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Photovoltaic solar energy is one of the most important renewable energy sources. However, the production of this energy is
nonlinear and varies depending on atmospheric parameters. Therefore, the operating point of the photovoltaic panel (PV) does
not always coincide with the maximum power point (MPP). A mechanism that allows the research of the maximum power
point known as maximum power point tracking (MPPT) algorithm is then needed to yield the maximum power permanently.
This paper presents an intelligent control technique based on the ESC (Extremum Seeking Control) method for MPPT under
varying environmental conditions. The proposed technique is an improvement of the classical ESC algorithm with an additional
loop in order to increase the convergence speed. A detailed stability analysis is given not only to ensure a faster convergence of
the system towards an adjustable neighborhood of the optimum point but also to confirm a better robustness of the proposed
method. In addition, simulation results using Matlab/Simulink environment and experimental results using Arduino board are
presented to demonstrate that the proposed modified ESC method performs better than the classical ESC under varying
atmospheric conditions.

1. Introduction

Inexhaustible, without pollution and present all over the
globe, solar energy is one of the most important sources of
renewable energy. It has attracted a lot of attention in recent
decades [1–3]. The low environmental impact and wide
availability of solar irradiation on the earth make photovol-
taic (PV) systems one of the most viable alternatives to elec-
tricity generation [4–6]. However, changes in atmospheric
parameters (cloud cover, abrupt temperature changes) cause
the change in energy radiation and thus have a significant
impact on the efficiency of photovoltaic systems. Therefore,
a mechanism that allows the research and tracking of the
maximum power point is used so that the maximum power
of the photovoltaic panel is permanently generated in any

environmental or ambient condition [7]. Different types of
MPPT methods have been developed and implemented
depending on aspects such as complexity, sensors required,
convergence speed, and cost [8–15]. Among the research
works on maximum power point extraction techniques pro-
posed in the literature, incremental conductance (IC) [16]
and perturb and observe (P&O) [17] algorithms have
attracted a lot of interest because of their performance and
simplicity of development [18, 19]. One of the main draw-
backs of these two algorithms is the relatively low conver-
gence speed [19]. During abrupt changes in atmospheric
conditions, these two algorithms may have difficulties track-
ing the point of maximum power with precision. These facts
result in dramatic decrease in the performance of the PV sys-
tem [20]. For this reason, recently, other adaptive algorithms
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such as extremum seeking control (ESC) have been proposed
[21]. Although faster than P&O and IC algorithms [22], the
convergence speed is still a challenge for this algorithm.

In this work, an intelligent control technique based on the
ESC algorithm for maximum power point tracking (MPPT)
during unexpected changes in atmospheric conditions is pro-
posed. This algorithm aims at increasing the convergence
speed in order to improve system performance. A detailed sta-
bility analysis of this extremum search control technique is
provided to ensure the convergence of the system to an adjust-
able neighborhood of the optimum operating point.

To evaluate the performance of the algorithm, the pro-
posed modified ESC-based MPPT method is implemented
on a DC-DC boost converter, and its performance is
compared to that of the traditional ESC algorithm using
Matlab/Simulink environment. In addition, the experimental
validation using an Arduino Mega board is carried out.

The rest of the paper is organized as follows: Section 2
presents in detail the elements of a PV conversion system.
In Section 3, the classical extremum seeking algorithm and
the proposed modified ESC are introduced, and the stability
of its averaged model is investigated. Simulation and experi-
mental results are presented in Sections 4 and 5. Concluding
remarks are presented in Section 6.

2. A Block Diagram of a PV Control System

Figure 1 illustrates the structure of the photovoltaic system
adopted in this work. This structure consists of a solar panel,
DC-DC converter, and the MPPT controller. Details of each
component are described below.

2.1. Electrical Diagram of a Photovoltaic Cell. In order to per-
manently extract the maximum power from a photovoltaic
system, we consider the equivalent electrical model of a pho-
tovoltaic cell shown in Figure 2 [23–25]. In the literature, var-
ious research works on the control of photovoltaic systems
have shown that this model is a sufficiently accurate repre-
sentation of the physical system for the design of MPPT
controllers [24, 26, 27]. This model consists of an ideal cur-
rent source (Iph) in parallel with a diode and a resistor (Rp),
all together in series with the resistor (Rs), which models con-

tactor and semiconductor material resistance. The ideal cur-
rent source delivers current in proportion to solar flux (G)
and is also a function of the temperature (T). The diode
models the effects of the semiconductor material and also
depends on the temperature.

