approach to provide the optimal duty cycles allowing
the extraction of the optimal global maximum power from each
substring. In particular, the proposed approach allows significant
reduction of the required sensors to only one pair of current and
voltage sensors, at the common point of connection of the overall
PV strings. The simulation study has been carried out under Ca-
dence/Pspice and MATLAB/Simulink platforms on the I-V curves
to confirm the effectiveness of the proposed algorithm when sev-
eral shading patterns occur. In addition, complex shading pattern
of a daily profile has been also carried out to demonstrate the
GMPPT finding in dynamically variable conditions. Performance
comparison against particle swarm optimization based maximum
power point tracking algorithm and the traditional perturb and
observe method has also been carried out. The obtained simulation
and experimental results have shown the effectiveness and a good
tracking capability of the proposed ABC algorithm in a multistring
PV array configuration under uniform and nonuniform irradiance.

Index Terms—Artificial bee colony (ABC) algorithm, digital
signal processor (DSP), global maximum power tracking
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(GMPPT), multistring photovoltaic (PV) array, partially shading
conditions (PSC).

1. INTRODUCTION

LECTRIC power generation from grid-connected and
E standalone photovoltaic (PV) plants has seen a spectacular
increasing rate in the last decade, where a global solar instal-
lation of 509 GW has been reached in 2018 and is expected to
reach 1,296 GW in 2023 [1]. In spite of this important installed
PV capacity, low energy yields due to poor power management
at PV array and power processing unit levels are still an open
problem [2]-[4].

Common configuration of grid-connected PV systems con-
sists of using a central inverter with a dc—dc converter respon-
sible for the extraction of the maximum available power of
the whole PV array. However, this topology is highly sensitive
to mismatch and the presence of partial shadows in the PV
array, where significant power losses may occur [5]. Another
scheme of PV array configuration consists of using multistrings
topology with distributed dc—dc converters allowing continuous
service of the whole PV array or a part of it and consequently
minimizing power losses [6]—[8]. In such topology, each PV
string is connected with an independent dc—dc converter with its
dedicated maximum power point tracking (MPPT) algorithm,
resulting in efficient extraction of the total available power [9],
[10]. There are two configuration types of dc—dc converters in a
multistrings PV system; series or parallel output configuration.
However, the system with series configuration may have a prob-
lem of crosscoupling, where the failure of one of the converters
interrupts the operation of the others.

Whatever the chosen topology, the maximum power extrac-
tion is likely compromised due to the apparition of multiple
local maxima caused by the partial shadows present on the
plane of the PV generator. In such circumstances, conventional
MPPT algorithms, such as perturb and observe method (P&O)
[11], [12] or incremental conductance [13], [14], fail to track
the global maximum point. To overcome the weaknesses of the
conventional MPPT algorithms, several works have pointed out
the advantages of using multistring topology with distributed de—
dc converters based on global maximum power point tracking
(GMPPT) algorithms [15]-[17]. For instance, advanced tech-
niques based on artificial neural networks [18], [19], fuzzy logic
[20], [21], dividing rectangle search control [22], sequential
extremum seeking control [23], [24] have been used success-
fully in finding the global maximum power point (GMPP). In
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Fig. 1. Multistring PV system controlled by multiple MPPT controllers.

recent years, bioinspired optimization methods such as particle
swarm optimization (PSO) [25]-[29], ant colony optimization
(ACO) [30], [31], and artificial bee colony (ABC) [32], [33],
[34] showed effectiveness in the determination of GMPP. In
a previous work by Benyoucef et al. [32], a novel ABC-based
MPPT using direct duty cycle control method for PV systems has
been proposed. It has been shown that the proposed algorithm
allows finding the GMPP under partially shaded and variable
meteorological conditions with better tracking performances. In
[32], the focus was in optimizing the output power of only one
PV module or only a group of PV modules arranged in one string
subject to partial shading conditions where the ABC algorithm
works in a I-D search approach to provide the optimal duty
cycle for the dc—dc converter. While in this artcle, the focus
is on the multistring topology where each string is connected
to a dc—dc converter. Regarding this configuration the aim is
to derive the optimal duty cycle for each substring with only
one central MPPT controller where the ABC algorithm operates
in a multidimensional search approach such as highlighted in
Fig. 2. Unlike the conventional method depicted in Fig. 1,
where each dc—dc converter has its own search algorithm, the
proposed scheme allows cost reduction and lower complexity. It
is worth to mention here that this cost-effective solution allows
the extraction of the real available global maximum power of
each string and requires only one pair of current and voltage
sensors at the common point of connection (see Fig. 2). The de-
veloped GMPPT control strategy based on the ABC optimization
algorithm has been validated by a simulation study considering
various [-V curves with different locations of the GMPP and by
introducing a complex shading pattern on a daily irradiance pro-
file. Experimental validation of the proposed multidimensional
search algorithm has also been performed with a low-cost digital
signal processor (DSP) board. In addition, the proposed control
approach presented good results when compared with two other
MPPT control strategies based on P&O and PSO algorithms,
respectively, using the same shading patterns.

