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Abstract— Non-uniform irradiation condition (NUIC) is a condition of differences irradiation level received by each Photovoltaic (PV)
on PV array. NUIC of PV array causes the emergence of several power peaks (consisting of several local peaks and one global peak)
in the power-voltage (P-V) characteristic curve. This condition can cause several algorithms (hill-climbing / P&O, IC) that are unable
to reach the global peak as they are trapped at a local peak. This paper proposes an Adaptive Velocity Particle Swarm Optimization
(AVPSO) algorithm to search the global peaks/Global Maximum Power Point (GMPP) of PV arrays under NUIC. The proposed
algorithm is a modification of the PSO algorithm. AVPSO algorithm able to adjust its own weight factor values and cognitive
acceleration coefficients depend on the distance of the particle's position now with the global best position during the tracking
process. Adaptive weight factors can reduce the level of power or voltage oscillation during the tracking process until convergent,
while the cognitive acceleration coefficient can prevent particles trapped at the local peak. Thus, the proposed AVPSO algorithm can
reach GMPP with faster tracking time and low oscillation rates. In addition, this paper proposed an algorithm that can work both in
static and dynamic NUIC patterns; thus, the proposed algorithm can track again when there is a change in global peak value in the
PV array.

Keywords— NUIC; PV array; AVPSO; global peak; local peak; tracking time; convergent; oscillation.

received by PV arrays [1]. It can be caused by several factors
.~ INTRODUCTION such as dust that covers the surface of PV, shading from
The increasing demand for electrical energy in the world is surrounding buildings, trees or poles, or other objects that can
not proportional to the amount of fossil fuel reserved as theblock the sun irradiation to the PV surface [1]. PV array
main fuel. The utilization of electric power generation with under NUIC may drastically reduce the maximum power
fossil fuel causes environmental degradation. Therefore, a loobtained [2]. Moreover, NUIC may cause internal heating of
of renewable energy is being developed. Photovoltaic (PV) isPV modules. To handle these issues, in the series connection
one of the most developed renewable energies. Solar energgf each PV module, a pass diode must be installed [3].
is widely used due to its non-noise and non-pollution However, the intercalation of the bypass diode leads to
characteristics. Moreover, the photovoltaic system hasanother problem. The characteristics of PV array, which
various advantages, including low maintenance and long life-should only have one peak power, change to produce
cycle. multiple power peaks (many local peaks and one global peak
Many researchers have concentrated on developing the PYGP) [4], as shown in Figure hus, there is a need for
generation. However, there is a challenge to get maximumtracking this GP to ensure the maximum generation of power
PV power due to its non-linear characteristics, which changefrom the PV array under NUIC.
according to the environmental condition. In order to improve  Several methods have been proposed to track power peaks
the efficiency of the photovoltaic power generation system, it of PV characteristics, which only have one peak. These
is necessary to track the maximum power point of the methods include conventional methods such as, perturb and
photovoltaic system. There is a big challenge, especially inobserve (P&O) [6], [7] and incremental conductance (IC) [8].
the case where PV arrays (more than one) are connected ifihere is a problem when conventional methods are applied
series or parallel that work under non-uniform irradiation under NUIC. This (conventional) method may not reach the
conditions (NUIC). Non-uniform irradiation condition global maximum power point (GMPP) because it is trapped
(NUIC) is a condition of the difference irradiation levels at a low peak/local maximum power point (LMPP) [9].
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Clearly, there is a need to overcome the multiple-peak
characteristics with special MPPT technique that can track
the GP (i.e., global maximum power point tracking or
GMPPT). Several methods were developed to overcome
multiple peak problem, such as particle swarm optimization
(PSO) [10],[11], firefly algorithm (FA) [12], [13], Grey Wolf
algorithm (GWA) [14], [15] etc. Although these methods
were able to reach a global peak, it also caused new
problems. PSO method incurs more PV voltage variations
during the searching process and needs higher convergence
time [16]. The firefly algorithm based on GMPPT is another
technique to track GMPP with faster convergence, but it
brings about severe PV voltage oscillations during searching.
Grey wolf algorithm has a weakness, where it causes much
larger variations in the PV array voltage during the tracking
process and needs more time to converge [17]. To overcome
the weaknesses of algorithms above, this paper proposes an
Adaptive Velocity Particle Swarm Optimization (AVPSO);
this method is adapted from the conventional PSO method,
which is modified to overcome the issues encountered in
other methods. AVPSO proposes an adaptive weight factor
and adaptive cognitive acceleration coefficient to reduce the
steady-state oscillations and to prevent the particles from
getting trapped in local minima during the tracking process.

Il.  MATERIALS AND METHOD

The following sections provide several methods related to
AVPSO. It also elaborates on all these methods before
discussing APVSO in a separate section.

