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Abstract

In order to extract the maximum power from photovoltaic (PV) array, the maximum power point
tracking (MPPT) technology has always been applied in PV systems. The Perturb and Observe (P&O)
and Incremental Conductance (INC) methods are the most popular and widely used under the constant
irradiance. However, the changes of the environmental parameters, such as cloud cover or the building
block, will lead to the radiation change and then have a direct effect on the location of Maximum Power
Point (MPP). In order to carry out MPPT in PV array under Partial Shading Conditions (PSCs), a method
based on Extremum Seeking Control (ESC) is applied to determine the optimal value of a reference
current in the PV system. The proposed ESC approach for the Global Maximum Power Point Tracking
(GMPPT) in this work uses a series combination of a High Pass Filter (HPF) and two Low Pass Filters
(LPFs). These three filters act as two Band Pass Filters (BPFs) and let a specific frequency of input power
which includes the derivative of PV with respect to its voltage pass through. This auto-tuning strategy
was developed to maximize the PV array output power through the regulation of the voltage input to the
DC-DC boost converter in order to lead the PV array steady-state to a stable oscillation behavior around
the Global Maximum Power Point (GMPP). The performance of the proposed ESC algorithm is evaluated
by comparing it with the conventional ESC and modified P&O method in terms of tracking speed and
accuracy by utilizing MATLAB SIMULINK. The simulation results demonstrate that the tracking
capability of the proposed ESC algorithm is superior to that of the conventional ESC and modified P&O
algorithm, particularly under low radiance and sudden mutation irradiance conditions.

Key Words: Boost converter; Extremum Seeking Control; Maximum Power Point Tracking (MPPT);
Partial Shading Conditions (PSCs); Photovoltaic (PV) system.

I. Introduction

The target for 2030 of power generation
from Photovoltaic (PV) array in total power
generation was set in arrange of 7-17% for
different countries [1]. The main obstacles to
increase this ratio are the installation cost
energy efficiency [2]. it is necessary to
optimize the performance of PV systems

through the operation of conversion systems
to increase the output efficiency of the
overall system operating. The output voltage
and current of PV is a nonlinear function of
panel temperature, radiation and loading
conditions. The MPP can change under
different conditions. There is various
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maximum power point tracking methods
(MPPT) for getting maximum power from
PV panels. As PV power generation arrays
become more popular in urban buildings, the
surrounding tall buildings and trees may
produce shadow on PV panels during the day
[3]. Consequently, al PV energy available
must be harvested from the PV array
operating under Partially Shaded Conditions
(PSCs) or high dynamic variations of the
irradiance profile [1]. Under Partial Shading
Conditions (PSCs), the current-voltage and
power-voltage characteristic curves will
appear multiple peaks, and using MPPT
strategies to track real MPP becomes a
difficult task. Thus, a Global Maximum
Power Point Tracking (GMPPT) algorithm
must to be used instead of MPPT algorithm.
The objective of GMPPT method is to track
the Global Maximum Power Point (GMPP)
not the Local MPPs (LMPPs) of the PV
pattern usually generated during of a sunny-
cloudy day [4]. Thus, in last decade this
challenging subject was in attention of the
researchers and over one hundred GMPPT
algorithms were proposed [3][5]. The
GMPPT algorithms were classified in
firmware-based and hardware architecture-
based algorithms [5].

The firmware-based GMPPT strategies
operate in two stages. The GMPPT is located
in the first stage using a search based on
different methods [5]. For instance, the
Fuzzy Logic Controller (FLC) proposed in
[6] for tracking the MPP could be easily
developed based on extended rules’ base for
locating the GMPP as well. The optimization
algorithms inspired from nature such as
Glowworm Swarm Optimization (GSO) and
Particle ~ Swarm  Optimization  (PSO)
algorithms are successfully applied for
locating the GMPP [7].

The GMPP is tracked accurately in the
second stage using a popular MPPT strategy.
the discrete-time implementation of the
Ripple Correlation Control (RCC) is shown
in [8]. Precise MPP estimation using P-V
curve geometry is shown in [9], but the

dynamic of the irradiance profile and the
environmental noise are not considered in
robustness evaluation. Experimental tests of
open-loop MPPT strategies are presented in
[10] for direct method proposed. A
comparative study on of Open Circuit
Voltage method [11] in comparison with the
dP/dV  feedback control ~method s
performed in [12].

The main disadvantages of these methods
are related to oscillations around the MPP
and their blocking in one of the LMPPs
rather than finding of the GMPP [5]. The
generated PV power increases with about
45% if a MPPT algorithm is used on a PV
array during a sunny day, but the PV systems
with MPPT controller became ineffective if
the shading coefficient is over to 30% [13].
The use of GMPPT algorithm instead of a
MPPT algorithm can solve this issue of a PV
array under PSCs.