The rest of this article is organized as follows. Section II
provides an overview of PV system configuration investigated
in the present work. Section III gives the ABC algorithm de-
scription and its adaptation to GMPP finding. Section IV shows
simulation and experimental results of the proposed method. A
comparison of the proposed method with the PSO-based MPPT
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Fig. 2. Multistring PV system controlled by a single MPPT controller.

and the traditional P&O algorithm is also depicted in this section.
Finally, Section V concludes this article.

II. MULTISTRINGS PV SYSTEM CONFIGURATION

Parallel connected dc—dc converters topology in multistring
configuration of PV plants, shown in Fig. 1, is an effective
solution in terms of flexibility of module layout, redundancy in
case of source or converter failure, easier and safer installation
and maintenance, and lower sensitivity to nonuniform illumina-
tion [32], [35], [36]. In such PV plant arrangement, the MPPT
algorithm is commonly performed individually for each string
that gives best energy harvesting. However, the main drawback
of such configuration is the involved number of current and
voltage sensors, especially when the number of PV strings is
relatively high. An alternative solution presented in Fig. 2 allows
using only one pair of current and voltage sensors to derive the
maximum power from the whole PV system. Thus, the central
maximum power point (MPP) controller senses the output volt-
age and the output current of the common dc bus and controls
the individual dc—dc converters in such way to get the overall
optimal power point. On the other hand, such control scheme
is more appropriate when multidimensional search objective is
targeted. Many researchers have used multistring configuration
and advanced meta-heuristic algorithms to deal with MPPT
based on central controller concept. For example, Miyatake et al.
[27] have evaluated the PSO-based MPPT, Keyrouz and Georges
[37] have proposed the combination of Bayesian fusion and PSO
and Jiang et al. [30] have evaluated the ACO-based MPPT. In
this article, multistring PV system is used to evaluate the MPPT
based on ABC algorithm by using direct duty cycle control
approach.

III. ABC BASED GMPPT FOR MULTISTRING TOPOLOGY

The ABC algorithm emulates the natural foraging behav-
ior of honey bees to solve multidimensional and multimodal
optimization problems [38], [39]. In the field of PV systems, the
ABC showed effectiveness in the estimation of solar cell model
parameters [40], [41], and also in the MPPT controller [32].

In the ABC algorithm, the solutions of optimization problems
are food sources represented by the three different classes of
honey bees (employed, onlooker, and scout bees). The employed
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bees are assigned to find and exploit food sources and share
the information with onlooker bees. Probably the latter will
choose the food sources of higher quality. While, employed
bees whose food sources are relatively low become scoots, their
food sources are abandoned, and they will explore for new food
sources.

The same steps published in [32] are followed to implement
the ABC-based GMPPT of a single string PV system. However,
in the present work, the ABC algorithm has been modified in
order to control each string’s dc—dc converter to get the optimal
generated dc power, even in partial shading conditions.

The duty cycles of dc—dc converters are considered as the con-
trol variables responsible for the determination of the maximum
power produced by the whole PV array. Thus, in the adapted
ABC algorithm, each candidate solution is chosen as a vector of
duty cycle values d’ of de—dc converters as follows:

dz = dmin + rand [07 1] (d{nax - dfnin)
with: i =1,2,...,SNj=1,2,...,D (1)
new_d] = dl + ¢} (&} — dj) @)

where d’ . and d/, . are the minimum and the maximum limit
of the duty cycles search range of the converter j, D represents
the number of PV strings, k is the index of the previous duty
cycle and SN is the number of candidates.

