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a b s t r a c t

This paper presents the capability of the Asymptotic Perturbed Extremum Seeking Control

(aPESC) scheme to track the Global Extreme on multimodal patterns. The multimodal

patterns are simulated based on power characteristics generated by a photovoltaic (PV)

array under Partial Shading Conditions (PSCs). The aPESC scheme is tested to evaluate the

performance of locating, searching and tracking of the Global Maximum Power Point

(GMPP). The following performance indicators such as the searching resolution, tracking

accuracy, tracking efficiency, and tracking speed are used to compare the performance of

the GMPP tracking (GMPPT) algorithms. The aPESCH1 scheme proposed has been imple-

mented in MATLAB/Simulink package to evaluate the performance indicators mentioned

above. The results prove that the proposed aPESCH1 scheme is effective and simple to be

implemented.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The aPESC schemes were briefly introduced in Refs. [1e3] and

its modeling, stability, and design rules were analyzed in Refs.

[4,5]. According to literature, researches focus on the locali-

zation, searching and tracking of the Global Maximum Power

Point (GMPP). The main performance indicators (searching

resolution, tracking accuracy, tracking efficiency, and tracking
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speed [6e9]) will be evaluated in the present study for the

proposed GMPPT algorithm.

The proposed GMPPT algorithm is compared with other

GMPPT algorithms reported in the literature [6e9] to show its

performance. Initially, the firmware-based GMPPT algorithms

that are analyzed in reviews [6e9] operate in two stages,

instead of the proposed GMPPT algorithm that may find the

GMPP in one stage. Secondly, the firmware-based GMPPT
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algorithms use in first stage advanced algorithms based on

Fuzzy Logic Controller (FLC) [10], Artificial Neural Network

(ANN) [11], Genetic Algorithms (GAs) [12], Differential Evolu-

tion (DE) [13], Particle Swarm Optimization (PSO) [14], or Ant

Colony Systems (ACSs) [15]), and chaotic search [16]. However,

after the GMPP is located, the GMPPT is tracked in the second

stage using a classical MPPT algorithm such as Perturb and

Observe (P&O) [17], Incremental Conductance (IC) [18], and Hill

Climbing (HC) [19]. It is worth to mention that the classical

MPPT algorithm may fail in tracking of GMPP, if the shading

coefficient is over 30% or high variations appear on the irra-

diance profile [20,21]. So, the main objective of any GMPPT

algorithm should be to track the GMPP under dynamic irra-

diance profile as in reality, quickly and accurately in order to

increase the PV power generated with up to 45% in compari-

son with classical MPPT algorithms [22].

The main findings of this study are: (1) A systematic anal-

ysis of the aPESCH1 scheme is performed in order to estimate

the tracking accuracy and the searching resolution of the

GMPP onmultimodal patterns; (2) The robustness of the GMPP

searching on PV patterns under partially shaded conditions

was shown using dynamic sequences of shaded PV power

characteristics; (3) The tracking efficiency and tracking speed

was estimated based on these dynamic sequences; (4) The

robustness analysis to dither shape reveals that this is not

important and the performance remains almost the same.

Some performance obtained are mentioned as follows: (1)

Ability to discern the GMPP among the Local Maximum Power

Points (LMPPs) is 20 times lower that 5% resolution reported by

other GMPPT algorithms [6e9], (2) the average value of the

tracking accuracy is of 99.97%, and (3) tracking speed is given

by about 23 dither periods. The performance will be validated

by the simulation results shown in sections below.

The paper is structured as follows: The PV characteristics

of 1Px3S and 1Px5S arrays are shown in Section 2 under PSCs.

The parameters of the solar cell and PV panel used in simu-

lation are also mentioned here. Thus, a generic PV pattern is

defined to be used in the simulation. In Section 3, the perfor-

mance indicators (the searching resolution, tracking accuracy,

tracking efficiency, and tracking speed) are defined. The re-

sults obtained for the performance indicators and robustness

to irradiance profile with dynamical change of the PSCs, PV

pattern with noise, and dither's shape are mentioned in Sec-

tion 4. Finally, last section concludes the paper.
Fig. 1 e The aPESCH1 scheme and their operation using

three shading patterns.
The scheme of aPESCH1 and power
characteristics under partially shaded conditions

The robustness of the aPESCH1 scheme (see Fig. 1) are tested

for rapid change of the shading coefficients for the PV irradi-

ance profiles' sequences, noise on the PV irradiance profile,

and use of different shapes for the dither signal.

