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Abstract: Maximum power point tracking (MPPT) algorithms are used in photovoltaic applications
to extract the maximum power that the photovoltaic (PV) panel can produce, which depends on two
inputs that are: temperature and irradiance. A DC-DC converter is inserted between the photovoltaic
panel and the load to obtain the desired voltage level on the load side. In this paper, incremental
conductance (INC) algorithm, modified INC, and fuzzy logic controller (FLC) are designed and
assessed to improve energy conversion efficiency. These algorithms are applied to the control of boost
converter for tracking the maximum power point (MPP). The modified INC offers fast response and
good performance in terms of oscillations than conventional INC and FLC. The Matlab/Simulink
environment is used to analyze, interpret the simulation results, and show the performances of each
algorithm; and Proteus-based Arduino environment is used to implement the three methods in order
to compare the Matlab simulation results with measurements acquired during implementation that
is similar to real experiment.

Keywords: photovoltaic system (PV); boost converter; incremental conductance (INC); modified
incremental conductance; fuzzy logic controller (FLC); maximum power point tracking (MPPT);
implementation

1. Introduction

Solar energy is one of the commonly used in renewable energy sources, producing
electricity through photovoltaic (PV) panels [1]. PV energy has been growing rapidly in
recent years due to its advantages: it is an inexhaustible source of energy, environmentally
friendly, quiet, and non-distracting to local residents [1,2]. The PV technology sector has
experienced significant leaps and bounds in terms of performance and cost over the past
few decades. It has benefited from novel knowledge and advances in the field of materials,
and also its attractiveness for researchers community worldwide as a noble challenge [3].

A PV system can be operated in a variety of locations. The outdoor exposure of
PV panels presents a complex combination of factors (wind, rain, snow, heat, lightning,
shading, etc.,) that causes their degradation over time [4,5] and presents a negative impact
on the yield, and therefore reduces the profit of the installation, added to the maintenance
cost elevation to get the system back in performance [6]. The operation of PV panels is
dependent on weather conditions (sunshine, temperature); the study of these phenomena
is necessary to understand the behavior of PV panels [6].

For extracting maximum available PV power, it is necessary to adapt the load with
the photovoltaic generator by inserting a boost converter controlled by MPPT [7]. In the
literature, there are different types of algorithms-based MPPT: Perturb & Observe (P&O),
Incremental Conductance (INC), Fuzzy Logic Control (FLC), Artificial neural network
(ANN), Fractional short circuit current (FCC), Fractional open circuit voltage (FCO), and
the P.I. based on the Particle Swarm Optimization (PSO) technique [8,9].
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The aim of this work is to design and analyze a PV system around a boost converter,
which connects the photovoltaic module to the load. These components are modeled
and simulated in Matlab/Simulink software [10].The block diagram of the proposed PV
system is illustrated in Figure 1. Three MPPT algorithms are presented in this work to
maximize the output power of the generator, under different irradiance and temperature
conditions. The three algorithms are: FLC, conventional INC, and modified INC. They are
designed, analyzed, and assessed to improve the robustness and performance of each one
of them [11], which constitute a real challenge in the PV panel system design. Then they are
implemented on Proteus-based Arduino in order to compare the PV current, PV voltage,
and PV power acquired using each algorithm with the values obtained in Matlab/Simulink.
For the sake of monitoring and extracting the PV measurements on Proteus, a current
sensor, voltage sensor, development board, and LCD are necessary in addition to PV
panel [12].The results obtained in simulation and implementations show that the modified
conventional INC overcomes the imprecise response during the increase in solar irradiance
and offers a fast response and a good performance in terms of oscillations and stability
than conventional INC and FLC.
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2. Design of Complete PV System

A photovoltaic system consists of four blocks as shown in Figure 1. The first block
represents the energy source (photovoltaic panel), the second block is a boost converter,
the third block represents the load, and the fourth block represents the control system [13].

2.1. Design of a PV Panel

A photovoltaic module generates the PV power on the principle of photovoltaic
effect [14]; it consists of photovoltaic cells in series and/or in parallel in order to obtain
the desired electrical characteristics such as: power, short circuit current, or open circuit
voltage [14]. The PV modules are connected with a DC voltage controlled by MPPT in
order to track stabilized higher power [14,15].

This static behavior can be described by the following mathematical Equation (1)
obtained by applying Kirchoff’s law on Figure 2:

Iph = [ISC + K1 × (T − Tr)] × G/T, (1)

The electrical model corresponding to the equation is described as following:
Knowledge that:
Iph: The photocurrent.
ISC: The current short circuit.
K: The Boltzmann constant is equal to 1.38. 10−23 J/K.
T: The temperature, in Kelvin.
RS: The series resistance.
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RSh: The shunt resistance.
G: The solar irradiation in W/m2.
VCO: Open circuit voltage (when I = 0).
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The electrical characteristics values of the PV panel assessed in this paper are given in
the Table 1.

Table 1. Electrical characteristics of PV panel Hyundai Heavy Industries HiS-M280MI.

