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ABSTRACT To ensure the photovoltaic (PV) arrays under partial shading condition(PSC) could still output
maximum power quickly and efficiently, this work presents a modified hybrid maximum power point
tracking (MPPT) method, which applies artificial neural network (ANN) to the modified perturb and observe
(MP&O). Instead of using expensive illumination intensity sensors directly, the illumination intensity on
each module in the PV array can be obtained indirectly by sampling the specific points of their own cheaper
voltage-current sensors. ANN uses indirect illumination intensity to predict the optimal voltage areas of
the global maximum power point (GMPP). Based on the areas, MP&O adopts a adaptive step size strategy
to obtain GMPP. By modeling and simulation in Matlab/Simulink, it is shown that the tracking time and
efficiency of the proposed method in this work can reach 0.026s and 99.87% respectively. Compared with
other methods, the method has faster speed, higher efficiency, smaller fluctuation and lower complexity.

INDEX TERMS ANN, MPPT, MP&O, PSC, PV arrays.

I. INTRODUCTION

In the current background of global energy shortages, as an
inexhaustible source of clean energy, solar energy has been
widely concerned [1]-[3]. As an effective form of utiliz-
ing solar energy, photovoltaic(PV) arrays have achieved
great development all over the world. However, the current-
voltage(I-V) characteristics of PV arrays are nonlinear and
have a unique optimal voltage on the curve of power-
voltage(P-V), which produces maximum power point(MPP).
The progress of finding the optimal voltage is regarded as
maximum power point tracking(MPPT) [4]-[6]. Recent
years, MPPT methods, consisting of two general cate-
gories, namely traditional methods and intelligent methods,
have attracted to domestic and foreign researchers [7], [8].
Although traditional methods, including Incremental Con-
ductance(IC), Perturbation and Observation(P&QO), Hill
Climbing(HC), etc., could track MPP under uniform illumi-
nation smoothly, these methods tend to be limited to local
maximum power point(LMPP), not locating global maximum

The associate editor coordinating the review of this manuscript and

approving it for publication was Ganesh Naik

VOLUME 7, 2019

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

power point (GMPP) under partial shading condition(PSC)
and leading to a mass of power losses [9]-[12]. To overcome
these shortcoming, intelligent methods including Genetic
Algorithm(GA), Fuzzy Control(FC), Particle Swarm Opti-
mization(PSO), Artificial Neural Network(ANN), etc., are
put forward. The superiority of the intelligent methods is that
they can search the entire area on the curve of P-V under PSC
efficiently. However, intelligent algorithms often have the
shortages of poor convergence performance and slow track-
ing speed [13]-[16]. In order to solve these issues, the modi-
fied intelligent algorithms are put forward. Kamal et al. [17]
have proposed a online adaptive neuro-fuzzy algorithm that
incorporates B-spline function from the conventional neuro-
fuzzy. A novel overall distribution (OD) method based on par-
ticle swarm optimization has been proposed by Li et al. [18].
Based on excluding the use of random numbers in the velocity
equation, Sen et al. [19] have presented a modified parti-
cle velocity-based particle swarm optimization (MPV-PSO)
method eliminating the randomness of the traditional PSO
method.

Recent studies have shown that traditional method espe-
cially P&O method combined with intelligent method can
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not only solve the search problem under PSC effectively,
but also improve the tracking efficiency. Jiang et al. [20]
have presented a hybrid method, which combines conven-
tional and ANN method, from an economic point of view.
Goud et al. [21] have incorporated the ideas of artificial bee
colony (ABC) into single current sensor hill climbing (SSHC)
method. Kermadi et al. [22] come up with improved algo-
rithm that could minimize the unnecessary movement of
particles to faster convergence.

This work presents a modified hybrid MPPT method that
combines ANN with MP&O for PV arrays under PSC.
Firstly, Instead of using expensive illumination intensity sen-
sors directly, the illumination intensity on each module in
the PV array can be obtained indirectly by sampling the
specific points of their own cheaper voltage-current sen-
sors. the optimal voltage areas of GMPP is predicted from
indirect illumination intensity by ANN. Then based on the
location areas, the MP&O adopts a adaptive step size strat-
egy to obtain GMPP. The method can not only be appli-
cable to various PSC patterns, but also can locate GMPP
efficiently.