The fitness of each solution (duty cycles vector) is defined by

the probability P; given in the following expression.
3)

To evaluate the duty cycles, the controller generates
pulsewidth modulation signals considering the value of d/. The
corresponding output power doaq; is then calculated from the
product of the measured output current and voltage.

In practical conditions, the real working environment of the
PV system is always changing due to the varying weather
conditions, and as a result, the global MPP is always changing.
So, the MPPT algorithm must be able to search for a global
MPP for the new weather condition. For this purpose, the search
process has to restart with a total reinitialization whenever the
weather conditions are changed. Here, we use the (4) to detect
these changes

|vanew - valast‘
valast

Finally, steps related to the implementation of the ABC algo-
rithm are summarized in the flowchart presented in Fig. 3.

> APpu(%) 4

1V. IMPLEMENTATION AND RESULTS

The PV system presented in Fig. 4 was designed and imple-
mented to examine the effectiveness of the proposed multidi-
mensional optimization algorithm. The total power of the PV
array is 320 W arranged in two parallel strings where each one
is formed by two PV modules serially connected. The optimal
power matching is achieved by two dedicated dc—dc boost con-
verters sharing the same dc bus. As previously stated, only one
MPPT controller is responsible to deliver the corresponding duty
cycles by measuring only the current and voltage of the shared dc
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Eq. (1)
|

i
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Fig. 3. Flowchart of the ABC-based MPPT controller.
PV11 PV12
“ . |
g DC/DC
E Converter

- Duty Cycle 1
Lﬁe l A\lout
™ N4
MPPT T
Vaut. S

PV21 PV22 " Algorithm
o~ + :_—l_ Duty Cycle 2
g DC/DC
] Converter
Ll - -

Fig. 4. System block diagram.

load. In Table I, it is reported the main electrical characteristics
of the used PV module.

A. Simulation Setup

The present section will focus on the simulation study to
assess the ability of the proposed optimization algorithm to
effectively localize the GMPP in case of multistring PV array
configuration. Toward this end, the physical parts, such as the
PV array and the dc—dc boost converters, are simulated in
Cadence/Pspice software while the MPPT controller is imple-
mented in MATLAB/Simulink tool. Moreover, a comparative
assessment against well-known control algorithms such as PSO
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TABLE I
BP SX 80 PANEL SPECIFICATIONS AT STC

Characteristic Value
maximum power 80 W
open-circuit voltage 22,1V
maximum power voltage 17.6 V

short circuit current 48 A
maximum power current 46 A
temperature coefficient -0.080 V/°C
configuration 2S1P (2 bypass diodes)
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Fig. 6. Pspice circuit of PV arrays and boost converters.

and P&O is also carried out in this section. Figs. 5 and 6
depict the implementation of the studied PV system in both
software environments where the SLPS bloc is responsible for
the synchronization between MATLAB and Pspice.

1) Simulation-Based Design of the ABC Method: Actually,
the possible solutions (SN) are a key parameter involved in the
convergence speed and the tracking capabilities of the ABC
method. Thus, a high number of bees surely converge toward
the real MPP but at the cost of excessive calculation time. On
the other hand, fewer bees could bring to the GMPP but at the
cost of slower convergence rate. To handle this problem, an
in-depth simulation study was done in order to choose adequate
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TABLE II
CHARACTERISTICS OF ABC, PSO, AND P&O MPPT METHODS

ABC PSO P&O
Ts 00s Ts 0.05s Ts 0.01s
APw 2%  APpy 2% APy 2%
SN 4 Np 4 Adc 0.01
MCN 30  MCN 30 - -
- W 0.4 - -
- cl 1.2 - -

candidate solutions (SN) on the basis of a tradeoff between
speed convergence and convergence rate. The simulation results
presented in Figs. 7 and 8 give the evolution of the convergence
rate and average time convergence versus candidate solutions,
respectively. Based on these results, SN = 4 has been chosen as
a number of candidates (SN) in this article.

The key parameters of the implemented MPPT algorithms
(ABC, PSO, and P&O) are presented in Table II.