Applying the Kirchhoff’s first law, the current supplied I
by the cell is:

I = Iph − ID − IP: ð1Þ

Where ID is the current in the diode, Iph is the photocur-
rent (current generated by radiation), and IP is the current
derived by the parallel resistor. Ip And ID are written as in
(2) and (3), respectively.

Ip =
V + I · RS

RP
, ð2Þ

ID = IS exp V + I · RS

nVT

� �
− 1

� �
: ð3Þ

In the above expressions cell, V and VT are the cell
output and the thermic voltages, respectively. IS is the
diode saturation current and depends on the temperature,
RS is the series resistor modeling the resistances of the
material or contacts, and n is the nonideality factor of
the junction between 1 and 5 in practice. VT is expressed
as follows:

VT = KT
q

: ð4Þ
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Figure 1: Photovoltaic system.
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Figure 2: Equivalent circuit of a photovoltaic cell.
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With T is the effective cell temperature in kelvin, K is
the Boltzmann constant (1, 381 · 10−23 J/K) and q is the
electron charge (1, 602 · 109C).

Saturation current is expressed as follows:

IS = ISC/ exp VOC

nVT

� �
− 1

� �
, ð5Þ

Where ISC is the reference short-circuit current and VOC
is the open-circuit voltage.

ISC = ISCR
G

1000

� �
, ð6Þ

Where ISCR is the reference short-circuit current, G is the
solar irradiation in W/m2.

Thus, in static, the behavior of a PV cell consisting of a
silicon-based PN junction can be described by the following
equation:

I = Iph − IS exp V + I · RS

nVT

� �
− 1

� �
−
V + I · RS

Rp
: ð7Þ

Figure 3 presents the characteristics of the photovoltaic
panel with parameters given in Table 1. It is observed in
Figures 3(a) and 3(b) that at constant temperature the
MPP varies with irradiance. In Figures 3(c) and 3(d), it
is seen that at constant irradiance the MPP changes with
the temperature. From the above observations, one can
conclude that both the temperature and the irradiance var-
iations modify the MPP of the PV. It is therefore
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Figure 3: Current-voltage (a) and power-voltage characteristics (b) (case of constant temperature and variable irradiation) and current-
voltage (c) and power-voltage characteristics (d) (case of constant irradiation and variable temperature).
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necessary to exploit an MPPT algorithm, for the efficient
working of the PV system.

2.2. DC-DC Converter. ADC-DC converter is used to control
the transfer of energy from a DC source to the load with high
efficiency. Depending on its structure, it can be a voltage
booster or reducer converter and, under certain conditions,
can return energy to the power supply.

The ideal boost converter topology is made up of an
inductor (LPV ), a capacitor (C), an electronic switch, a power
supply, and a diode (Figure 4). Its average state model is writ-
ten as follows [28, 29]:

x1
· = −γ2 1 − αð Þx2 + γ2VPV

x
·
2 = −bx2 + γ1 1 − βð Þx1

(
: ð8Þ

With:
x1 = IL, x2 =Vs, γ1 = 1/C, γ2 = 1/LPV et b = 1/RC, β is the

duty cycle.
The voltage conversion rate can be defined as follows:

M Dð Þ = VS

VPV
= 1
1 − β

: ð9Þ

Where VPV and VS are, respectively, the input and out-
put voltages of the boost converter.

3. MPPT Control

The MPPT control is an essential control for optimal opera-
tion of a photovoltaic system. The principle of this control is
based on the automatic variation of the duty cycle by steering
it to the optimum value in order to maximize the power
delivered by the photovoltaic panel. There are a number of
MPPT control algorithms that have been proposed in the
literature, among which the two primary algorithms are
incremental conductance (IC) algorithm and perturb and
observe (P&O) algorithm [30]. These algorithms use array
output voltage data, output current data, or both to track
the maximum power point based on a mathematical relation-
ship derived from empirical data.