A. Characteristics of PV Module at Normal Condition

The characteristics are shown by the power versus voltage
(P-V)and the current versus voltaieV). This curve informs
the value of the power, current, and voltage that can be
produced by the PV module at a certain irradiation level.
Within the case of PV array that has series or parallel
connection or combination of both, the characteristic of PV
modules is an addition from the power produced by each PV
module.

Figure 1 shows the characteristic of current versus voltage
(I-V). Figure 2 shows the difference of MPP from the same
PV module with different irradiance levels. Figure 3, shown
that when temperature level increases, the MPP of the same
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PV module decreases. Figure 1-3 represent a PV array with - Equivalent Circuit of PV Modules
PV module that arranged in series; each module’s value is A single diode composes the equivalent circuit of the PV
50-watt peak. The parameter of the PV module is shown inmodule in parallel with a current source. The configuration of

Table 1.

the PV module is shown in Figure 4. Only four components

are used to describe the electrical characteristics of the PV

TABLE |
PARAMETER OFEACH PV MODULE

Parameter Value
Maximum Power (Ra.,) 50 W
Open Circuit Voltage (¥ 216V
Short Circuit Current (¥) 3.04 A
Maximum Power Voltage (VMP) 176V
Maximum Power Current (IMP) 2.84
Test Condition 1000 Win?- 25°C
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module. A light generated current source is represented by
lon A single diode is connected in parallel wigh The series
and shunt resistances are represented;lay@RR;,



Based on the equivalent circuit in Figure 4, the basic while a parallel connection can produce multiple currents

equation of the PV module is as follows: with the same voltage. When all modules of PV array receive
uniform radiation, the maximum power output of the PV

I =N,.Ly —N, .IS.[exp aW+Igs 1] (1) array is equal to the sum of the maximum power all the

Ns. k. T. A modules [2]. However, when each module of PV array gets

different irradiance levels, the power produced by the PV

lpn denotes the current generated by the PV module, | 5ray hecomes unstable, which is harmful to the normal
denotes the saturation of diode current, q denotes the E|eCtr°8peration of the PV array. This condition is called a non-
charge (1.6 x 10-19C), k denotes the Boltzman constant (1.3§,hitorm irradiation condition (NUIC).
x 10-23 J/K), T denotes the PV cell temperature, A denotes  gayeral factors can cause the differences between
the ideal factor, , is the shunt resistance, B the series i agiance that receive each PV module. The dust that covers
resistance, Nis the number of PV cells in series, Mafew  he gurface of PV, shading from surrounding buildings, trees,
PV cells in parallel. or poles or other objects that can block the sun irradiation to
C. Coupled Inductor SEPIC Converter the hPI\D/Vsuer\cle c_la_m cause dif‘fter:entﬂirradiation regetlveNdUlla();

._eac module. To overcome the influence caused by

The DC-DC converter to track the MPP of the P_V amay IS and improve the efficiency of PV generation, it is necessary
a SEPIC converter V.V't.h a coupled mdyctor. This type of to study the impact on output characteristics of PV array
converter has high efficiency [18], and with a coupled-type of under NUIC
an inductor, it can decrease output current ripple [19]. The )
input current, voltage, and power continuously change due to 1) PV Array Model Under NUIC
varying irradiance and temperature conditions. Moreover, the | this case, the characteristic of the PV array taken from
duty cycle continuously changes to track the MPP of the PVthe same module like a reasonable condition above. Three
module. The result of the proposed algorithm should be usednodules PV 50WP arranged in series. PV array under NUIC
to set the value of the duty CyC|e to track the MPP. Table Zmay cause the maximum power obtained is drastica”y
shows the parameters of the coupled inductor SEPICreduced [2]. Moreover, NUIC may cause internal heating of

converter. PV modules. To handle these issues, in series connection,
each PV module must be installed bypass diode. Figure 5(a),
PAR AMETERTOAIZBSIEEI2CONVERTER shows the configuration of PV array under NUIC with bypass
diode. Figure 5 (b) shows tlieV characteristic of PV array
Parameter Value under NUIC.
Inductor 1 602 uH In the case of PV array under NUIC, for the series-
Inductor 2 565 uH connected configuration employing bypass diodes [Figure 5a]
: can caus®-V characteristic produce multiple peaks, with one
Capacitor 1 & 2 731.5uF of the peaks being global peak (GP) [Figure 5b]. The
Resistor 5.81Q amounts of peaks that produced also depends on the number
Switching frequency 40 KHz of configuration PV modules. The increasing number of
arranged PV modules allows the emergence of other power
D. PV Array Under Non-Uniform Irradiation Condition peaks. Moreover, the number of peaks depends on the
(NUIC) variation of irradiance level received by each PV module. For

PV array is composed of PV modules in series or parallel€xample, three PV modules connected in series, but only one

or combination of both to obtain sufficient power. The series Of all modules that have different irradiance level, in cBse,
connection can produce multiple voltages of the PV module,V characteristic of PV array only produce two power peaks.

