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Abstract. This paper deals with the design, simula-
tion and real-time implementation of Maximum Power
Point Tracking (MPPT) technique for a Photovoltaic
(PV) system. A new modified Incremental Conduc-
tance (INC) algorithm is proposed to extract mazimum
power from PV panels at different levels of tempera-
ture and solar irradiation. The considered PV system
consists of a PV panel, a DC-DC boost converter con-
trolled by MPPT algorithm and a resistive load. First,
the simulation tests of the proposed algorithm using
Matlab/Simulink environment are presented, and then,
followed by a real-time implementation using Arduino
Mega board and a specific package known as “Simulink
support package for arduino hardware” to validate ex-
perimentally the simulation tests. Simulation and ex-
perimental results show that the proposed modified INC
algorithm offers much less oscillation around the Mazx-
imum Power Point (MPP), fast dynamic response and
better performances compared to the conventional INC
algorithm.

Keywords
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1. Introduction

Recently, the demand for electrical energy has in-
creased, and so the effects of its production, such
as the global warming and pollution. Therefore,
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the search for alternative energy sources has become
a worldwide effort. Many scientists are working on
different ways to find a substitute for the traditional
fossil fuel of gas, oil and coal sources by renewable en-
ergies [1], [2], and [3]. In this context, PV panels offer
a very competitive solution since they directly convert
sunlight into electrical energy without any noise pollu-
tion and do not involve any moving part [4]. However,
their main drawbacks are the low efficiency and their
nonlinear power-voltage characteristic which depends
on atmospheric conditions, particularly solar irradia-
tion and temperature [5] and [6].

To extract maximum power from PV panels at
different levels of temperature and solar irradiation,
it is necessary to add, between the PV panel and
the load, a DC-DC converter controlled by an MPPT
algorithm. This leads to force the PV panel to operate
at its maximum power point, irrespective of changing
atmospheric conditions [7] and [§]. Many MPPT con-
trol algorithms have been developed since the 1970s,
among which we can cite the conventional controllers
such as Hill Climbing (HC) [9] and [10], Perturb and
Observe (P&O) [11] and [12] and Incremental Conduc-
tance (INC) [13] and [14]. However, these algorithms
suffer from some drawbacks.

To address and overcome the shortcomings of con-
ventional methods, many MPPT techniques have been
proposed based on artificial intelligence approaches,
such as Fuzzy Logic Control (FLC) [I5] and [I6],
Adaptive Neuro-Fuzzy Inference System (ANFIS) [17]
and [I8], optimized adaptive control [19], Genetic Al-
gorithm Optimization (GAO) [20], Teaching-Learning-
Based Optimization (TLBO) [21], backstepping con-
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trol [22] and Particle Swarm Optimization (PSO) [23]
and [24], silver mean method [25]. For example, in [I5],
an FLC has been combined with the conventional P&O
algorithm to design a new MPPT-based controller that
has fast time response, less overshoot and more stable
operation. On the other hand, in [16], the voltage and
power outputs have been used as inputs for an FLC-
based MPPT controller to produce the appropriate
Pulse Width Modulation (PWM) signal to the DC-
DC converter. It can also be shown that the results
in [17], [I8], [19], and [20] show good performance
in terms of efficiency and rapidity.

The simulation results of the MPPT-based advanced
control techniques have been proved to be effective
and successful in the extraction of maximum power
from PV panels. Nevertheless, the main challenge fac-
ing these techniques is usually the practical implemen-
tation stage. Furthermore, they may often require sev-
eral sensors thereby increasing the cost of control sys-
tems. For instance in [5], the real-time implementation
of the proposed Takagi-Sugeno-based MPPT method
needs temperature sensor, solar irradiation sensor, two
voltage sensors and two current sensors. However, by
using conventional methods such as P&O and INC,
only two sensors (voltage and current sensors) are re-
quired to implement practically each of these algo-
rithms.