The rest of this work includes: Section II would
introduce structure and modeling of PV arrays. Characteris-
tics of PV arrays under PSC would be explained in section III.
Section IV would explain the modified hybrid MPPT method
in detail. Simulation results and discussion of the proposed
method will be presented in section V. Section VI will
compare the proposed method with other methods. The
conclusion of this work will be drawn in section VII.

FIGURE 1. Composition of a practical PV array.

Il. STRUCTURE AND MODELING OF PV ARRAY

As shown in Fig.1, A PV array is comprised of Ny, and
N, modules, connected in parallel and series to obtain high
voltage and high current, seeking to improve output power of
the PV array. There are two types of diodes in the PV array,
which are bypass diodes and blocking diodes. By prevent-
ing the shaded module from generating a negative voltage,
bypass diodes could eliminate hot-spot phenomenon effec-
tively. Blocking diodes can prevent backward current flow.
If some PV cells from modules, or certain modules in the
array are shaded at the same time, the PV array is said to be
under PSC[23], [24].
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FIGURE 3. Circuit configuration of the PV array under PSC.

In this work, the PV array could be represented by equiva-
lent model of the single diode, depicted in Fig.2. The voltage
and current relationship of the PV array can be expressed
as[25]:

Varray + Bl armnys

1 = Npplpn — Npplp [E. -1
array ppiph ppl0 [Exp( aV,Ny, )
. Varray + ﬁlarrayRss )
IBRPP
G
Iph = G_[Ipth(l + Rss/Rpp) + Ki(T — Tn)] (2
N
I Ki(T - T,
IO _ [ sc_N + l( N)] (3)

Exp(Voen + Ko(T = Tn))/Vi) — 1

where Virrqy and gy are the voltage and current of the
PV array respectively.Exp stands for exponent. R, and Ry
are the equivalent parallel resistance and series resistance
respectively. I, and Iy are the photocurrent of the PV array
and saturation current of the diode respectively. Ny, and N
are number of parallel and series. V; is the diode thermal
voltage.a is ideal factor of the diode.Bis the ratio of the num-
ber in parallel to the number in series(Nys/Npp). Ipn_n is the
light generated current under standard test condition(STC).
Ty and T are standard temperature (25°C) and actual
temperature(°C) respectively. Gy and G are standard illumi-
nation intensity (1000W/m?) and actual illumination intensity
(W/m?) respectively. K, and K; are open circuit voltage and
short circuit current coefficient respectively. V. n and I;c y
are open circuit voltage and short circuit current under STC
respectively.
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FIGURE 4. Characteristic curves of the PV array under PSC.

TABLE 1. lllumination intensity in this work.

Pattern [llumination S (W/m")

PV Modulel PV Module2 PV Module3
Pl 1000 1000 1000
P2 1000 300 300
P3 1000 600 600
P4 1000 600 300

lll. CHARACTERISTICS OF PV ARRAYS UNDER PSC

As shown in Fig.3, this work would adopt a small PV array
made up of of three modules in series to illustrate the char-
acteristics of PV array under PSC. The four patterns of the
PV array, namely P1, P2, P3, P4, have different illumina-
tion intensity, shown in Table I. As a control group, illumi-
nation intensity of P1 is under STC. Characteristic curves of
the PV array under three patterns are shown in Fig.4.

Under P1, since the PV array works under STC, namely
1000W/m?,1000W/m? and 1000W/m?, there is no knee-
point on the curve of I-V and only one MPP on the curve
of P-V, namely Peak1. Under P2, the illumination intensities
of the shaded PV Module2 and the shaded PV Module3 are
only 300W/m?, while the illumination intensity of the shaded
PV Modulel is 1000W/m?. The existence of a voltage differ-
ence between the PV Modulel and PV Module2 (or the PV
Module3) causes conduction of the bypass diode of the PV
Module2 and the PV Module3. Therefore, there is one knee-
point C on the curve of I-V, where V¢ = 38.34V, Meanwhile,
the GMPP is positioned at Peak2. Under P3, the illumination
intensities of the shaded PV Module2 and the shaded PV
Module3 are both 600W/m?, while the illumination intensity
of the shaded PV Modulel is 1000W/m?>. There is one knee-
point A on the curve of I-V, where V5 = 37.45V, Meanwhile,
the GMPP is located at Peak3 clearly. Under P4, the PV
Modulel, PV Module2 and PV Module3 receive three dif-
ferent illumination intensity, namely 1000W/m?2, 600W/m?
and 300W/m?, which brings about two knee-points A and B
on the curve of I-V, where V5 = 37.45V and Vg = 75.26V,
Meanwhile, the GMPP is located at Peak4.