2) Test With Different Shading Scenarios: In order to check
the efficiency of the proposed method and power harvesting
capabilities, a simulation study was performed under uniform
and partial shading conditions. Toward this end, the PV generator
was divided into four submodules; PV11 and PV12 for the first
string and PV21 and PV22 for the second string (see Fig. 6).
Then, three preselected shading patterns listed in Table III
and denoted as SP1, SP2, and SP3, were simulated in order
to highlight the GMPP tracking under transient shading. The
simulation results presented in Fig. 9 give the power evolution
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TABLE III
CONSIDERED SHADING PATTERNS

Pattern Irradiance (G) on PV modules
N° [Gpvll, Gpvl2, Gpv21, Gpv22] (W/m?)

SP1 [1000, 1000, 1000, 1000]
SP2 [1000, 1000, 1000, 250]
SP3 [250, 1000, 1000, 100]
a0 ;
S =
2 200
e l ‘
3 . .
R 4
0.5\\\*/77_)/_./-'5_’5
Duty Cycle 2 °S PI) Duty Cycle 1
250,
0] )
5 150
& 100
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Duty Cycle 2
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g
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Fig. 9. Load power versus duty cycles for the three shading patterns.

at the shared dc bus for each of the three patterns, SP1, SP2, and
SP3, respectively.

The tracking performances of the proposed algorithm under
varying shading patterns were also illustrated by considering a
moving shade over the two strings. To this end, two case studies
were proposed.

1) Case 1: The shading pattern moves from SP1 to SP2.

2) Case 2: The shading pattern moves from SP1 to SP3.

The simulation results shown in Figs. 10 and 11 depict the
dynamic response of the load power and the corresponding duty
cycles for cases 1 and 2. According to these plots, it is clearly
shown that once the shading pattern changes from a uniform
condition to a nonuniform condition at 10 s, the proposed method
can track the GMPP corresponding to the new environmental
condition.

3) Performance Comparison: The aim of this section is to
compare the performances of the proposed multidimensional
ABC-based MPPT controller with well-known existing MPPT
techniques such as PSO and P&O. The main parameters of
each MPPT algorithm are listed in Table II. Actually, to get
a reliable and trusted comparison study, the simulations were
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TABLE IV

CHARACTERISTICS OF ABC, PSO, AND P&O MPPT METHODS

Shading ~ Tracking Mean Tracking Optimal Efficiency

pattern algorithm power speed (s) power (%)
W) W)

ABC 319.26 5.88 99.87
PS1 PSO 319.89 4.50 320.00 99.96
P&O 319.68 2.02 99.90
ABC 23522 5.60 99.60
PS2 PSO 230.76 5.10 237.12 97.32
P&O 202.04 1.64 85.20
ABC 151.61 6.10 99.26
PS3 PSO 144.61 5.60 154.29 93.72
P&O 93.59 1.44 60.66

executed 200 times for each MPPT algorithm under shading
patterns given in Table IIl. The comparison results, reported
in Table IV, reveals the superiority of the proposed multidi-
mensional ABC algorithm in terms of accuracy compared to
PSO and P&O algorithms. However, a minor difference with
respect to the average response time is reported between ABC
and PSO methods. Where the ABC based-MPPT method has a
slow tracking speed compared to the PSO based-MPPT method.

To complete this comparison study, the performances of each
MPPT algorithm was tested in terms of daily power production
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by considering a nonuniform daily irradiance. Toward this end,
the simulations were performed under varying daily irradiance
and temperature profile, as shown in Fig. 12. Fig. 13 depicts the
simulation results of the obtained output power when applying
ABC, PSO, and P&O MPPT algorithms in case of daily varying
irradiance and temperature profiles. The results clearly show
the power harvesting of the proposed multidimensional ABC
algorithm due to the successful location of the GMPP when
nonuniform irradiance occurs, whereas PSO algorithm did not
always succeed to locate it. In terms of power harvesting, the
proposed algorithm gives more than 3.58 % compared to PSO al-
gorithm. This result confirms the weakness of the PSO algorithm
to always track the GMPP and prove that it can be trapped in local
minima. P&O power tracking algorithm shows less generated
power compared to meta-heuristic search techniques. This is
mainly due to the inherent inability of the algorithm to find the
GMPP when the power curve exhibits multiple MPPs. In order
to quantify, the power gain obtained by the abovementioned
algorithms, the hourly array yield (YA) indicator was calculated
using (5). Indeed, the hourly array yield (YA) is the hourly
output energy of the PV array divided by the peak power of
the PV arrays, where n is the number of samples. The result
reported by the bar graph of Fig. 14 reveals that in all situations
the proposed algorithm gives much more output power.