T ~
et H
< » 1
(b)
Fig. 5 (a) PV Array of Three PV Modules in a Series ConfiguratiorR{#)Characteristic of PV Array
2) Characteristic of PV (array) Under NUIC the global peak (GP) position depends on the position of the

power peak produced depends on the number of arranged PY below shows that several cases are carried out. Starting
modules and the difference in irradiance values. Furthermorefrom uniform conditions, there is one difference in irradiation
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in PV modules, and all modules have different levels of (v;**1) = w.v;* + c;r (x; — ;%) +Czr2(xgbl. _xl.k)(g)
irradiation. When each characteristic curve of each case is )

. . . . H — . . k
compared, there will be a noticeable difference in patterns. with k=123,...n as the number of iterationx
representing the position of each particle at each iteratign. X
TABLE IIl and x, are the personal best position of each particle and the
THE DIFFERENCEIRRADIANCE LEVEL OF PV ARRAY global best position of the swarm; &hd G are the cognitive
Radiation intensity (W/m?) coefficient acceleration and social coefficient acceleration. r
PV iei - i
array cases . e 1 Module 2 Module 3 _and b are_random_values lie in the range 0 — 1. W is the
inertia weight, which also has a range value of 0 - 1. The
1 1000 1000 1000 - " . .
velocity and position of each particle in the swarm are
2 1000 1000 600 updated using equation (2) and (3).
3 400 1000 700 B .
4 400 600 1000 2) Modified PSO Algorlthm

Many researches and applications have successfully

Table 3 above indicates that case 1, which have uniformapplied PSO optimization. Therefore, several researches of
irradiance on each PV module, able to produce normal PVPSO algorithm are developed; one of them proposed to
characteristic with only one peak. Case 2, where one PVreduce the level of oscillation during the tracking process.
module has different irradiance since PV array produces twoThe value of ¢and G are very influential on velocity
peaks i.e., GP and LP with a lower value. In case 3, each P\calculation; if the value of and Gare too high, it can cause
module has different irradiance with the second module hadarge oscillation during tracking proses. Thus, the modified
the highest irradiance than all. In this case, the characteristi®SO proposes the modification ofahd G value to decrease
curve produces three peaks, i.e., one GP, and two LP. In thi¢he oscillation level during the tracking process. In this case,
case, GP position in the middle of all peak that is due to theif an original PSO often uses 1 for the value efaGd G,
highest radiation found in the second module, which is in thethen modified PSO changes the value become 0,5. This value
middle of the PV array arrangement. Case 4, have a similaapplies to all particles and every iteration update.
condition with case 3, but in this case, the highest irradiance : : :
received by the third module. So that the GP position also 3) Adaptlve. Velocity P_SO A'Qo“t_hm
changes according to the position of the module that receives | he conventional algorithm will fail to track GMPP of PV
the highest radiation. Thus, the conventional tracking &may- The PSO algorithm above is proposed to overcome the
algorithm (e.g., P&O and IC) will fail to track GP position mpact of NUIC. However, the original PSO algorithm is
when PV array under case 2-4 (NUIC). The conventional currently being developed. The purpose of developing PSO

algorithm will be stuck if it found a peak even though it's a algorithm is to reduce or decrease the oscillation level during
local peak (LP). the tracking process and to shorten tracking time. Modified

PSO algorithm offer to reduce oscillation level during the
E. The Proposed Adaptive Velocity PSO Algorithm tracking process by reducing cognitive coefficient
- . acceleration and social coefficient accelerationai@ G),

1) Original PSO Algorlthm _ but it can extend tracking time. To overcome this problem,
~ Kennedy and Eberhart first developed the PSO algorithmnis paper proposed an adaptive velocity PSO algorithm to
in 1995. It was inspired by the social behavior of bird jmprove the GMPP tracking time, avoids local peak trapping
flocking. They have unique behavior when looking for food; proplem, and reduces the voltage oscillation level of PV array
they will spread and inform other birds if they find the best during the tracking process. The proposed AVPSO algorithm
meal. In the optimization context, swarm (bird) assumed t0 presented several modifications on the particle update
have a certain size with every start position of particles process, including the process of velocity calculation. This

randomly located in space. Every particle assumed to havesection proposes a number of modified parameters based on
two parameters, position, and velocity. Every particle movesihe current position and the best position.