In this paper, a new MPPT strategy for
PV array under uniform irradiance and PSCs
is presented. The operating principle takes
advantage of the conditions for recognition
of global MPP. In addition, the proposed
MPP tracker does not add any extra
complexity compared to the classical ones.
However, it increases significantly the
efficiency of the PV system under PSCs. To
evaluate the performance of the algorithm,
the proposed ESC-based GMPPT method is
implemented on a DC-DC boost converter,
and its performance is compared with that of
the traditional ESC algorithm.

The information on the PV under uniform
irradiance and PSCs and boost is presented in
Section Il. The proposed algorithm is
discussed in Section Ill. The simulation of
MPPT using SIMULINK and discussion of
the results are shown in Section IV. Finally,
the conclusion is presented in Section V.

Il. Photovoltaic (PV) system model and
DC-DC boost converter

1. PV array model under uniform conditions
A PV module is used to convert light
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energy to electric energy. A PV-based
system can be independently used for
streetlights, water pumps, and grid connected
systems [14]. The smallest unit of a PV
module is the solar cells that are connected in
series. The equivalent circuit of a solar cell is
shown in Figure 1, where R, and R, are the
series and shunt resistances, respectively.
Shunt resistance can be assumed to be
infinite because the efficiency of a solar cell
iS not sensitive to its variations; that is, the
circuit is an open circuit. The nonlinear
current-voltage characteristics of a solar cell
can be described by equation (1):

1= Iy — I fexp [H20] -1} - R (g
where I and V are the output current and
voltage of the solar cell, respectively; I,,, and
I, are the photocurrent and saturation current,
respectively; k = 1.38x 1072 (J/K) and
q=16x10"1 (€) are Boltzmann’s
constant and the elementary charge,
respectively; a is the ideal coefficient of p-n
junction; T is the initial temperature of PV
array (K).
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Figure 1. Equivalent circuit of a PV cell.

To produce higher current and voltage,
modules are connected as a PV array in
different configurations; each configuration
has certain advantages and disadvantages. In
this work, the modules are connected in a
series in string to produce higher current;
then, these strings are connected in parallel to
produce higher voltage. When any PSCs of
the PV system occurs due to the presence of
the obstacles such as trees, clouds or tall
buildings, the reducing current in the module
reduces the current of the string and
consequently reduces the total power of the
array. To solve these problems, the bypass

diodes are connected in parallel to each
module. However, by installing these bypass
diodes, multiple peak power points are
created for the PV system. Among these peak
powers, one point has the highest power,
which is called the GMPP, and the other
points are LMPPs.

2. Mathematical model of PV array under
uniform and partial shading conditions

In the series-parallel configuration, as
shown in Figure 2, the modules are
connected in series as strings, and then,
multiple strings are connected in parallel.
The voltage V,, and current I, of a PV
module formed by Ngx Np solar cells are
defined as follows:

Iy = Npl, Iscpy = Nplgc 2
Voem = NsVoc, Vi = NgV (3)

where Ng and Np are the number of cells
connected in series and parallel, respectively.
The subscript M denotes a module, and
subscripts without M denote an individual
solar cell. As shown in Figure 2, if Ngy
presents the number of modules connected in
a string and Nyp represents the number of
strings connected in parallel in a PV array,
the output voltage and the current of the PV
array under uniform conditions can be
presented as follows [15][16]:

Iy = Npylyy Isca = Npylsem (4)

Va = Nsy Vi, Voca = NsmVocm ®)
N

Rsa = ﬁRsm (€)

where Rg), and R, are the total resistance of
the PV module and array, respectively. The
output current of a PV array under uniform
conditions can be presented as follows, the
subscripts A and M denote “Array” and
“Module”, respectively:

Npmlscm

Iy = Isem = exp{TWect] fosp[ A4+ Reala)] ] @

NgkT akTNgNgpm

By using equation (7), the I — V and P —
V' characteristics of a PV array under uniform
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conditions is obtained. To analyze the
behavior of the proposed GMPP algorithm,
the I—V and P —V curves of a PV array
under PSCs are required. By referring back
to Figure 2, X denotes the string number and
Npx denotes the number of shaded modules
in the Xth string. Under uniform conditions,
Npx is zero. Under PSCs, the related
equations can be expressed as follows:

Vax = (NSM = Npx)Vu (10)
Vocax = (NSM = Npx)Voem (11)
Rgux = (NSM - NDX)RSM (12)

where I, and I, are the output current and
the short-circuit current of the PV array
under PSCs, respectively. V,x and V,cax
denote the output and open-circuit voltage in
the Xth string, respectively, and Rgax

L=y, ®) denotes the resistance in the Xth string.
ISCA = Zgﬂ' ISCAX (9)
Npm
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Figure 2. Series-parallel (SP) configuration of PV array.