In recent years, many researchers have proposed new
MPPT algorithms based on conventional INC to ben-
efit from its simplicity, to overcome its drawbacks, and
to improve its performance [20], [27], [28], [29], and
[30]. The first drawback of conventional INC algorithm
resides in the choice of the step size. If it is large, the al-
gorithm will find the MPP rapidly, but in this case,
considerable fluctuations will appear around the MPP.
However, if the step size is small, the algorithm will
minimize the fluctuations around the MPP but the sys-
tem will slowly track it. In both cases, considerable
power will be lost due to the wrong choice of the step
size. To overcome the first limitation, many works have
been proposed based on conventional INC algorithm
with variable step size [20], [27], and [28]. The sec-
ond shortcoming of conventional INC algorithm lies
in the fact that it fails to make the right decision when
the solar irradiation changes suddenly from low to high.
In this respect, the algorithm increases the duty cycle
instead of decreasing it which leads to a loss of power.
To overcome this last weakness, some modified INC al-
gorithms have been proposed [29] and [30]. The idea
behind these algorithms is to add more conditions
to the conventional one.

In this context, the first main contribution
in the present paper deals with the design of a new INC
MPPT algorithm based on the combination of the two
previous techniques. The INC algorithms with vari-
able step and modified INC are used to respectively
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overcome the problem of step size choice and ensure
the right decision in case of sudden changes of solar ir-
radiation. The second contribution of this work is con-
cerned with the practical implementation of the pro-
posed algorithm using an Arduino board to benefit
from its various advantages compared to other micro-
controllers and to profit from its easy interfacing with
Matlab/Simulink without going through any other pro-
gramming languages.

The paper is organized as follows: Section[2. ] is ded-
icated to the presentation of the PV conversion system
modeling and a presentation of the proposed MPPT
algorithm. Section [3. | is reserved to the discussion
of obtained simulation and experimental results. Fi-
nally, Sec. [ 4. ] concludes the paper.

Photovoltaic Conversion
System

2.

The overview of the combined PV system is shown
in Fig. [} which mainly consists of a PV panel, a DC-
DC boost converter controlled by an MPPT technique
and a load.

PV Panel

DC-DC Boost Converter
L D i

c1 M c2|
— [— R
MPPT Controller

Fig. 1: Block diagram of PV system.

2.1. PV Panel Model

Based on the electrical equivalent circuit model
of the PV panel shown in Fig. [2] the PV current can
be expressed as [5]:

[q(VJrRSI)]

V + 1R,
I -1 - —
¢ Rsh ’

(1)
where V, I, and I, are the PV output voltage, cell
saturation of dark current and light-generated current.
Rsp and R represent the cell shunt and series resis-
tances. The parameters k, ¢, n,, T and A repre-

I =npl,, —npl KT A
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sent the Boltzmann constant, electron charge, number
of parallel solar cells, cell temperature and the ideal
factor, respectively.

mi
3’2 Rsh v
| )

Fig. 2: Electrical equivalent scheme of PV panel.

A
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The light-generated current is expressed as a func-
tion of the cell temperature and solar irradiation:

Iy, =Gy + Ki/(T-T,)), (2)
where G, T, and Kj; are the solar irradiation
in kW-m™2, cell reference temperature and cell short-
circuit current temperature coefficient, respectively.
I, is the cell short-circuit current at 25 °C and
1 kW-m~2.

The saturation current can be expressed as a func-
tion of the cell temperature, as follows:

T\* gE, (1 1
et () o5 (7 7)) @

where F, represents the band-gap energy of the semi-
conductor used in the cell and I, represents the reverse
saturation current which is given by:
ISC
exp [ Ve } o
n kAT

where V. is the open-circuit voltage.

I = (4)

Figure [3] illustrates the power-voltage and current-
voltage characteristics of PV panel. From these plots,
it is observed that the variation of the maximum power
is highly changed as a function of the cell temperature
and solar irradiation.
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Fig. 3: Nonlinear characteristics of power-voltage and current-
voltage.
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2.2. Proposed MPPT Algorithm

The conventional INC algorithm is based on the deriva-
tive of power with respect to the voltage when the MPP
is null. This algorithm uses the conductance value

dI

(i)
to find the MPP. In this respect, the following expres-
sion can be obtained:

aP  d(V-I)
av -~ av

I
) and the incremental conductance value

av dl dl
_IW+VW_I+VW'