in a certain space and considering the best position. Every ) ) )
particle sends information on the best position to other @) Adaptive Weight FactorThe value of the weight
particles so that other particles can adjust the position andactor affects the velocity value update. Weight factor will
velocity of every particle based on the information received keep the moving particle when it found a local peak, so it
concerning the best position information. The position of a cannot be trapped in LP. But, the value of the weight factor

particle is varied according to the following equation (2): that remains constant has a problem; it can cause sustained
oscillation even all the particle was converged in GP point
N2 K+ because the particle velocity has a non-zero value. In order to
xl. xl + vl (2) . . .
keep the weight factor function, and overcome the negative
Wherex;* denotes the position of tlith particle afteith impact when all particle was convergence on GP, thus an

adaptive weight factor was proposed. This paper proposes
weight factor, which can change its value based on the
distance of the particle from the GP. The weight of a particle
is varied according to the following equation.

iteration. x;**! denotes the next particle position after the
update or the position of a particle in the next iteration
(k+1). v;*** denotes the value of velocity foth particle

whenk+1 iteration The velocity value affects the speed and
accuracy of the tracking process. The equation calculates

k
k _ 1 Xgb™Xi
velocity is shown in equation (3). wi == —| (4)

VOC
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Where x,;, is the global best position of all particle, Xgp — X;*

g s ; ; - +105(1— [ | (s — %)
x;*denotes the position of tlith particle afteith iteration, : Ve i t
andV,. is the open circuit voltage value of PV array. Based .

Xgb—Xi

from this equation, each particle can determine each weight +{<1 + )} (xgbl. — xi") 7)
value depend on the distance betweeritthparticle position B

and the GBP. Thus, the weight factor of the particle is high equate all denominators by multiplying all summations with
when it is far from the GBP and causes each particle to avoidv,, values, so the simpler equation becomes as follows.
unnecessary oscillation when it is near to GP.Adaptive .. X
Acceleration Coefficient: the value of the social and cognitive W) = |xgp — x| v,
acceleration coefficient also determine the velocity value _ ok k

update process. Cognitive acceleration Coefficieq k€eps 05+ (1= gy =2 D}Cros = )

the particle moving before _it found GP_.l @and g are the +(1 + |ng _xikl)(xgbj — xi") (8)
values that prevent the particle from being trapped in LP. In ) _

the original PSO, Cis selected by the programmer. This In case under NUIC has multiple peaks, the distance
condition causes an increase within the tracking time becaus®etween patrticle is so far, especially at the beginning process.
the value of Gis not zero when it reaches the GP so that the The update velocity value may reach large value; this
particle makes an unnecessary movement. .condmon. may cause a problem. Th(_e partlcle_ may sk|p.sorr_1e
on its particle position from the global best position. Initially, ead to erroneous tracking of the GMPP. Therefore, to ensure
when particles are far from the GP, there may be multiple that none of the peaks are passed during the tracking process,
minima located in between. Thus, the valueCofmust be  the update velocity value must be limited to a maximum
kept low to avoid particles from trapping in the local minima. Value as the following equation.

oc

k

When the particle has blessed to the GP, the local peak 0 < w1 < Vor 9)
already passed, so the valueGgfcan be gradually increased
to reduce convergence time. Thus, the adaptive valGe isf Vinax = (0.8 * V) /N (10)
varied according to the following equation: Equation (8) shown that the velocity value less thagp.V
X xgp—x;¥ VmaxOf PV array may be calculated from equation (10). Voc
G7 =05 (1 T vee ) ®) denotes the open-circuit voltage, and N denotes the number

of PV modules connected in the PV array. The proposed
limiting value ensures that none of the peaks are skipped
while tracking the process of GMPP.

The constant 0.5 is to limit the maximum value that can be
achieved byC, to be 0,5. This ensures thg value is always
less thanC, or at most, is equal t€,. Thus, the cognitive
factor is never able to dominate over the social factor and pull 4) Implementation of The Proposed AVPSO Algorithm
the particle farther from the GP, especially for cases when the This section will describe the implementation of the

particle lies in a local minimum. _ ~ proposed algorithm and the validation of the advantages it

Original PSO also proposed a fixed value of Social offered. Figure 6 shows block diagram of the prototype based
Acceleration Coefficient (§, but it needs to be able to avoid MPPT. Meanwhile, the AVPSO algorithm to overcome the
the minimum local trapping and reduce the tracking time jmpact of PV array under NUIC is presented in the flowchart
based on its condition/position. ; Calmost similar to  in fig 7. Here, SEPIC converter serves as interface and
Cognitive acceleration Coefficient {C the G value is  actuator of MPPT between PV array and load. The proposed
presented for calculating the value by its self. To make theg|gorithm controls the DC-DGEPIC converter operates at
algorithm free from tuning requirements, the following the optimum duty cycle corresponding to GMPP.