The power characteristics generated by PV panels in series

(S) and parallel (P) that are integrated into a large array of

pPxsS structure, where p and s represent the number of

panels that are connected in parallel and series, havemultiple

peaks if the panels are shaded. The power characteristics for

PV array having the structure 1Px3S (top) and 1Px5S (bottom)

are shown in Fig. 2 for different irradiance sequences.
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The functions, variables and parameters used in aPESCH1

scheme are the as following:

- the multimodal pattern is defined by function y ¼ h(x),
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Fig. 2 e The power characteristics for PV array having the

structure 1Px3S (top) and 1Px5S (bottom), and panels under

different irradiance sequences.
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y ¼ hðxÞ ¼ hðxeðpÞÞ ¼ hðpÞ; (1a)

- the equilibrium point is defined by the smooth function

xe,

fðx; gðx; pÞÞ ¼ 0 ⇔ x ¼ xeðpÞ; (1b)
where p is the searching signal;

- the smooth function f(x,u) defines the system dynamic;

- the control law is u(t)¼g(x(t),p).

The variables and parameters used in aPESCH1 scheme

and relations (2) below are as follows:

- the periodic dither sd has the amplitude set to 1, and the

frequency is fd ¼ 1/Td ¼ u/2p;

- the minimum dither has the amplitude Am;

- the cut-off frequencies for the Band Pass Filter (BPF),

fh ¼ bh,fd and fl ¼ bl,fd, where bh and bl parameters will be

set in range 0.1e0.9 and 1.5 to 5.5 in order to test the best

compromise to design the BPF for a good approximation of

the H1 harmonic and sufficient dither persistence on the

control loop as well;

- the normalization gains, kNy and kNp, are used to adapt the

input and output signals of aPESCH1 scheme to used
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multimodal pattern without change the tuning

parameters;

- the tuning parameters are the loop and dither gains, k1 and

k2.

The relations (2) define the model of aPESCH1 scheme that

are shown in Fig. 1:

yN ¼ kNy,y; y ¼ fðx1; x2Þ (2a)

y
�
f ¼ �uh,yf þ uh,yN; yHPF ¼ yN � yf ; y

�
BPF ¼ �ul,yBPF þ ul,yHPF

(2b)

pDM ¼ yBPF,sd; sd ¼ sinðutÞ; (2c)

p
�
Int ¼ pDM (2d)

Gd ¼
��yMV

��; yMV ¼ 1
Td

,

Z
yBPFdt (2e)

p1 ¼ k1,pInt; k1 ¼ gsd,u (2f)

p2 ¼ k2,Gd,sd (2g)

p3 ¼ Am,sd; (2h)

p ¼ kNp,
�
p1 þ p2 þ p3

�þ p0; (2i)

where (2a) to (2i) represent the static map, normalization, BPF

filtering, demodulation, integration, computing of the gain

dither (Gd), and p1, p2, and p3 components of the searching

signal (p). Note that p and y denote the input and output var-

iables for the aPESCEH1 scheme, yf is an intermediate variable

related to HPF operating, pInt is the output of the integration

block, and the Mean Value (MV) block uses the Pade approxi-

mation to filter the ybpf signal. The initial value of the scanning

signal, p0, is used in closed loop to estimate the level of har-

monics in different points of the function y ¼ h(x) (the PV

power characteristic in case of Fig. 2).

In general, the large PV array operates under PSCs due to

real environment conditions, because parts from the PV array

installed on rooftop or/and facades of buildings or on ground

may be shaded by the clouds, neighboring buildings, snow or

dust [23]. Consequently, the power characteristics for such PV

arrays would exhibit multiple LMPPs (Fig. 2).

The PV array uses PV module of SX60 type that is built as

one column with 34 cells connected in series. Considering the

one-diodemodel and neglecting the parallel resistance, Rp, the

solar cell model is given by (3) [24]:

IPVðcellÞ ¼ KIGðcellÞ,G� I0R,

�
exp

�
VPVðcellÞ þ RsIPVðcellÞ

nVT

�
� 1

�
(3)

where:

- VPV(cell) is the solar cell voltage;

- IPV(cell): the solar cell current;

- Rs: the series resistance of the solar cell;

- KIG(cell) ¼ Isc(cell)/GR: the irradiation to short-circuit current

gain;
sis of the tracking of the global extreme on multimodal patterns
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- IL(cell)¼Isc(cell),G/GR: the light-generated current;

- G: the irradiance's level;

- n: Diode ideality factor;

- I0R: Reverse saturation current at reference temperature TR;

- VT: Thermic voltage;

- other parameters are defined in Table 1.