()
By using the values of both conductance and in-
cremental conductance, the INC algorithm determines
the location of the operating point of the PV panel on
the power-voltage curve. As shown in Fig. [3] the PV
panel operates at the MPP if the condition Eq. @
is satisfied. In contrast, the PV panel operates on
the left side of the MPP if the condition Eq. is
satisfied, whereas the PV panel operates on the right
side of the MPP if the condition Eq. is satisfied.

dP dI I
WZOjW:_V’ (6)
dP dI I
W>0:>W>_V’ (7)
dP dI 1
W<0:>W<_V' (8)

The flowchart of the conventional INC algorithm is
illustrated in Fig. During the operating points,
the INC algorithm perturbs the system and increases
the duty ratio (D) with a fixed step (dD) when the sign

of the — 1is positive. Otherwise, if the sign of P is
negative, the algorithm perturbs the system in the op-
posite direction and decreases the duty ratio. However,
the conventional INC algorithm suffers from several
drawbacks. The first one resides in the choice of step
size. Therefore, many INC algorithms have been pro-
posed where the step size (dD) is given as a function
of dP, as follows:

dD = N -|dP|, (9)

where N is a scaling factor.

Another drawback of the conventional INC algo-
rithm resides in the fact that if condition Eq. (@ is
satisfied, then there is nothing to do, and in this case,
the duty cycle is fixed and no oscillation occurs. How-
ever, this condition is rarely satisfied in real condi-
tions because of the truncation error of the numerical
differentiation. Moreover, the conventional INC algo-
rithm fails to make the right decision when the solar
irradiation changes suddenly. To overcome these draw-
backs, some modified INC algorithms have been pro-
posed. The idea behind these algorithms is to check
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(a) Conventional INC algorithm.

Fig. 4: Flowcharts of conventional and proposed INC algorithms.

if the MPP is met with increases in both current and
voltage, in this case, the permitted error Eq. is
applied to verify that the MPP is reached.

dI
I+V-—|<0.06. 1
’ +Vdv‘<006 (10)

In this work, a combined methodology of both al-
gorithms is proposed using the principle of variable
step size to overcome the drawback of step size choice.
In addition, it uses a permitted error to verify that
the algorithm takes the right decision when the solar ir-
radiation increases suddenly. The flowchart of the pro-
posed INC algorithm is shown in Fig.

3. Results and Discussion

3.1. Simulation Results
In order to verify the validity and effectiveness
of the proposed modified incremental conductance al-
gorithm, simulation tests have been carried out on
a PV system using the Simulink model shown in Fig.
and the parameters given in Tab.

Note that during the simulation tests, the proposed
INC algorithm is compared with the conventional one
with a fixed step size of 0.005.

The first simulation test is carried out in various
atmospheric conditions. The solar irradiation and
cell temperature profiles are assumed to be as shown

in Fig. and Fig. respectively. The re-

sponses of PV output power and PV output current

are shown in Fig. and Fig. while the re-

sponses of the PV output voltage and the control

signal are shown in Fig. and Fig. It is

evident that the proposed INC algorithm has more
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(b) Proposed INC algorithm.

efficiency than conventional one at different levels of ir-
radiation and temperature, most notably when the ir-
radiation increases or decreases. Moreover, portions
of the steady states in different ranges are enlarged
to show the efficiency of the proposed MPPT algo-
rithm. It can clearly be seen from the enlarged portions
that the responses of steady states with the proposed
INC method track perfectly their optimum operating
points with much less oscillation, whereas the responses
of PV system with the conventional INC method show
a considerable amount of oscillation in the different
states. This improves the efficiency and greatly reduces
the PV power loss.

Tab. 1: PV conversion system parameters.

Symbol Quantity Value
Py Rated Power 80 W
k Boltzmann’s constant 1.38-10%3 J K1
A Ideal factor of PV-Cell 1.1
Rgp Shunt resistance 360.002 Q2
R Series resistance 0.18 ©
Ns Cells connected in series 36
np Number of module in parallel 1
To Temperature reference 298.15 K
Go Irradiation reference 1000 W-m—2
Voe Open-circuit Voltage 22V
Isc Short-circuit current 48 A
Isen Nominal short-circuit current 4.45 A
Vpon Nominal PV voltage 18V

The second simulation test is conducted with a sta-
ble temperature at T' = 25 °C, but the solar irradiation
profile is assumed to be as shown in Fig. This
test is carried out to evaluate the proposed and tradi-
tional algorithms in case of triangular changes of solar
irradiation. The response of PV power is illustrated
in Fig. It is clearly shown that the proposed al-
gorithm has superior performance in term of tracking
compared to the conventional one.
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Fig. 6: Simulation results for PV system under varying environmental conditions.
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Fig. 7: Simulation results for PV system under a droop change
in the irradiation.