It can be concluded that different illumination intensity
patterns correspond to different current-voltage(I-V) charac-
teristic curves of the PV array, while both the GMPP of the
characteristic curves and the number of the knee-point vary
from pattern to pattern. Hence, finding the GMPP is very
critical.
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TABLE 2. Parameter for the PV module (YGE 60 cell).

Parameter Value
Optimal power(P,,) 260W
Optimal voltage (V) 30.9V
Optimal current (I,,,) 8.41A
Open circuit voltage(Voc) 38.9V
Short circuit current(I.) 8.98A
Ky -0.0033V /C
Ki 0.0006A /C
Number of cell per module(n) 60

IV. THE PROPOSED MODIFIED HYBRID MPPT METHOD
A. THEORY OF OPERATION

Although ANN have been shown to track GMPP accurately,
it has many disadvantages such as difficult of acquiring
time-consuming training set, expensive illumination intensity
sensors and slow tracking speed [26]-[29]. Based on the
above problem, a modified hybrid MPPT method is proposed,
dividing into two parts: ANN and MP&O. Assuming that the
ambient temperature is maintained at 25°C, the illumination
intensity(Gy) on the PV modules is estimated by using the
current and voltage of the PV modules instead of illumination
intensity sensors, namely using Equation (1)—(3) of Section II
to estimating the illumination intensity(Gy) on each module.
Schematic diagram is composed of the PV array simulator,
boost converter, a modified hybrid MPPT, and load, as shown
in Fig.5.

For illustrating the proposed modified hybrid MPPT
method, this work uses the small PV array, as described
in Fig.3 in section III while parameters for the PV module
(YGE 60 cell) are given in Table 2.

The GMPP under different PSC is obtained by changing
the illumination intensity on different modules in 100W/m?
steps from 100W/m? to 1000W/m?>(total 1000 patterns),
as shown in Fig.6. As can be seen from Fig.6, GMPP is
located in a specific area, namely three optimal voltage areas,
and the GMPP of some shaded patterns is consistent(about
415 patterns). The remaining 585 can be used as training set
for ANN, which could improve tracking speed.

Based on the above analysis, the basic idea of the method
is to predict the optimal voltage areas by ANN, namely
Vimin and Vimax, from the illumination intensity on different
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FIGURE 6. GMPP distribution of the PV array under different PSC.
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FIGURE 7. Configuration of ANN.

modules, which is estimated by using the current and voltage
of the PV modules. Then the MP&O is applied to the areas
to achieves the GMPP, using a adaptive step size strategy
to reduce the power fluctuation and speed up the tracking
process. Hence the proposed method consisting of ANN and
MP&O could achieve a better GMPPT performance.

B. ANN SECTION
ANN is used to locate the optimal voltage areas of GMPP.
The illumination intensity(G;s) on each module is estimated
by using different voltage and current from the sample-point
set of I-V curve. As depicted in Fig.7, the configuration of
three-layer feed forward ANN has three layers, namely an
input layer, a hidden layer, and an output layer. The estimated
illumination intensity(Gy) on each module is obtained by the
nodes of the input layer, transferred to the hidden layer, which
passes their output to the nodes of the output layer, getting
the optimal voltage areas of GMPP. The sigmoid function
is used for the input-output characteristics of the nodes. For
each node j of the input layer and hidden layer, the output
Oj(s) is expressed as follows:
o ! 4
O T e Xi) @
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where X;(s) is the input value to the node j at the s-th sam-
pling, namely G.

The input [;(s) of the hidden layer is expressed by the
weighted sum from the previous as follows:

li(s) = ) Wii(s)0j(s) )
J

where Wj;, set to random values initially, is the weight
between node j and i.