3.1. Extremum Seeking Control. This command is based on
the search for the extreme of a physical variable of a system
by the variation or perturbation of an input parameter of this

system. The extremum seeking control was reported in 1922
by Leblanc for the search of the resonance peak of an electro-
mechanical system [31]. This optimization method has been
successfully applied to a wide range of engineering applica-
tions, including peak power point tracking in renewable
energy systems [32, 33], control of braking systems [34, 35],
combustion engine timing control [36, 37], and mobile tra-
jectory planning robots [38, 39]. In the particular case of a
photovoltaic generator, this control forces the operating
point to approach the point of maximum power and to oscil-
late around it indefinitely.

In recent years, various types of ESC structures have been
studied in the literature. Among the different algorithms, the
sinusoidal perturbed ESC structure has attracted the most
interest among researchers [40–42]. The general form of
ESC structure is shown in Figure 5.

3.2. Working Principle of ESC. The idea is to iteratively adjust
the input of the system in order to orient the output to its
optimum value.

The algorithm uses the injection of a small dither signal
(sin ðωptÞ) with a relatively high frequency for optimal input
ðuÞ estimation.

This dither signal then causes the output variable y to
oscillate. The output signal is passed through a high-pass
filter (s/s + ωh). Only the oscillations caused by the excitation
of the system can pass through the filter. The signal at the
output of the filter is then multiplied (modulated) by the
same function (sin ðωptÞ) that was used to excite the system;
the result becomes a gradient approximation.

The last step is to use this signal, which represents the
gradient, to direct the system to the optimal point. For this
purpose, this signal is multiplied by a gain (gradient update
gain) and added (demodulation) to the disturbance signal,
so that the signal moves in the direction where the gradient
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Figure 4: Circuit diagram of a DC-DC boost converter.
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Figure 5: “Extremum seeking” loop for the system y = f ðuÞ where f
is unknown.

Table 1: Electrical characteristics of the MSX-60 photovoltaic.

PV panel parameters Value

Maximum power, (Pmax) 60w

Maximum power point voltage (Vmpp) 17.1 V

Maximum power point current (Impp) 3.5 A

Open-circuit voltage (Voc) 21.1 V

Short-circuit current (Isc) 3.8 A

The number of cells, (NS) 36

Current/temp. coefficient (Ki) 0.003%/°C

Voltage/temp. coefficient (Kv) -0.08v/°C
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is the smallest, until a practically constant output is obtained
(with very small variations).

The system of equations associated with the block dia-
gram in Figure 5 is:

dv
dt

= −k sin ωpt
� �

f v + a sin ωpt
� �� �

− η
� �

dη
dt

= ωh f v + a sin ωpt
� �� �

− η
� �

y = f v + a sin ωpt
� �� �

8>>>>><
>>>>>:

: ð10Þ

Where a is the amplitude and ωp is the frequency of the
dither signal, respectively. ðy − ηÞ is the output of the high-

pass filter, ωh is the cutoff frequency of the high-pass filter,
and k is the gradient updating gain.

It is assumed that the function f admits a local minimum
in u = �u with the approximation f ðuÞ ≈ �f + ð�f ′′/2Þðu − �uÞ2
where �f = f ð�uÞ and �f ′′ = f ′′ð�uÞ > 0. For v falling around �u ,
we have the following approached system (a is very small gain).

dv
dt

= −k sin ωpt
� � �f +

�f ′′
2 v + a sin ωpt

� �
− �u

� �2 − η

 !

dη
dt

= ωh
�f +

�f ′′
2 v + a sin ωpt

� �
− �u

� �2 − η

 !
8>>>>><
>>>>>:

:

ð11Þ

Therefore, if the gains ðk, a, ωh, ωpÞ are such that ak�f ′′ >
>ωp and ωh > >ωp, we can use the secular approximation
which consists of averaging the rapid oscillations that appear
in the master equation and taking the average over a period
of time. The average system is then written as [43]:

dv
dt

= ak�f ′′
2 �u − vð Þ

dη
dt

= ωh
�f +

�f ′′
2 �u − vð Þ2 + a

2
� 	

− η

 !
8>>>><
>>>>:

: ð12Þ
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Figure 6: Block diagram of the conventional ESC algorithm applied to the PV system.
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The triangular system converges to the equilibrium point
v = �u and η = ða�f ′′/4Þ + �f . Since u = v + a sin ðωptÞ,, we can
conclude that u converges on average to �u.