The last simulation test is carried out to evalu-
ate the proposed and conventional algorithms in case
of sudden change in load at a specific time. The en-
vironmental conditions are assumed to be constant
(G =1kW-m~2 and T = 25 °C). The resistance load is
assumed to be firstly equal to 100 €2, and then suddenly
changed to be equal to 50  at time ¢t = 0.5 s. Fig-
ure [§shows clearly that the response of PV power with
the proposed INC method track perfectly its maximum
point with much less fluctuation, whereas the response
of PV power with the conventional INC method shows
a considerable amount of fluctuation especially during
the sudden change of the load.

100 T T T :
s —
= 79.5
g 50 1
[¢)
o
775 ——Proposed INC
——Conventional INC
0.5, 0.504 - "
0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 8: Responses of power under load variation at t = 0.5 s.

In addition to these simulation tests, some other
tests are considered using different indices describing
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the behaviours of the proposed and compared algo-
rithms during static and dynamic changes. These in-
dices are given as follows [31]:

Accuracy aprppr: This index is used to know how
close is the tracking to the maximum point. In our
study, it was used to illustrate how close is the PV
current during tracking to the current maximum power
point, as given below:

Iy
- 100.
Ivppr

(11)

OMPPT =

Static efficiency index ny;ppr shows the ratio of ac-
tual PV power to the maximum power. It is given by:

P v
P 100.

12
Prypp (12)

NMPPT =

Relative tracking error (epppr) is expressed as fol-
lows:

Py,
Pypp
In addition, the indices Eq. and Eq.
which represent the MPPT energetic efficiency and
the MPPT energetic error, respectively, are used
to evaluate the tracking performance of the proposed
and conventional algorithms during dynamic changes

in the MPP [31].
ty
/ P di
0

EMPPT = ‘ - 1‘ - 100. (13)

NMPPT.E = T - 100, (14)
Pyppdt
0
ty
/ Py dt
EMPPT,E = 72 — 11 -100. (15)
/ Pyppdt
0

Table [2| shows the values of considered indices for
the proposed and conventional MPPT algorithms. It is
clearly demonstrated that the proposed modified INC
algorithm based on variable step size guarantees better
performance compared to the conventional one.

Tab. 2: Performances comparison between the proposed and
conventional INC algorithms.

Index Proposed INC | Conventional INC
aMPPT 98.4101 97.6449
NMPPT 98.2547 97.1643
EMPTT 1.3937 2.9671

NMPPT,E 98.4292 97.3918
EMPPT,E 1.4768 2.8768

From the analysis of the previous results, it can
clearly be seen that the proposed INC algorithm has
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higher tracking speed and offers better performances
than the conventional one in terms of efficiency and
power quality.

3.2. Experimental Results

The main purpose of this section is to experimentally
validate the developed algorithm using Arduino Mega
board with Matlab/Simulink environment, as shown
in Fig. 0] The implementation stage includes two parts:

PC equipped
with
Matlab/Simulink’

PV panel

Fig. 9: Hardware setup for PV system.

The Hardware part consists of a boost converter,
a PV panel of 80 W, a resistive load, relay and an LCD
which displays the different measured signals. In addi-
tion, a USB digital oscilloscope and digital multimeter
are used to verify the acquired signals.

The considered DC-DC boost converter in this work
consists of an input capacitor, an input current sen-
sor, a potentiometer used as an input voltage sensor,
an inductor, a MOSFET switch, a diode, an output
capacitor, a potentiometer used as an output voltage
sensor and a resistive load. Figure [10] shows the real
hardware implementation of the considered boost con-
verter using the parameters shown in Tab. [3]

1R N i
.: Inductor | Diode &5, =N
* 2 Output voltage sensor

Input connector

Input capacitor
R I\

MOSFET

Fig. 10: Boost converter prototype.
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Tab. 3: DC-DC boost converter parameters.