For each node i of the hidden layer and output layer,
the output Oj(s) is expressed as follows:

1
) = o) ©

where I;(s) is the input value to the node i at the s-th sampling.

O(s) = ) _ O(s) ()

where O(s) are the s-th predicted output.

In order to obtain location area accurately, it is very nec-
essary to adjust Wj; as training process of the ANN by the
function of sum of the squared errors between the target
output and the ANN predicted output as follows:

N
e= ) (t(s) ~ O()’ @®)

s=1

where N is the total number of training patterns. t(s) and O(s)
are the s-th target output and ANN predicted output, respec-
tively. Wj; keeps updating so that the error in equation(8)
would be reduced.

By adopting Matlab/Simulink to model and simulate
PV arrays under different PSC, a large number of output
characteristic curve of I-V data sets and the illumination
intensity(Gy) on each module could be obtained to train the
ANN.

Generally, Levenberg Marquardt (LM) function more suit-
able for ANN training is adopted where the performance
indicator is sum of the squared errors [29]. Since ANN in
this work is only used to determine the optimal voltage areas
corresponding to GMPP, a slight change of the PV array will
not affect the predicted results, so the training data-set can
be obtained through Matlab/Simulink, which could greatly
simplify the complexity of getting the actual data of the PV
array. A lot of training data-set is conducted by ANN through
the PV array simulator, which samples the specified point of
I-V curve directly [30]. The voltage value of the sample-point
set Vg could be set as:

VS = (VNmax»la L) V37 V27 Vl)

Vs = (1 +0.6)Voc N, - - ., 2.6Voc N, 1.6Voc N, 0.6Voc N)
©

wherei=0,1,2, ..., Nmax—1. Nmax is the number of modules

in the PV array.
Fig.8 shows the simulation results which could be used
for training ANN. The input pattern is the illumination

VOLUME 7, 2019



W. Zhang et al.: Modified Hybrid MPPT Method for PV Arrays Under Partially Shading Condition

IEEE Access

G1
1000 -
500

0 100 200 300 400 500
~ G2
2 1000
= 500
0
0 100 200 300 400 500
G3
1000
500 !
0 100 200 300 400 500
T/ms

(a) illumination intensity

The optimal voltage areas/V
=
=3

0 100 200 300 400 500
Tims
(b) optimal voltage areas

FIGURE 8. Patterns for Training ANN.

107

The squared emars(E}

1 20 40 60 80 100 120 140 160 180 200
200 eration

FIGURE 9. Convergence of Error.

intensity(Gy) on each module corresponding to different volt-
age and current from the sample-point set of I-V curve. The
target pattern is given by the optimal voltage areas for training
the ANN.

The process of error convergence is shown in figure 9. The
ANN was trained by using about 585 pairs of points(Each
pattern is made up of three points). During the training pro-
cess, the squared errors, the learning rate and the momentum
are set to 0.001, 0.2 and 0.85 respectively.

C. MP&O section

The MP&O method has used adaptive step size to search the
location area and find GMPP ultimately. Through predicting
the optimal voltage areas, namely Vipin and Vipa.x owing
GMPP by ANN, GMPP area is located. Both Vimin and Vimax
can be used to start the MP&O. Vi« is adopted for the start-
ing search point, and a fixed step size with large correlation
is used [31]. But the method often causes the slow search
speed and strongly fluctuation. This work uses (Vimax +
Vimin)/2 as a initial searching point, as shown in Fig.5.
It could draw a conclusion that the initial searching point is
generally located to the left of GMPP in Fig.4. Hence the
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TABLE 3. Definition of h.

dv dp dVxdP h
+ + + +1
+ - - -1
- - + +1
- + - -1

gradient h (negative or positive) of the P-V curve, namely dV
and dP could be recorded. The result of symbol multiplication
between dV and dP, and normalized to unity, is defined as
h which would judge whether the method tracks GMPP,
as shown in Table 3.

In this work, seven consecutive recorded values of h are
used to estimate whether the power appears to fluctuate. Thus,
Absolute value of the sum of h, i.e. |Flag| will occur at

\Flag| =7 the method not converged to stable state
a =
8 <7 the method converged to stable state

(10)

As the voltage continues to decrease or increase, seven
consecutive values of h would be negative and positive,
respectively. Therefore, |Flag| is equal to 7. When GMPP is
reached, the power starts to fluctuate. Hence at least three
times the voltage move to the opposite direction, leading to
|Flag| less than 7. According to the above analysis, fluctuation
can be judged by obtaining |Flag|.