If the parameters of solar cell model and standard test

conditions mentioned in Table 1 are used, then the open-

circuit voltage, Voc, and the short-circuit current, Isc, of the

SX60 panel will be about 21 V and 7.8 A. The MPP value will be

about PMPP ¼ 51,2 W (obtained for VMPP ¼ 14.63 V and IMPP ¼ 3.5

A). If the irradiance level decreases at 500 W/m2, then the

power generated will decrease as well. Thus, the power

generated depends by the irradiance level. The power gener-

ated by the PV panels can be increased if these are integrated

in series (S) and parallel (P) into a large array of type pPxsS,

where p and s represent the number of panels that are con-

nected in parallel and series, respectively. The power char-

acteristics for a PV array of 1Px3S and 1Px5S types are shown

in Fig. 2. The irradiance sequences are mentioned in each

case. It can be observed that multiple LMPPs appear on power

characteristics. The PV pattern depends by the topology type

used to implement the PV array, use or not of the bypass di-

odes for the PV panels, and the PSCs that may occur [25].

Different PV patternswill be obtained based onmultimodal

pattern (4) (three are shown in Fig. 1):

y ¼ sat
	
L� ðp� 1Þ2



þ sat

	
M� ðp� 2:5Þ2



þ sat

	
R� ðp� 4Þ2




(4)

where the saturation function (sat) has the lower and upper

limits set to zero and infinite and the (L, M, R) triplet set the

position of the GMPP (in the left (1.5, 2, 1), middle (1, 2, 1), and

right (1, 2, 1.5) side of the respectivemultimodal pattern shape

of the multimodal pattern, see Fig. 1 e top).
Performance indicators

The performance indicators used to compare the GMPPT al-

gorithms are the searching resolution, tracking accuracy,

tracking efficiency, and tracking speed.

The searching resolution (SR) is defined by (5) [6]:
Table 1 e Parameters of solar cell model.

Parameter Descript

GR Reference irradiation

TR Reference temperature

Q Electron charge

kB Boltzmann's constant

N Diode ideality factor

VG Silicon band-gap energy

VT ¼ kBTR/q Thermic voltage

I0R Reverse saturation curren

a Short-circuit current tem

Rs Cell series resistor

Rp Cell shunt resistor

Voc(cell) Cell open-circuit voltage

Isc(cell) Cell short-circuit current
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SR ¼
min

i

��yGMPP � yLMPPi

��
yGMPP

,100½%� (5)

The tracking accuracy (Tacc) is defined by (6):

Tacc ¼ yGMPP

y*
GMPP

,100½%� (6)

where yGMPP is the global extreme and y*GMPP is the tracked

value using a GMPPT algorithm.

So, the searching resolution is bonded by the tracking ac-

curacy that can be obtained using a GMPPT algorithm:

SR > 100�Tacc (7)

The tracking efficiency (Teff) is given by (8):

Teff ¼

Z t

0

ydt
Z t

0

y*dt

,100½%� (8)

where y is the output of the multimodal pattern, and y* is the

current value tracked by a GMPPT algorithm.

The Teff value is mainly dependent by the transitory accu-

racy during the searching phase, because the stationary ac-

curacy is higher than 98% formost of GMPPT algorithms [6e9].

Thus, a short searching time may improve the tracking

efficiency.

The tracking speed is defined by number of iterations until

the global extreme is tracked with the imposed stationary

accuracy. It is obvious that an iteration for the aPESC1 scheme

means a dither period, but this can be defined for all GMPPT

algorithms as the time to compute a specific function [9].
Simulation results

The values of the parameters used in simulation are the

following: fd ¼ 100 Hz, k1 ¼ 100p, k2 ¼ 3, p0 ¼ 0, kNy ¼ 1, and

kNp ¼ 3. The cut-off frequency parameters of the BPF are set to

bh ¼ 0.5 and bl ¼ 5.5. If it is not else mentioned, a sinusoidal

dither with the amplitude of 1 V is used and the minimum

dither amplitude, Am, is set to 0.001 V.
ion Value [unit]

1000 [W/m2]

298 [K]

1.6e�19 [C]

1.38e�23 [JK�1]

1.3 [-]

1.12 [eV]

26 [mV]

t at T ¼ TR 2e�9 [A]

perature coefficient 0.0025 [AK�1]

3 [mU]

10 [U]

0.61 [V]