Symbol Value
Inductor 30 uH
Input capacitor 1000 pF
Output capacitor 470 uF
Resistor load 56 €
Switching frequency | 31.4 kHz
MOSFET IRFZ44N
Ultrafast Diode 31DF4

Software part: In this work, Matlab/Simulink en-
vironment is used to associate the hardware setup with
the Arduino board. This solution allows to benefit
from the various advantages of this board which can
easily interface with Matlab/Simulink directly with-
out going through any other programming languages
thanks to many special packages such as “Simulink sup-
port package for Arduino hardware”. This package cre-
ates library blocks in Simulink that allow configuring
and accessing Arduino sensors and communication in-
terfaces. It also enables to interactively monitor and
tune algorithms developed in Simulink as they run,
in real-time, on the Arduino.

Figure illustrates the Simulink model used for
the implementation of the developed MPPT algorithm.
The Simulink model is composed mainly of eight
blocks. The first one designated as “From PV cur-
rent sensor” is reserved to acquire the PV current via
the analog pin 14. The second and third blocks indi-
cated “From PV voltage sensor” and “From output sen-
sor” are reserved to acquire the PV voltage and load
voltage via the analog pins 15 and 13. The fourth
block mentioned as “MPPT algorithm” is dedicated
to the implementation of the proposed algorithm which
generates the appropriate duty cycle and then sends it
to the DC-DC boost converter using the fifth block
“PWM” via the analog pin 9. The sixth block men-
tioned as “step” is used to control the starting record
data at time ¢ = 0.1 s by sending a digital signal
to the relay using the seventh block designated as “Re-
lay control” via the digital pin 2.

The “S-function” block is a builder, which is a com-
puter language description of a Simulink block written
in “C” programming language. This block is mainly
used for the following reasons:

e to calculate the average of 200 acquired current
and voltage values to reduce the noise during
the data acquisition process (noise filter), as shown

in Fig.

e to show on the LCD the different values of the ac-
quired signals, as illustrated in Fig.
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Fig. 11: Simulink model used for real-time implementation.
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Fig. 13: Part of the C-code used to programming the LCD.

e to increase the default frequency of pin 9
from 490 Hz to the required frequency 31.4 kHz
by using the C-code mentioned in Fig.

In order to show the better quality of the proposed
algorithm in terms of time response and power exac-
tion, experimental tests of the proposed and conven-
tional INC algorithms are carried out On April 18th,
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Fig. 14: C-code used to change the frequency.

2020 in Tebessa-Algeria, where the solar irradiation
was almost 647 W-m~2 and the temperature was 28 °C.
The experimental waveforms of PV power and PV cur-

rent are shown in Fig. [15(a)l and Fig. [15(b)l while

the experimental waveforms of the PV voltage and
duty cycle are shown in Fig.[15(c)|and Fig. From
these experimental results, it can be seen that both al-
gorithms yield good results in terms of rapidity, but
the responses of the steady states with the proposed
modified INC track perfectly their optimum operating
points with much less fluctuation, while the responses
of the PV system with the conventional INC show
a considerable amount of oscillation in the different
states. These results confirmed the experimental valid-
ity of the proposed technique as well as its superiority
to the classical one.
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Fig. 15: Experimental results for PV system under solar irra-
diation G = 647 W-m~2 and temperature T = 28 °C.
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4. Conclusion

A new modified incremental conductance algorithm
is proposed for maximum power point tracking for
a photovoltaic system. The simulation results clearly
show that the proposed method can quickly converge
to the maximum power point with much less oscilla-
tion during rapid changes of atmospheric conditions,
and has a high power output efficiency compared
to the conventional method. The experimental vali-
dation of the proposed and conventional algorithms is
conducted using an Arduino mega board and a special
Matlab/Simulink package known as a Simulink sup-
port package for Arduino hardware. The experimental
results show the validity of the proposed method and
its superior performance compared to the conventional
method, in term of convergence to the MPP with much
less oscillations.
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