In this work, the step size is set as to 2% X Vief, where
Vier 1s equal to (Vimax + Vimin)/2. When fluctuation is found,
the step size decreases 0.5% x Vit with each generation until
it reaches 0.5% x Vif at stable state, otherwise the step
size remains the same. The method could not converge to
GMPP strictly, but the adaptive step size is small enough that
the fluctuations are negligible, causing small power loss[5].
In fact, the illumination intensity will always fluctuate, so the
step size is not allowed to be zero. If a small change in
illumination intensity is not enough to cause a change in
power, zero step size will cause the method to track the same
voltage throughout the cycle and cause sharp fall in power
because of the offset in GMPP position. Hence, it is very
important to maintain small step size, which could hold a very
low fluctuation to reduce power loss rather than zero step size.

D. FLOWCHART OF THE PROPOSED METHOD

The complete flowchart of the proposed method is shown in

Fig.10. The sampling points are gained consecutively, i (i =

1,2, ..., Nmax—1) is used to mark the sampling points, and

sign ensures that the power error between each sampling point

is not affected by an abrupt illumination intensity change.
The basic steps of the proposed method are as follows.

(a) Initialization: the initial value is set, where i = Ny.x—1,
sigh = 1, Nmax = 3, Paprupt = S0W, P(0) = OW, V, =
(0.6 +1)Voe.

(b) Input data measurement: the current I(n) and the voltage
V(n) are measured, and then power is computed.
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(c) ANN section: the difference between current(P(n)) and
previous power(P(n-1)) is compared with The critical
power variation(Paprupt). If Paprype is smaller than the
absolute value of the difference, and sign = 1, the method
starts the searching of the voltage area of GMPP. Pri-
marily, set sign to 0. Then, compute V of the I-V curve
according to equation(9) for each sampling point i and
estimate the illumination intensity(Gy) on each module
according to equation(1)—(3), which is exported to the
ANN, until i<0. Then the ANN is used to predict the opti-
mal voltage areas owing GMPP and get Vipax and Vipin
in the area. The initial V. is obtained as the key value of
the MP&O section, where Vief = (Vimax + Vimin)/2. Set
i and sign to 0 and 1 respectively.

(d) MP&O section: If Papyypt is bigger than the absolute value
of the difference, and sign = 1, MP&O section is utilized
to track GMPP. The initial step size dV is set to 2%
of Vief, while the gradient h, which is the perturbation
direction is set to 1. Whether dP>0 is detected. If dP>0,
h is equal to h, otherwise h is equal to —h. Afterwards,
seven consecutive values of h are recorded and Flag is the
sum of h. If absolute value |Flag| is equal to 7, it means
that the disturbance occurs in the same direction, and the
fluctuation around the GMPP has not occurred. At this
moment, the step size keeps 2% of Vier. Otherwise If
absolute value |Flag| is not equal to 7, the operating point
is fluctuating around the GMPP. In this case, the step size
decreases with each generation according to 0.5% of V.,
until it arrives at 0.5% of Vief, and GMPP has been found.

V. SIMULATION ANALYSIS AND DISCUSSION

To verify validity of the proposed modified hybrid MPPT
method under different PSC, the system is modeled and
simulated by Matlab/Simulink as shown in Fig.5. The main
parameters of boost converter are as follows: Cj, = 100e~°F,
Cout = 300e°F, L = 10e—3H, R = 30%2, f,(witching fre-
quency) = 2000HZ. The configuration of the PV arrays used
in simulation is shown in Fig.3, and the parameters is shown
in Table 1. Pyppup is set to S0W, and the initial power P(0)
is set to OW. The proposed algorithm is updated every 0.1s.
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PV Modulel PV Module2 PV Module3
Pl 1000 1000 1000
P2 1000 300 300
P3 1000 600 600
P4 1000 600 300
P5 400 200 300
P6 587 691 345
P7 433 682 229
P8 502 795 312
P9 398 654 213
P10 544 465 865
dV=0.005*V ¢
800 5

784,84

700

600

500

=
= 400

300

N y V3 ¥ | v 0ae
23343560 BZ24 96.57
0 20 BHEE 4 60 80 100 120
VIV

FIGURE 11. The track path of the proposed method when the PSC pattern
changes from P1 to P2.