3.8 [A]
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Tracking accuracy and searching resolution of the GMPP on
static multimodal patterns

The simulation results for the proposed aPESCH1 scheme is

shown in Figs 3e5 for the multimodal patterns that has the

GMPP located in the left, middle, and right side of the

respective multimodal pattern (see the top of Figs. 3e5). The

structure of these Figures is the following: the PV pattern is

shown on top; the output (y) is shown in the first plot; the

asymptotic function (Gd) in the second plot; the searching

signal (p) in third plot. The output of the aPESC scheme pro-

posed in Ref. [2], yaPESC, is also shown in the first plot. It can be

observed that yaPESC remains blocked in first LMPP located

from the starting point p0 ¼ 0. Some zooms are shown to

evaluate the performance indicators or validate the discus-

sion above.

The tracking speed is about 12e15 iterations. The p signal

scans the searching range of about 6 times to locate the GMPP

and then this is accurately found during the next 6e9
Fig. 3 e Tracking of the GMPP on the pattern L: (L, M,

R) ¼ (1.5, 2, 1).

Fig. 4 e Tracking of the GMPP on the pattern M: (L, M,

R) ¼ (1, 2, 1).
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iterations. Note that the average value of the tracking speed

reported in Ref. [9] is in range 21 [26] to 473 [27]. The searching

resolution is SRy 15.78% (¼0.375/2.375) for the pattern L and R,

and SR y 6.25% (¼0.125/2) for the pattern M.

The tracking accuracy is of 99.99% for all patterns based on

the zooms shown for the y output. Considering (7), the

searching resolution is higher than 0.01%. Also, note that the

maximum value of the tracking accuracy reported in Ref. [9]

for the PSO-based GMPPT algorithms is of 99.96%.

It is important to evaluate the SR(100%hit) value, which is the

resolution for 100% hit count. The value of hit count is defined

as ratio of positive results of GMPP finding (instead of a LMPP)

to total number of tests performed [9]. The SR(100%hit) value is

close to 100% for the PSO-based GMPPT algorithm [28] using

PV pattern with SR y 4.36%. Note that 100% hit countmay also

be obtained the aPESCH1-based GMPPT algorithm using PV

pattern with SR lower that 6.25%. The simulation shown that

100% hit count may also be obtained for lower SR that 6.25%,

but higher than 0.25%.
sis of the tracking of the global extreme on multimodal patterns
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Fig. 5 e Tracking of the GMPP on the pattern R: (L, M, R)¼ (1,

2, 1.5).

Fig. 6 e The robustness of the GMPP searching for the PV

patterns' sequence: (1.5, 2, 1), (1, 2, 1.5) and (1, 2, 1).
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The robustness of the GMPP searching

Robustness to irradiance profile with dynamical change of the
PSCs
The robustness of the GMPP searching will be tested for a PV

patterns' sequencewith dynamical change of the PSCs defined

by the combination of three PV patternsmentioned above (see

Fig. 6).

The PV patterns (1.5, 2, 1), (1, 2, 1.5) and (1, 2, 1) are

dynamically changed at each 0.2 s. The structure of the Fig. 6 is

the following: the output (y) is shown in the top plot; the dither

gain (Gd) is shown in the middle plot, and the searching signal

(p) is shown in the bottom plot. The passing from one pattern

to other is made dynamically at each 0.2 s. The dither gain (Gd)

increases at each change to increase the searching gradient. It

is observed that tracking of the GMPP is obtained in less or

more iterations, depending by the order of the PV patterns in

sequence.
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Robustness to PV pattern with noise
If noise is added for example to the PV pattern R (1, 2, 1.5), then

the GMPPswill be dependent by this level. The GMPP is located

at (p, y)¼ (3.25, 2.375) for PV pattern R without noise, and close

LMPP is located at (p, y)¼ (2.5, 2). Thus, the difference between

the levels of GMPP and LMPP is of 0.373 (¼2.375e2). If the level

of noise is lower than 0.373, then yGMPP > yLMPP and the current

position of GMPP (yGMPP) will be tracked (Fig. 7a).

If the level of noise is higher than 0.373, then yGMPP may

decrease to yLMPP during some periods, when the current po-

sition of LMPP (yLMPP y 2) will be tracked (Fig. 7c).