Figure 6 shows a block diagram of the conventional ESC
algorithm applied to the PV system.

(Ipv and Vpv are the current and the voltage of PV panel,
respectively) and its Simulink model is presented in Figure 7.

3.3. Proposed Modified “Extremum Seeking Control”
Algorithm. Although the conventional ESC method is
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Figure 9: Block diagram of the modified ESC algorithm applied to the PV system.
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advantageous over global analysis methods in terms of con-
vergence speed [19], it still requires considerable time to
converge to each maximum power point. The conventional
ESC has a relatively slow transient performance [44]. We
propose a modified ESC algorithm that seeks to reduce the
convergence time for all maximum power points in order
to increase the energy yield in photovoltaic systems during
abrupt changes in atmospheric conditions. The proposed
modified ESC algorithm (Figure 8) uses a slow periodic
perturbation (sin ðωptÞ) added to the estimated value in
order to continuously drive the system to the optimal point.
The operation of this algorithm is similar to the conventional
method with the only difference that a second low-pass filter
and an integrator are added to the system in order to increase
system performance.

Its mathematical model is written as follows:

dv
dt

= kξ

dξ
dt

= −ωlξ + ωl y − ηð Þ sin ωpt
� �

dη
dt

= −ωhη + ωhy

y = f uð Þ = f v + βk1 sin ωpt
� �� �

8>>>>>>>>>><
>>>>>>>>>>:

: ð13Þ

For the sake of simplification, we pose a1 = βk1; therefore,
the system becomes:

dv
dt

= kξ

dξ
dt

= −ωlξ + ωl y − ηð Þ sin ωpt
� �

dη
dt

= −ωhη + ωhy

y = f uð Þ = f v + a1 sin ωpt
� �� �

8>>>>>>>>>><
>>>>>>>>>>:

: ð14Þ

Where a1 is the amplitude of the dither signal. The
parameters ωp (the frequency of the dither signal), ωh (cutoff
frequency of the high-pass filter), ωl (cutoff frequency of the
first low-pass filter), and k (gradient update gain) have been
chosen under the same conditions as in [41]. wl1 (cutoff fre-
quency of the second low-pass filter) and k1 (control gain) are
obtained empirically. Figure 9 shows the block diagram of the
modified ESC algorithm applied to the PV system. The
resulting Simulink model is given in Figure 10.

3.4. Stability Analysis. The linearized average model is
defined by [21]:

~u sð Þ
u∗ sð Þ = 1

1 + L sð Þ : ð15Þ

Where ~u = u − u∗ is the signal error and

L sð Þ = ka2

2s ej ϕ
s + jωp

s + jωp + ωh
+ e−jϕ

s − jωp

s − jωp + ωh

 !
: ð16Þ

This model can be used in the stability analysis of integer
order ESC averaged model. If the phase delay of the
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Figure 12: Root locus for the modified ESC algorithm.
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Table 2: 5% settling time comparison.

MPPT method Classical ESC Modified ESC

Settling time (s) 3,9 s 2,43 s
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perturbation signal, ϕ is presumed to be zero, then (15) is
asymptotically stable for all k >0. For the SISO ESC of
Figure 5, by assuming ϕ = 0, the averaged linearized model
of (15) is:

~u sð Þ
u∗ sð Þ =

s s2 + 2ωhs + ω2
h + ωp

2� �
s3 + 2ωh + ka2

� �
s + ω2

h + ωp
2 + ka2ωh

� �
s + ka2ωp

2 :

ð17Þ

The root locus for the conventional ESC algorithm and
the modified ESC algorithm are shown in Figures 11 and
12, respectively. For the conventional ESC algorithm, the
linearized average model is written as:

~u sð Þ
u∗ sð Þ =

s s2 + 2ωhs + ω2
h + ω2

p

� 	
s3 + 2ωh + ka2

� �
s + ω2

h + ω2
p + ka2ωh

� 	
s + ka2ω2

p

:

ð18Þ

To plot the root locus of (18), we used the following
parameters: ωh = 30rad/s, k = 35, a = 0:1, ωp = 2 × pi × 60

rad/s. The linearized average model of the modified ESC is
written in (19)

~u sð Þ
u∗ sð Þ =

s s2 + 2ωhs + ω2
h + ω2

p

� 	
s3 + 2ωh + ka1

2� �
s + ω2

h + ω2
p + ka1

2ωh

� 	
s + ka1

2ω2
p

:

ð19Þ

The root locus of (19) has been obtained using the follow-
ing parameters: ωh = 30rad/s, k = 35, ωp = 2 × pi × 60 rad/s,
and a1 = 0:15 are empirically obtained.