formula for the value of £s proposed:
— |
—“\J]EX 1 # Load

xgb—xik

C,k = <1+

) ©)

The formula presented above allows\@lue to have 1-2

VOC

range values. It ensures that the value psQigher than the 7 —

initial stages when the particle was far from GP. The  Pvaray . switching

proposed formula made the particle moves quickly at the 2P0 <%°m°;::p'8f signsl

beginning of the process and can reduce unnecessar algarithm totempole

movement, so it can reduce tracking time. In this paper, r

and » must be removed, because they can interfere with the Fig. 6 Block Diagram of the prototype Based MPPT Scheme

calculation of Gand G.
The steps of the proposed algorithm toward MPPT are

b) Limits on Particle Velocity:The adaptive velocity é}lescribed as follows:

equation that bases on adaptive weight factor and adaptiv
cognitive factor is as follows. 1) Step 1l:initial parameter of the AVPSO algorithm.
Initially, to determine the number of particles to be spread.
The particle's position initially may be random or specified
by the programmer. The initial positioning of the particle will

k
Xgp — Xi

Voc

(v, k1) = k

. U;
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affect the tracking process. In this paper, the particle is a duty 4) Step 4:velocity update and particle position update
cycle that will be given to th&EPIC converter. Further, it  process. After all, particles have been evaluated, the velocity
will determine how many particles update their positions; in and particle position herd must be updated. In the AVPSO
this paper, each particle can update their position until tenmethod, updates are made using the equations described in
iterations. the previous section.

2) Step2: fitness evaluation, each particle has a different 5) Step 5: convergent condition. The state of
value; each particle will produce different voltage and current convergence is reached if the iteration value has reached the
readings from the PV array. Voltage and current value mustmaximum number of iterations. The AVPSO algorithm will
be calculated to determine how much power produced fromstop, and the best particle cycle in the iteration history will be
each particle. used at the DC-DC converter. Convergence also may be
achieved before the iteration runs out, but on the condition

3) Step 3:Gbest and Pbest update process. If the power, -+ 4 particles are at a GP.

value for duty (i) is better than the best power in the history
of duty (i), then set the current value as the new Pbest (i) 6) Step 6 re-initialization. This step will be executed

value. After that, choose duty with the best power betweenwhen a power change occurs when all the particles have
the five duty cycles to be used as the Gbest value. converged. This paper proposed re-initialization when there is

a change in a power greater than 10 watts. This step requires

the algorithm to process from the beginning.
AVPSO initialization

> (Pbest[i]=0, Gbest=0,
Best=0, Vv[i]=0, k=1)

o]

i=1

| Update weight (w),

Duty (particle) output to || velocity (v). duty() |Adaptlve
SEPIC Converter |

v

Read the Voltage and
current of PV (1,V)

¥

Calculate Pnew [i] = V*I

Is Pnew [i] >
Pbest [i]

Update Pbest][i],
Update duty [i]

Best output Duty @
To SEPIC converte|

Update Gbest, |
Update best |

Is Pnew [i] >
Gbest

Is APbest NO

> 10 watt
Moqification

YES _ _ 1

OO®

Fig. 7 Flowchart of the Proposed AVPSO Algorithm

converter) For the implementation of the proposed AVPSO
lll.  RESULTS ANDDISCUSSION algorithm are given in Table 4.
A. Validation of The Proposed AVPSO Algorithm by To validate whether the AVPSQ algorithm can work,
- : the power tracking result will be compared with the
Simulation . )

maximum power generated by the PV array. To find out

To evaluate and analyze the performance of the proposeghe advantages of the proposed algorithm, the waves during
algorithm, PSIM model is developed to simulation studies. ¢ tracking process until the convergent point will be

The block diagram to track the MPP is shown in Figure 6. compared between the original PSO and AVPSO. The
The simulation parameters of the MPP tracker circuit (SEPIC gjimylation result is shown in fig 8.
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TABLE IV conditions (uniform irradiation). Figure 9 shown the
SIMULATION PARAMETER OF MPPTWITH SEPIC CONVERTER . . . . .
hardware experiment configuration using a resistor as a

No Parameter Specification load.
Pmpp =150 W; Vmpp =52.8 V
1 PV modules Isc =3.04 A; Voc=64.2V
T=25°C
2 Inductor 1 602 uH
3 Inductor 2 565 uH
4 Capacitor 1 & 2 731.5 uF
5 resistor 5.81Q
6 Switching Frequency 40 KHz : ' PV arra)
P_AVPSO  Pmax MPPT Tracker
150 : ; circuit (SEPIC
P I N AY S B 1 A
\ [v = § multitester
A 1

Time (5)

(a) B L S

Fig. 9 Hardware Experiment Configuration

FPSD  Pmax

{ ; , j f The experiment was carried on three different values of
Rl f f f f irradiation, 576 W/rh as low irradiation, 837 W/fmas

ml f f f f normal irradiation, and 1072 Wfmat high irradiation.