If the level of noise is around 0.373, then both cases may

occur (Fig. 7b). It is worth to mention that global extreme is

tracked in a few iterations. Note that noise is changed at each

10 ms (the sampling period of noise), so the current GMPP can

be effectively tracked only if the dither frequency is set higher

than 1000 Hz. Thus the dither frequency is important in

setting the tracking search, but high frequency for the dither

may interfere with the system dynamic. This aspect must be

further analyzed. In this paper, only the effect of dither's
shape will be analyzed in next section. Note that the output of

the aPESC scheme proposed in Ref. [2], yaPESC, is also shown in

the first plot. It can be observed in Fig. 7a that yaPESC remains

blocked in first LMPP located from the starting point p0¼ 0, but

for higher noise the aPESC scheme fails to track even this

LMPP (see Fig. 7b and c).

Robustness to dither's shape
The robustness of the GMPP searching for dither with the

period of 10 ms, but different shape is analyzed in this section

(see Fig. 8). Note that this aspect was investigated in Ref. [29]

for the aPESC scheme proposed in Ref. [2], and the
sis of the tracking of the global extreme on multimodal patterns
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Fig. 7 e The robustness of the GMPP searching for the PV pattern R with random noise added on PV power. a. ±0.1 W

random noise. b. ±0.3 W random noise. c. ±0.5 W random noise.
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conclusion was that the shape of the dither is not important

and the performance remains almost the same.

The following shape for the dither will be considered to

validate this conclusion for aPESCH1 scheme proposed here as

GMPPT algorithm: sinusoidal, rectangular, combination of si-

nusoidal and rectangular signals, saw-tooth, and random

noise with sampling period of 10 ms.

It can be observed in Fig. 8 that the number of iterations

necessary to find the GMPP of the PV pattern R (1, 2, 1.5), which

is located at (p, y) ¼ (3.25, 2.375), is in range of 12e15. Thus the

searching time is in range of 120e150 ms.

If the dither is randomnoise with sampling period of 10ms

(see Fig. 8e), then the GMPP is also found. So, the proposed

aPSCH1 schememay use the inherent ripple from the inverter

inputs (voltage or current). The dither gain (Gd) and p1 and p2

components (mentioned in Fig. 1) are also shown in Fig. 8. The

average value of the p1 component (p1av) over a sampling
Please cite this article in press as: Bizon N, Kurt E, Performance analy
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period is shown in Fig. 8e e last plot in order to highlight the

searching of GMPP after passing through the LMPPs.
Discussion

The aPESC scheme is tested here to evaluate the performance

of locating, searching and tracking of the Global Maximum

Power Point (GMPP). So, the PV applications are the main field

of use [30,31], but this aPESC scheme can be also used for Fuel

Cell (FC) applications [32] because will reduce the FC power

ripple [33] that may damage the FCmembrane and reduce the

efficiency as well [34].

If two aPESC schemeswill be used, one for the PV panel and

second for the FC stack, then high energy efficiency can be

obtained for Hybrid Power Sources (HPS) [35,36] by harvesting

the available energy from both energy sources [37].
sis of the tracking of the global extreme on multimodal patterns
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Fig. 8 e Robustness to dither's shape. a. Sinusoidal dither. b. Rectangular dither (50% duty cycle). c. Combination of

sinusoidal and rectangular dither. d. Saw-tooth dither. e. Random noise (sampling period of 10 ms).
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So, the performance and robustness of the aPESC scheme

may be further analyzed for different energy sources used in

HPS for mobile and stationary applications [37] or in distrib-

uted generation [33].
Conclusions

In this paper the performance indicators used to compare the

GMPPT algorithms (searching resolution, tracking accuracy,

tracking efficiency, and tracking speed) are evaluated for the

aPESCH1 scheme proposed here. The performance obtained is

given by 100% hit count for 6.25% searching resolution or

lower, 99.99% tracking accuracy for stationary regime,

tracking speed of maximum 15 iterations, and about 99.96%

tracking efficiency.

The simulation shown that 100% hit count may also be

obtained for lower RS that 6.25%, but higher than 0.25%.

The robustness of the aPESCH1 schemewas shown using a

dynamic sequence of three PV patterns, where the GMPP is

located in right, middle and left side of these patterns. The

GMPP of noiselessly PV patterns was accurately tracked. The

robustness of the GMPP searching for noisy PV patterns is also

shown. The GMPP with random noise added is continuously

tracked.

The robustness analysis to dither shape reveals that the

shape of the dither is not important and the performance re-

mains almost the same. Besides the shape of sinusoidal,

rectangular, combination of sinusoidal and rectangular sig-

nals, and saw-tooth, the random noise with sampling period

of 10ms is used as dither. So, the inherent ripple on theDC bus

of the inverter may be used as dither as well.
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