3. DC-DC boost converter

The boost converter is a switch mode
power supply that is used to increase the
voltage output. As shown in Figure 3, the
ideal topology of the boost converter is
composed of an inductor, capacitor, power
switch and diode.

The voltage conversion ratio can be

defined as follows [17]:

V, 1

M(D) = v =10 (13)
where V;, and Vj, are the output and input
voltage of the boost converter, respectively,
and D is the duty cycle, which is defined as
the ratio of the turn-on duration to the
switching time period.
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Vg d.)

Figure 3. Topology of boost converter

I11. An Extremum Seeking Control for
GMPPT under PSCs

1. Aclassical ESC model for MPPT

Extremum Seeking Control (ESC) is a
control method applicable to static nonlinear
plants that have a local minimum or
maximum, where the nonlinear function is
unknown. Hence, it can be used as an MPPT
algorithm in PV applications [18][19]. The
algorithm employs the injection of a small
perturbation signal called the dither signal
(asin(wt)) with a relatively high frequency
to an estimate of the optimal input (V*) as
shown in Figure 4.

Where P* denotes the optimal power, and
V represents the estimate of the optimal
voltage that gets updated to approach the
MPP. The PV power will have a sinusoidal
component with the same frequency of the
dither signal that is extracted through a High
Pass Filter (HPF). Due to the nature of the P-
V characteristics, this sinusoidal component
is either in phase with the dither signal if the
voltage is less than the MPP or out of phase
if the voltage is larger than the MPP.
Multiplying the resulting sinusoid with the
dither signal yields a shifted sinusoid with a
positive or negative DC component if the
multiplied signals are in phase or out of
phase, respectively. This DC component that
is extracted through a Low Pass Filter (LPF)
represents a signal proportional to the
gradient of the PV power. It is integrated and
multiplied by a gradient update gain (K)
such that the voltage estimate asymptotically
approaches the MPP. The design of ESC
parameters is generally a tuning process
rather than an analytical design since the

nonlinear objective function is unknown
[20]. Different factors need to be considered
in the tuning process such as the required
speed of the ESC, the plant dynamics, and
the sensitivity to noise.

o |‘ sin(wt)

Figure 4. Classical ESC diagram
2. Proposed ESC-Based Method

Although the classical ESC method is
advantageous over global-scan methods in
terms of convergence speed, it still requires
significant time to converge at each LMPPs
and at each turning point. The proposed
method aims to eliminate the need to
converge at all MPPs and still be able to
locate the voltage of the global MPP. The
algorithm proposed in this paper is shown in
Figure 5. In this proposed ESC, the probing
signal filtered by the BPF2 (the series
connection of HPF and LPF2) is a smooth
approximation of the absolute value. Note
that the HPF, LPF1 and LPF2 are of first
order type in this study and the search speed
is proportional with the k; loop gain.

|
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Figure 5. Proposed ESC diagram.
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The following values are used in
simulation for the parameters of proposed
ESC scheme:

1. The dither frequency is f; = 100 Hz;

2. The dither amplitude is setto 1;

3. The cut-off frequency of the HPF: f;, =
ﬁh.fd, Where ﬁll = 03,

4. The cut-off frequency of the LPF1:
fi1 = Bi1fa, where 81 = 3.5 in order to
increase the dither persistence on the
control loop;

5. The cut-off frequency of the LPF2:
fiz = Bi1fa, where B, = 1.5 in order to
approximate the first harmonic;

6. The minimum amplitude of dither is set
to A,, = 0.005 in order to obtain a very
low ripple on the probing signal during
the stationary phases;

7. The normalization gain: ky = 1/Vmax:
where Y. = 2000 is a value in the
range estimated for the maximum values
of the nonlinear map;

8. Thegaink, = 10.5;

9. Thegain k; = ysqw, Where ygq = 3.

10. Thegain k3 = 1.5;

IV. Simulation and result discussion

In this paper, simulation works are
performed using MATLAB Simulink to
investigate the operation of the modified
ESC algorithm under PSCs. The considered
PV array is based Ultra SQ85-P PV modules
connected in the series-parallel configuration
with four strings, and in each string, five
modules are connected in series. The main
specifications of the module are presented in
Table 1, based on the manufacturer’s data
sheet. The modified ESC is implemented in
the system as shown in Figure. 6, which
includes a PV array, a boost converter, and
an MPPT controller.

MPPT algorithms

Boost Converter

Figure 6. Configuration of system

Table 1. Specifications of Solar SQ85-P at 1000 W/m? and 25 °C.