0 02 o . o8 ' Each method was tested in each condition. Each method
b) was tested in contiguous time to prove that there will not
Fig. 8 Power Waveform (a) the AVPSO Algorithm, (b) Original PSO be any significant radiation change. The result of this
experiment is shown mable 5

O O 0 VAT S W A0 = VY S VR, VO
It A L
l

From the two images above, the power resulted from the

tracking process coincides with the maximum power TABLE V

(nominal) produced by the solar panel configuration. EXPERIMENTAL RESULT ONNORMAL CONDITION (UNIFORM
However, there are some differences. Based on Figure 8, IRRADIATION))
AVPSO can reach a convergent point faster than the original j;ragiation Pmax | Pweer | Acuracy| Tracking
PSO. Moreover, the original PSO performs unnecessary (w/m? Method (W) (W) (%) Time (s)
movement when it was approaching the convergent point, so P&O 56.24 91.03 7.7
it can extend the tracking time. 576 PSO | 61.78 | 58.68 94.98 11.6
L ) AVPSO 61.36 99.32 6.03
B. Validation of The Proposed AVPSO Algorithm by P&O 10044 | 9634 96
Hardware Experiments 837 PSO |104.25 | 10045 | 96.35 6.7
To validate the real performance of proposed algorithm, AVPSO 101.7 96.94 5.7
this paper proposes implementation AVPSO using DC-DC P&O 123.1 | 98.33 12.3
SEPIC Converter and STM32F7 as a controller. Hardware 1072 PSO |125.18 | 123.24 | 98.45 6.1
experiment configuration can be seen in Figure 9, where the AVPSO 12353 | 98.25 5.4

AVPSO algorithm is applied in the controller (STM32F7).

Voltage and current, which is used to calculate the PV power, p,,,, (W) is a peak power from the PV characteristic
is obtained from the voltage sensor and current sensor, whiclgurve at that time. Jppris a peak power (convergence

is installed after the PV array. Both of them are the condition) that can be reached by each method at that time.
parameters used in the AVPSO algorithm. AVPSO teChniqueAccuracy is a power ratio that can be reached by each
to change the duty ratio to generate the control signal throughmethod compared with,Rx. Tracking time is how long

the driver circuit to control the switching mosfet of SEPIC each method reaches a convergence condition. In addition,
Converter. Figure 10 shown the experiment result graph each method

1) Hardware experiment on normal condition (uniform M3 wratélatlonhvalue.l . < bl .
irradiation): Hardware experiments have been carried on Based on the result on TaeAVPSO is able to wor

several conditions to validate AVPSO can work in normal " normf(;ljl gondition, it was provenhfr(;]m the lfeak pO\;VGI’
condition (uniform irradiation) and can work under NUIC in 9€nerated by AVPSO can approach the peak power from

various irradiation, and various combinations of PV array. € characoteristic curve. AVPSO have an average accuracy
The first three experiments have been carried on normallP {0 98%. Based on Figure 10, AVPSO can reach

conditions; each PV module gets the same irradiation, high'pon\(ergence condition faster than PSO anq P&_O at all
medium, and low irradiation. This experiment aims to find irradiation value. AVPSO have average tracking time less

out whether or not AVPSO also can work in normal than 6 seconds, with lower oscillation level.
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70 Irradiation 576 W/m2 120 Irradiation 832 W/m2 140 Irradiation 1072 W/m2
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@) (b) (©)

Fig. 10 Experimental Result of Each Method; a) at low irradiation; b) at medium irradiation; c) at high irradiation

Based on Figurel0, it appears that the PSO standard hagroduce different characteristic curves. Each combination
high-level oscillation until it reaches convergence condition. has a different peak value, peak position, and has a
However, this problem was resolved by AVPSO. Based ondifferent amount of peak power; it all depends on the
Figurel0, AVPSO just has a big oscillation in the first cycle. number of PV modules that have irradiation differences.
After that, it will gradually decrease until it reaches a  To validate that the proposed algorithm is better than
convergence condition. This condition can simplify the several other algorithms, results comparison was carried
process of voltage control in the output side. In this out. The result of each method is compared against the
experiment, the ability of AVPSO to avoid local peak characteristic curve generated by the PV array at this
trapping is yet seen, because on normal condition (uniformcondition. This paper focuses on comparing the result of
radiation) PV array just generates one peak power, so thathe tracking process, especially on oscillation level and
conventional method (P&O) can approach the peak power. tracking time until they reach convergent conditions and
remain concerned about accuracy that related to the ability
of the proposed algorithm to avoid local peak trapping.