Ten typical PSC patterns are used to verify the method in
this work, as shown in Table IV. By the type of illumination,
the patterns could be divided into two categories, namely
uniform illumination P1 and non-uniform illumination P2 to
P10. The pattern of uniform illumination P1 indicates there is
a single MPP on the curve of P-V, namely GMPP. However,
in the other nine patterns, it is very difficult to track GMPP,
because of numerous MPP on the curve of P-V. Four specific
cases would be studied, namely P1-P2,P1-P3, P1-P4, P1-P9.

When the system runs at fluctuation point A to the right of
the Peak1(GMPP), and the PSC pattern changes suddenly at
T = Is, three points are sampled in succession primarily, and
then the correlative operating trajectory is A-B-C-D. After
the sampling process has been completed, the voltage area
of GMPP would be located by ANN, and the midpoint E
of the voltage area is finally obtained. As the starting point
of MP&O method, the GMPP is tracked rapidly until it has
been reached. Fig.11 illustrates the trace path when the PSC
pattern changes from P1 to P2. If the PSC pattern changes
suddenly, the operating point moves from A to B, and the
relative voltage is 101.14V. Then it go through C(62.24V),
D(23.34V), E(19.17V) until reaching the Peak2. It is clear
that the optimal voltage point was successfully located at
33.66V, while the GMPP could reach 249.38W. The tracking
process of the voltage and power are shown in Fig.12 and
Fig.13 respectively. It is observed that the power changes
from 784.84W to 249.38W, where B, C, D are the correspond-
ing sampling point.

Fig.14 depicts the trace process. If the PSC pattern changes
from P1 to P4 suddenly, the execution point moves from A
to B, and the relative voltage is 101.14V. Then it go through
C(62.24V), D(23.34V), E(49.85V) until reaching the Peak4.
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FIGURE 15. The process of the voltage when PSC pattern changes from
P1 to P4.

It is indicated that the optimal voltage point was successfully
located at 63.82V, while the GMPP could reach 330.00W
smoothly. The tracking process of the voltage and power are
shown in Fig.15 and Fig.16 respectively. It is observed that
the power value changes from 784.84W to 330.00W, where
B, C, D are the corresponding sampling point.

Fig.17 illustrates the trace path. If the PSC pattern changes
from P1 to P9 suddenly, the operating point moves from A
to B, and the relative voltage is 101.14V. Then it go through
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FIGURE 16. The process of the power when PSC pattern changes from P1
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FIGURE 17. The track path of the proposed method when the PSC pattern
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FIGURE 18. The process of the voltage when PSC pattern changes from
P1 to P9.
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FIGURE 19. The process of the power when PSC pattern changes from P1
to P9.

C(62.24V), D(23.34V), E(50.78V) until reaching the Peak9.
It is indicated that the proposed method has tracked to the
GMPP at 60.30 V and 206.11W. The tracking process of the
voltage and power are shown in Fig.18 and Fig.19 respec-
tively. It can be shown that the power value changes from
784.84W to 206.11W, where B, C, D are the corresponding
sampling point.
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Vi. COMPARISON STUDY OF THE PROPOSED METHOD
AND OTHER METHODS

To test the performance of the proposed method, the P&O [11],
ANN [27] and Hybrid [32] are used for the compari-
son in this work. The results with the proposed method,
the P&O, the ANN and the Hybrid under P4 are carried
out, as shown in Fig.20. The illumination of PV modules
is shown in Table 1. The curve of P-V is given in Fig.4.
It is observed that the relative voltage at the Peak4 is 63.82V
and the corresponding power is 330.00W. The average output
power P,, could be expressed in (11).

m
2 Py
Py = =—— (1)
m
where m is the total sampling number, while P (i) is the power
of the specific method at the i th sampling point.