Parameters Values
Power in maximum point, Pypp; [W] 85
Voltage in maximum point, Vypp; [V] 17.2
Current in maximum point, Ippp; [A] 4.95
Open circuit voltage, V,; [V] 22.2
Short circuit current, Ig.; [A] 5.45
Temperature coefficient of V,.; [mV/°C] -64.5
Temperature coefficient of I.; [MA/°C] 14
Number of cells per module 36

To evaluate the operation of the proposed
algorithm, the scenarios of shadowing which
are shown in Figure 7a,b are considered for
the simulation. Specifically, in Figure 7a,
three strings have shaded modules, where the

numbers of shaded modules in the strings are
different. Meanwhile, in Figure 7b, three
strings have shaded modules, but the
numbers of shaded modules in two strings
are the same; thus, the numbers of peak
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power points are different.

To evaluate the operation of the proposed
algorithm, the scenarios of shadowing which
are shown in Figure 7a,b are considered for
the simulation. Specifically, in Figure 7a,
three strings have shaded modules, where the
numbers of shaded modules in the strings are
different. Meanwhile, in Figure 7b, three
strings have shaded modules, but the
numbers of shaded modules in two strings
are the same; thus, the numbers of peak
power points are different.
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Figure 7. P-V curves for (a) first scenario of
shadowing and (b) second scenario of
shadowing

To further evaluate the performance of the
modified ESC strategy, the simulation for the
scenarios depicted in Figure 7 have been
done in MATLAB/Simulink, which involves
three systems (S1, S; and S3). In the first
system (Si), the modified ESC method is
implemented. In the second system (S,), the
conventional ESC is used. In the third system
(Ss), modified P&O is used to find the GMPP
under PSCs. The simulation results for the
considered systems are summarized in Table
2, which has some abbreviations that are
defined as follows:

1. SOP: Status of strategy operation;
2. Towpp: the GMPP reaching time (s);
3. Pavg uni: the average MPP value in uniform

condition (W);

4. Payg pscs: the average MPP value under

PSCs (W);

5. Pripp_uni:  the oscillation

uniform condition (W);
6. Pripp_pscs: the oscillation in power under

PSCs (W).

In Figure 8, the simulation results for the
scenario depicted in Figure 7a are shown. We
can be seen that Sz fails to find the GMPP,
and a LMPP with a value of 1167.6 W is
detected. For S; and S,, where modified and
conventional ESC are implemented,
respectively, the GMPP is obtained correctly.
However, by comparing both, S, can clearly
find the GMPP in less time. As shown in
Table 2, Tgypp for S1and S; are 2.1 and 1.5
s, respectively. Moreover, the oscillation in
power decreases significantly for Si, which
the oscillation values for S; and S; are 0.2
and 0.8 W, respectively, when the GMPP is
obtained (Pripp gsc)- In comparing the
modified ESC method (S:) with Sy in terms
of oscillation in power in uniform condition
(Pripp_uni)» S1 decreases the oscillation value
significantly, and the values for S; and S; are
0.2 and 1.1 W, respectively.

in power in
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Figure 8. PV array output powers for the Figure 7a

© Conventional ESC

—-—-— Modified P&D
— — — Modified ESC

favis s gaiapsnvini
i vyt A

I —

N S

T R
R —

uw (=] uw o n i=1

| E £ E E & 8

z,
:
o q
=
o
<
=
o

s 8§ § 8 8 8 8 8 §B °
(a0 Jamod Aedy Ad

12 14 16 18

10
Time(s)

=1

Figure 9. PV array output powers for of Figure 7b



A modified ESC based MPPT of photovoltaic array under uniform and non-uniform irradiances 9

Table 2. The simulation results for Si1, S; and Ss

System  Scenario SOP Teompr  Paveuni  Paversc  Prippuni  Pripp_psc
S1 Ta Successful 21 1702.3 1378.6 0.2 0.1
S Ta Successful 15 1700.6 1378.1 11 0.8
Ss 7a Failed - 1702.1 - 11.9 -
S1 7b Successful 3.3 1702.3  1202.5 0.1 0.1
S2 7b Failed - 1700.6 - - -
Sz 7b Failed - 1702.1 - - -

V. Conclusion

Under PSCs in which multiple peak power
points exist in the P — V curve of a PV array,
conventional methods cannot detect the
GMPP. In recent years, researchers have
developed different strategies to obtain the
GMPP, but each of the techniques has
drawbacks. In this paper, a new approach for
tracking GMPP for PV array under PSCs and
uniform irradiances is proposed. This method
operates on the DC to DC converter based on
proposed ESC method. Also, the paper
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