Table 6 shown the experimental result of each method
on each pattern. In this table, several pieces of information
were shown. fax (W) is a peak power from the PV
characteristic curve at that timeydgris a peak power
(convergence condition) that can be reached each method
at that time. Accuracy is a power ratio that can be reached
by each method compared withR. Tracking time is how

2) Hardware Experiment Under NUIC Hardware
experiment under NUIC (Non-Uniform Irradiation
Condition) was carried out to validate that AVPSO is able to
overcome the weakness of the other methods. This
experiment was also carried out under three different
conditions to validate the reliability of the proposed
algorithm. Non-Uniform Irradiation Condition made by
partially covering the surface of the PV array. The different

condition was made by change the amount and surface are%ng each method reaches convergence condition
of Epheedg;fee?;\é'e between the three combinations of PV Oscillation is how much the graph oscillates (1 period)

L . until it reaches convergence condition. Oscillation is
surface closure appears in figure 11. In the first test, only partrelated to tracking time and voltage variation during
of one PV's surface was closed, and then two F.>V mOdUIestracking process and it is very influential in the process of
partially closed, and the last two PV modules partially closed regulating output side

but with a different position and area. Each combination will

PV1

PV1 PV2 PV3 PV PV2 PV3 PV2 PV 3

@) (b) (©

Fig. 11 Combination of PV Surface Closure (a) First Pattern; (b) Second Pattern; (c) Third Pattern

Global Peak Global Peak Global Peak
4 ~

70 Irradiasi 752 W/m2 60 _. lrradiasi 760 W/m2 5
x 1

N

s, Irradiasi 749 W/m2

(P 4

60 Py

43 50 0
r | 'UV 35
Local Peak g40 %0
= ocal Peal <
E 40 MPSO @ 30 =S, P&O g 2
% 30 o £ W T 20 Local Peak 3 2
% SO ° SNy MPSO og: - %SO
S % P&O 20 \I\Local Peak 2 | pso B 12 MPSO
10 AVPSO 10 ’ AVPSO N AVPSO
| C.curve Local Peak 1 C.curve C.curve
0 0 0
0 10 20 30 40 0 5 10 15 20 25 30 35 0 10 20 30 40
Time (s) Time (s) Time (s)

@ (b) (c)
Fig. 12 Comparison the Experimental Result of each MPPT Method Under NUIC(a) the result at pattern 1;(b) the result at pattern 2;(c) the result at pattern
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TABLE VI
EXPERIMENTAL RESULT OFEACH METHOD UNDERNUIC

Accuracy Tracking -
Pattern Method Pmax (W) Puppr (W) (%) time (s) oscillation
P&O 61.19 98.6 6.8
PSO 60.69 97.82 10.8 8 pulse
1 62.04
MPSO 61.74 99.51 125 10 pulse
AVPSO 61.81 99.62 5.9 5 pulse
P&O 35.58 68.04 5.6
PSO 51.13 97.78 6.6 6 pulse
2 52.29
MPSO 50.84 97.22 11.4 8 pulse
AVPSO 50.95 97.43 6.2 4 pulse
P&O 26.98 63.14 6.7
PSO 40.57 94.94 10.4 7 pulse
3 42.73
MPSO 41.89 98.03 11.9 9 pulse
AVPSO 41.91 98.08 6.1 5 pulse

Based on Figurel2, the PV array under NUIC generateshangeable. Therefore, the adaptive value of weight factor
different characteristic curves according to their pattern. land adaptive value of;& C,on AVPSO able to overcome
Figurel2 (a) (pattern 1), only two peaks power (one locahe problem.
peak and one global peak) are generated by PV array; there
are two different irradiation values from 3 PV arranged in
series. On this pattern, a conventional algorithm (P&O) is nc
trapped on the local peak because it through global peak firs ;o
then local peak; thus, it tried to maintain its position at the _
peak that was discovered first. %75

Conventional PSO also can reach global power for 10. £50
seconds with eight pulses oscillation. This experiment i < ,
compared against the MPSO (modified PSO); it is ¢
conventional PSO that has changed the value of cogniti 0 o 5 10 15 20 s 10
coefficient acceleration and social coefficient acceleratiol time (s) time (s)
(C,and G). The value of ¢and Gwere changed to 0 from 1 (a)
(normal value). Based on the experimental result on
Figurel3, the proposed AVPSO can reach the global pow
peak (GPP) without being trapped in a local peak; it has shc 100 (738
tracking time than the other method and also has a lowt 50
oscillation level. 40