The conventional averaged ESC model has a pair of poles
closer to the imaginary axis (smin = −0:348). As a result, the
system may become unstable for certain external perturba-
tions (sudden changes in atmospheric conditions). For the
case of the modified ESC algorithm, the pole closer to the
imaginary axis is smin = −0:783. Given that the response time
is defined by equation (20):

tr 5%ð Þ =
−3

Re sminð Þ : ð20Þ
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Figure 14: Comparative performances between modified extremum seeking control and classical extremum seeking control in the time
domain.
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Where smin is the nonzero pole closest to the imaginary
axis, we can conclude that the proposed modified ESC
algorithm has a smaller response time than the classical
ESC method.

4. Simulation Results

To demonstrate the efficiency and robustness of the proposed
ESC algorithm, different simulations are performed in
Matlab/Simulink environment. The MSX-60 (60W) refer-
ence solar module from Solarex was used to generate the elec-
trical energy in the system. The main characteristics at 25°C
and 1000W/m2 of this module are presented in Table 1.

The parameters of the modified ESC controller and the
classical ESC method are the following: ωh = 30rad/s, k1 =
0:1, k2 = 1:3, k = 35ωp = 60rad/s, and ωl = ωl1 = 5rad/s.

Initially, the modified ESC algorithm is implemented,
and its performance is evaluated during standard atmo-
spheric conditions (25°C and 1000W/m2). Then, another
simulation is performed during sudden changes in tempera-
ture and irradiation. Finally, the proposed MPPT algorithm
is tested in variable load condition. The results are compared
with those of classical ESC algorithm.

Figure 13 shows that during standard atmospheric condi-
tions (25°C and 1000W/m2), the proposed controller indeed
reaches the maximum power point (60W as indicated in the
MSX60 datasheet) in shorter time than the classical method.
This fact is clearly emphasized by comparing the 5% settling
time as shown in Table 2.

In the second simulation, a comparative study between
the modified ESC algorithm and the classical ESC algorithm
is established. For a fair comparison between the two algo-
rithms, all parameters, such as the perturbation frequency,
ωp = 60rad/s, the high-pass filter cut-off frequency ωh = 30
rad/s , and the integrator gain k = 35, are considered identical
under these conditions; the behavior of the modified ESC

PV DC/DC
CONVERTER

LOAD

PC

PWM
ADC ADC

DRIVER

MPPT ESC
PROPOSED

(ARDUINO MEGA)

ADCADC
Current sensor

Current sensor

Voltage sensor

Voltage sensor

Figure 16: Experimental architecture.

Table 3: DC/DC converter characteristics.

Converter parameters Value

Stray capacitance Cpv 120μF

Boost inductor Lpv 82mH

Boost switching frequency 490Hz

Boost output capacitor C 47μF

Load resistance R 580 Ω, 30 Ω, 10 Ω
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Figure 15: Load power and load voltage under load variation.

9International Journal of Photoenergy



method and the conventional ESC method is shown in
Figure 14. At time t = 6 s, the solar irradiation is abruptly
changed from G = 1000W/m2 to G = 545W/m2 and at time
t = 9:25 s a step change from G = 545W/m2 to G = 1000W/
m2 is carried. Two-step changes are performed on the tem-
perature (from T = 25°C to T = 25°C at time t = 7 s and from
T = 25°C to T = 31°C). It is seen on Figure 14 that the con-
ventional method takes longer time to reach the maximum
power point, while the proposed modified ESC controller
rapidly converges to the maximum power point. The MPP
observed on this figure are predictable from the MSX60 char-
acteristics presented on Figure 3. In addition, it is observed

that the proposed ESC controller responds quickly to radical
changes in irradiance and therefore reducing the energy
losses. The instantaneous change in irradiance imposed on
the PV system in this simulation may be much faster than a
real scenario, but it gives an idea of the time taking by the
proposed controller to respond to a change in irradiance.