The output curve of P-T and V-T using the P&O, ANN,
Hybrid and the proposed method are shown in Fig.20. In the
P&O method, it falls into LMPP at 0.035s where the aver-
age output power, voltage and steady state fluctuation are
253.10W, 96.6V and 0.15W respectively. With the ANN
method, it takes 0.05s to track GMPP, where the average out-
put power, voltage and steady state fluctuation are 329.45W,
63.7V and 0.05W respectively. The Hybrid Method takes
0.032s to track GMPP, where the average output power,
voltage and steady state fluctuation are 329.51W, 63.8V and
0.25W respectively. It takes 0.026s to acquire the GMPP
with the proposed method, where the average output power,
voltage and steady state fluctuation are 329.60W, 63.9V and
0.01W respectively. Therefore, comparing with the other
three methods, the steady state fluctuation of the proposed
method is significantly reduced and smoother. Besides, it
shows the better MPPT tracking speed than others.
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TABLE 5. Performance comparisons of the P&0, ANN, Hybrid and the
proposed method.

Trackin P, Fluctuati
PSC  Methods g had ¢ n(%)  Complexity
time(s) W) on(W)
P&O  0.035 253 1 o1s 76§ 7 High
ANN 0.05 3259'4 0.05 9%‘8 Medium
P4
Hybrid 0032 3219 S 025 995'8 Low
proposed 0.026 323'6 0.01 997‘8 Low
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FIGURE 21. Comparison of the output result when PSC pattern changes
from P1 to P4.

To contrast the efficiency of the proposed method with
others, the efficiency n could be expressed in (12).
n= Pay x 100% (12)
Pt
where Py, are the theoretical GMPP.

The efficiency n and average power P,, by the P&O, ANN,
Hybrid and the proposed method could be obtained, as shown
in Table 5. It is shown, except that average power of the P&O
is 253.10W which located at LMPP, P, is 329.45W, 329.51W
and 329.60W of the three MPPT methods, while the effi-
ciency is 99.83%, 99.85% and 99.87% respectively. Through
the above simulation, The proposed method has excellent
performance in tracking speed, efficiency and reducing fluc-
tuation.

By comparing the complexity of the methods, it can be
seen that except the hybrid method, the proposed method
can effectively reduce the unnecessary search process and
the dimension, which is obviously lower than the other two
methods.
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In view of the rapid change of illumination intensity,
the proposed method is compared with other methods in
tracking time, as shown in Fig.21. Fig.21 shows the dynamic
change in the output power and the output voltage when the
PSC pattern changes from P1 to P4 at 0.3 seconds. In the P&O
method, It takes 0.341 seconds to reach the LMPP(253.1W).
With the ANN method, 0.333 seconds is needed to reach
the GMPP(329.45W). The Hybrid Method takes 0.325s to
obtain the GMPP(329.51W). The proposed method only
needs 0.313 seconds to obtain the GMPP(329.6W). It can be
clearly shown that the proposed method has better dynamic
tracking performance than other methods.

The above experimental results are limited to PV arrays
with only three modules, but the modified proposed hybrid
MPPT method could be easily extended to more modules
in series of larger PV arrays. The successful application of
the method depends on the structure of ANN. For small and
medium scale PV arrays, simple ANN can be adopted, such
as the feed forward ANN and widely used back propagation.
For large-sized PV arrays, a complicated ANN should be con-
structed, or it is divided into several small and medium scale
distributed PV arrays to prevent the application of MPPT of
the centralized large-sized PV arrays under PSC from large
loss of output power.

VIi. CONCLUSION

The characteristic curve of PV arrays under PSC presents
multiple peaks. For traditional and intelligent methods, there
are more or less problems with accuracy and tracking speed.
A modified proposed hybrid MPPT method for PV arrays
under PSC are proposed for reducing the tracking range
based on study of characteristics of PV arrays. The proposed
method consists of two sections: ANN and MP&O. Not
needing expensive illumination intensity sensors, the ANN is
capable of predicting the optimal voltage areas owing GMPP
by sampling the specified point of the current-voltage (I-V)
curve. Then based on the location area, the MP&O is used
by adopting adaptive step size which could reduce system
fluctuation and track GMPP quickly. The simulation analysis
and comparison with others have demonstrated the validity of
the proposed method. The tracking time and efficiency of the
proposed method can reach 0.026s and 99.87% respectively.
The proposed method has excellent performance in tracking
speed, efficiency and reducing fluctuation.
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