Different characteristic curve was generated at pattern 30
(Figure12 b). It has 3 peak power, which consists of 2 loce & 25 ig
peaks and 1 global peak. Three power was generated beca
at this pattern have three different irradiation received by P 0o 5 10 15 20 5 10 15 20
array, each PV module have different irradiation because .. time (s) time ()
has differences in surface area that exposed to sunlight. (b)

Based on fig 15. (b) and Tabk conventional algorithm

(P&O) was trapped on local peak 1, because the nature 70
P&O that maintains its position at the first found peak. The 109 60
proposed AVPSO can reach the global peak without trappin 50
on a local peak. It has a shorter tracking time than the othi £ 40
methods and also has a lower oscillation level. For mor 3 ‘;’8
details, the comparison of oscillation levels is shown ir§ 10
Figure 13. 0 0

The experimental result shown in Figurel5 is the result ¢ C e 0 Sl
experiments carried out at normal conditions (uniform
irradiation). The different experimental results of several ©
methods are shown in the figure above (fig 14). Thei9- 13 Power and Voltage Tracking Curves of Several Methods (a)
advantages of the proposed algorithm are shown, especiaﬁ)?m’em'OnaI PSO; (b) Modified PSO; (c) Proposed AVPSO
about the oscillation level. Conventional PSO and modified g,geq on Figure 13 (c), the higher oscillation just on the

PSO has a stable decrease in oscillation until it CONVergefist and second cycle; after that, it will decrease

the .value Of. c_ognltlve coeff|_C|ent accelerqt|on causes It, angramatically; the adaptive update particle process causes it.
social coefficient acceleration {& C,) is constant/not Particle position changes depend on the current position to
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PN WA OO SN
O O O O O O o

o
o
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the best position, when the distance is far, then positioohanged after the algorithm reaches a convergent point.
change will, therefore, be significant. When the currenfFigurel5 shows the result of the proposed modification.
position is close to the best position, the update particle valugased on Figurel5, the proposed algorithm will re-trace by
is small. Therefore, the particle does not move too far fronspreading the particles back until they find the new global
its best position. Another case with conventional PSO anfeak point.
modified PSO, because their update process is constant, the
particle update position slowly and gradually changes until i ,,,
reaches convergent condition.

Modified PSO was displayed to know the effect of 120
changing the value of & C,. Modified PSO changed the 100
C,& C, value from 1 (standard value PSO) to 0.5. Based o S 80
the experimental result, changing the value @#&QCC, to bt .
smaller can cause a lower oscillation level, but it will %
increase the tracking time because its update position value & 40
smaller. Therefore, AVPSO is proposed to overcome th 2o
oscillation level problem without increasing tracking time.

0
0 20 40 60 80
Time (s)
0,5
Fig. 15. Power Tracking Curve when There is a Change Power Value
0,4

IV. CONCLUSION

03 —e— AVPSO This paper presents the AVPSO (adaptive velocity particle
swarm optimization) to track the MPP (maximum power

Duty Cycle

0.2 MPSO point) of the PV array. The proposed algorithm improves
—e—PSO PSO in tracking MPP by modifying the weight factor and

0.1 acceleration coefficient (&C,) to be an adaptive value.
0 This modification is proposed to overcome the power
0 2 4 6 s 10 12 oscillation level during the tracking period and get tracking

time shortly without trapping at a local peak. This paper
compared the proposed AVPSO with P&O to validate that
AVPSO is not trapped at a local peak under NUIC.
The duty cycle is an output from each algorithm to Controfurtherr_nore, the propos-ed A\./PSO is also compared W.'th
the SEPIC Converter. The duty cycle is representing theconventlon-al I.DSO to validate |ts. adv_antages to overcoming
power oscillation level and tracking time. Based on several

article position of each algorithm. Based on fig 14, . .
QVPSO’spparticle moves shar;?ly at the second iteratign, anIaardware experiments, this fact has been proved through the

then it decreases gradually until the convergence point. Tﬁgsults provided. The A\./PSO algorithm _ successfully
particle position of PSO still increases until the thirg OVErcomes local peak trapping problem, and also have a low

iteration, and then it just decreases at the fourth iteratio .scillation power level and short tracking time. The proposed
However, the particle position of MPSO always moves VPSO has an average accuracy of more than 979% for any

gradually until it reaches the convergent point, it never ge!%ond't'on' This paper also proposes the AVPSO that has

higher than the convergent point, but it has the longest timaﬁgnd dﬁ;ﬁ]li((): péﬁAgPéll'Wgryfosr%;hnTez is able to work on static
to reach the convergent point. y P '

Iteration number -

Fig. 14 Movement of Particles in Each Iteration
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global peak of the current curve characteristic that was REFERENCES
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