The proposed MPPT algorithm is tested under load var-
iation, and the result is presented in Figure 15. For this test,
the load resistance is varied from 30Ω to 10Ω at time t =
7:5 s (STC). It is observed in Figure 15 that the load power
increases rapidly from 20.1W to 56.33W. Thus, the pro-
posed algorithm is also able to work under load variation.

PV panel

Arduino
board

DC/DC
converter

Load
Computer

Figure 17: Test bench for experimental validation of the proposed algorithm.
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Figure 18: Experimental design of the proposed algorithm using Arduino under Matlab Simulink.
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5. Experimental Results

An experimental design as shown in Figure 16 is assembled
in the laboratory in order to validate in real time the
proposed MPPT method. The experimental architecture of

the system was built using an MSX-60 solar panel, a
personal computer (to design of the proposed algorithm),
a BOOST DC/DC converter, a resistive load, and a control
circuit. The parameters of the DC/DC converter are given
in Table 3. The control circuit uses Arduino Mega board
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Figure 19: Experimental results of the proposed MPPT controller during uniform irradiance.
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Figure 20: Experimental results of the proposed MPPT controller during a sudden energy change.
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to execute the proposed MPPT algorithm and provide the
external PWM signal needed to control the BOOST
converter.

The control circuit uses Arduino Mega board to execute
the proposed MPPT algorithm and provide the external
PWM signal needed to control the BOOST converter. Two
ACS 712 (30A) reference Hall-effect sensors are exploited;

one detects the output current of the photovoltaic solar panel,
and the other detects the current in the load. The output volt-
age of the array and the voltage across the load were detected
using two voltage dividers. The proposed algorithm was real-
ized and compiled in the Matlab/Simulink environment. The
program was uploaded in real time to Arduino card to drive
the whole system.
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Figure 21: Experimental results (current, voltage, and power) of the MPPT controller based on conventional ESC.
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A series of tests were conducted in the laboratory using
the hardware architecture shown in Figure 17 in order to
experimentally validate the efficiency of the proposed MPPT
controller.

The block diagram showing the implementation of the
proposed controller using Arduino Mega board under
Matlab Simulink Is given in Figure 18.

Figure 19 shows the experimental results when the solar
panel is subjected to almost uniform irradiance. These results
confirm the ability of the proposed controller to ensure the
stability and efficiency of the system during stable atmo-
spheric conditions.

In Figure 20, the system starts with nearly constant irra-
diance, but at t = 6, 5 s, the irradiance is abruptly reduced.
This scenario is obtained by exposing only a part of the solar
panel to the sunlight after a certain period of time. During
this abrupt change in irradiance, the results show that the
modified ESC controller detects and follows a rapid transient
response and able steady-state response.

Figures 21 and 22 show the experimental results of the
conventional ESC-based MPPT controller and the modified
ESC-based MPPT controller during the irradiation abrupt
change, respectively. This scenario is obtained by exposing
part of the solar panel to sunlight a certain starting with a
partially shaded PV array; then at time t = 4, 3 s, the shadow
is abruptly removed. It is observed that during this scenario,
both conventional and proposed MPPT accurately track the
maximum power point. However, the modified ESC-based
MPPT controller reaches the maximum power point with a
shorter time than the conventional ESC-based MPPT
controller.

Figure 23 presents experimental results obtained with the
modified ESC under load variation test. The test condition is
the same as in the case of simulation (i.e., the load varied

from 30Ω to 10Ω). The PV array voltage decreases, while
the current increases. The proposed algorithm responds to
the load variation rapidly.

6. Conclusion

In this work, an intelligent control technique based on the
ESC has been proposed. The proposed ESC method uses an
additional feedback loop to improve the system performance.
A detailed analysis of the stability of this algorithm was per-
formed using a linearized average model. This analysis
reveals how the special features of the proposed extremum
search algorithm affect and enhance the overall convergence
and robustness of the system. In addition, the paper com-
pares the proposed MPPT strategy with an approach based
on classical ESC. Simulation of both MPPT approaches was
performed in MATLAB/Simulink environment real-time
implementation using Arduino board. Based on the simula-
tion and experimental results, it is concluded that the pro-
posed algorithm accurately tracks the maximum power
point with a shorter time during abrupt changes in atmo-
spheric conditions.
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All the data used to support the findings of this study are
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