22:1 PPVarray/n

Ya =
PPVarrayfpeak

&)
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B. Experimental Results

The experimental setup devoted to the implementation of
the proposed multidimensional ABC-based MPPT is shown in
Figs. 15 and 16. In fact, the algorithms were implemented in
a low-cost DSP board (TMS320F2812), where the two boost
converters are driven at 20 kHz. The main parameters of each
MPPT algorithm are taken the same as given in Table II. Two
real-time tests have been performed as follows.

1) Testing the algorithm tracking capabilities under different

shading patterns.

2) Comparing the ABC-based MPPT with the PSO based

approach.

In order to consider various shading patterns, some parts of
the PV modules have been intentionally occulted by making
artificial shade as presented in Figs. 16 and 17(a), (b), and (c)
are the patterns considered in this experimental study with one
peak (SP1), two peaks (SP2), and three peaks (SP3), respectively.
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Actually, each shading pattern is obtained by sweeping the duty
cycle of the dc converters ranging from 10% to 90% with a
oavGrez Duy Gt step change of 0.8%. Then, data obtained from this sweeping
procedure are collected by the internal memory of the DSP board
and plotted in 3-D using MATLAB “surf” function.

For dynamic performance assessment, two case studies
were carried out. In the first case, the PV array was tested
under uniform irradiance on a sunny day. The reported output
current, output voltage, the load power, and the two converters’
duty cycles for this case are reported in Fig. 18. The transient
responses, which take about 4 s, denote the search phase of the
algorithm. At the steady, all the variables remain unchanged
which means that the GMPP is reached successfully. While in
the second case, the PV array is left under uniform irradiance

Load Power (W)

Ouy Opde2 Duy Cyc until 20 s. After that moment, an intentional shade was applied

©) upon a part of one PV module. The corresponding output

power and converters’ duty cycles are depicted in Fig. 19. The

Fig. 17. Considered shading patterns. (a) SP1. (b) SP2. (c) SP3. responses show clearly the tracking capabilities of the proposed

algorithm in multistring configuration.

g wof = e e e e
§ 20 D\MWWWET I I 1 1 | | |
S 100 | i
3, l l , ; I ; ! : : V. CONCLUSION
_'A 0 2 4 6 8 10 12 14 16 18 20
< i i i i i f f In this article, the capabilities of ABC optimization algorithm,
T P P :
& T [ [ S . . g . .
3 N | | | | | i i | | used in multidimensional based search, to extract the optimal
| | | | I I I | | . . . .
g o ! ! ! ! s s ! ! ! power point from a PV plant arranged in multistring topology
- 0 2 4 6 8 10 12 14 16 18 20 .
- , ; : : ; ; ; ; was presented. The proposed approach present a cost-effective
s 2&%(@”%%7 by . .. _____] solution as only one central controller and only one pair of
g ! ! ! ! ! ! ! ! ; current and voltage sensors were required. The simulation results
- I 1 L L 1 1 1 L 1 g q
I~ 2 4 6 8 10 12 1 . . 2 performed under various shading patterns, either in the case
2 | f f ! ! ! f f of static I-V curves or in the case of dynamically irradiance
g0 rlT %H T changing, the results were very promising and better power
e o5 5 " 5 5 o " m n " » harvesting than PSO approach. The experimental results carried
o 09 il ; T | | | ] ; out on two strings where the ABC algorithm was implemented in
5 O-SWW— e t---t---t---q---a---7-------- alow-cost DSP board have also shown the effectiveness and the
8 o 1 ! 1 l : : : 1 1 accuracy of the proposed approach to find the available optimal
0 2 4 6 8 10 12 14 16 18 20 . .
Time (5) power from the entire PV system. The proposed solution of
extracting the optimal available power in multistring topology
Fig. 18.  DSP data under uniform insolation condition. can be easily implemented in various practical PV systems
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such as PV grid-connected systems, PV pumping systems, and
stand-alone PV systems.
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