Electrical Characteristics Values

Maximum Power 281.05 W
Number of cells 72

Imp 7.7 A
Vmp 36.5 V
ISC 8.3 A

VOC 44.4 V

The current–voltage characteristic is a non-linear characteristic with a single optimal
point where the power is maximum Pmpp [16]. The corresponding optimal voltage and
current are Vmpp and Impp, as shown in Figure 3 [17].

2.2. Modeling of Boost Converter

The boost converter is an interface that allows the adaptation between the PV panel
and the load to extract the maximum power from the panel [18]. Figure 4 shows a boost
converter that converts the input DC voltage to a higher output voltage. This converter
consists of the switch (S), the inductor (L), the diode that protects S by preventing current
feedback, and the capacitor C2 which is used to smooth the output voltage [19].
where

F: Frequency;
D: Duty cycle;
R: Load resistance.
The output voltage is given by the mathematical expression follow:

Vout = Vin/(1 − D), (2)

Knowledge that:
C = (D × Vout)/(F × R × ∆V), (3)

and
Vin = (F × L × ∆I)/D, (4)
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2.3. MPPT Algorithms

MPPT controls based on maximizing the output power produced by the PV generator.
In the literature, there are different types of algorithms based on MPPT with more or less
precision [20]. These algorithms use the value of the power supplied by the photovoltaic
generator for the application of an adequate control action for the follow-up of the maxi-
mum power point [20,21]. The advantages of these controls are their accuracy and speed
of reaction [21].

The performance of MPPT depends on how quickly it reaches the maximum power
point, how well it oscillates around it, and how robust it is to abrupt atmospheric changes [22].
Recently, the MPPT technique has become the focus of a significant amount of research to
improve the dynamic performance of the PV system, primarily in terms of the ability to
quickly pursue the global power point in the presence of other local maximums during
various shading conditions [23].

2.3.1. Incremental Conductance Algorithm

The incremental conductance (INC) algorithm is a classic MPPT technique that uses
two probes to measure the operating voltage V and the current I of the PV module [24].
This method relies on the fact that the derivative of the output power P with respect to the
PV module voltage V is equal to zero at the maximum power point (MPP) [25].

The objective of INC algorithm leads to the following set of equations [26]:

(dP/dt) = 0 When V = VMPP (5)

(dP/dt) > 0 When V < VMPP (6)

(dP/dt) < 0 When V > VMPP (7)

Knowing that the derivate of Power P devised by the derivate of Voltage V gives the
following expression:

dP/dV = d(V × I)/dV = I × (dV/dI) + V × (dI/dV) = I + V × (dI/dV) (8)

This amounts to writing:
dI/dV = −(I/V) (9)

Incremental changes in dV and dI are obtained by comparing the most recent mea-
sured values of voltage V and current I to those measured during the previous cycle [25,26]:

dV (K) ≈ V (K) −V (K − 1) (10)

dI (K) ≈ I (K) − I (K − 1) (11)

The basis of the function to find the MPP uses the following conditions:

dI/dV = −(I/V) (12)

dI/dV > −(I/V) (13)

If Equation (12) is true, the MPP is reached and no change in the voltage V (k) is
necessary. If Equation (12) is false, and V (k) is superior or inferior to VMPP, the voltage V
(k) is adjusted accordingly [26]. Figure 5 presents the flowchart of INC algorithm.

If the system was working at MPP during the previous cycle, the incremental change
in operating voltage will be zero dV(k) = 0. This would result in a division by zero error.
If dI = 0, the system voltage adjustment is skipped [27]. If dI 6= 0, Equations (6) and (7)
are used to determine if the system operates over or under the VMPP and an adjustment
corresponding to the operating voltage will be made accordingly [26,27].
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2.3.2. Modified Incremental Conductance Algorithm

This algorithm is a modified version of conventional INC. At the beginning, a flag
value is fixed to zero “0”, to specify that the MPP is achieved when the flag is set to “1” [28].
If the flag is equal to “0”, the INC is applied using the Equation (14), when this condition
is attained the PV system operates at its maximum; consequently, the algorithm will set
the indicator to “1” and then switches to modified algorithm. In this improved method,
the program stills to verify the condition in the Equation (14) [29]. If the irradiance and
load resistance are kept unchanged, no variations are made to the duty cycle; when the
irradiance or load changes, the algorithm sets the flag to “0” and figures the changes in PPV
and IPV [28,29]; if the algorithm detects that the voltage and current have been increased,
then the duty cycle increases too; and INC algorithm is modified to overcome the imprecise
response during the increase in solar irradiance [30].

Figure 6 presents the flowchart of modified INC algorithm.

2.3.3. Fuzzy Logic Controller

Fuzzy logic controllers have been widely used in industrial applications in recent years
because of their heuristic nature associated with simplicity, efficiency, and the consideration
of its multi-rule variable for the variation of the linear and non-linear parameters of the
system [31]. The fuzzy system is composed of a system of rules based on knowledge; the
main part of FLC is the knowledge of the base composed of the If-Then rules [32]. Fuzzy
Logic is implemented to get the MPP operating voltage point faster with less overshoot; it
can also minimize overshoot and the voltage fluctuation after extracting MPPT. The control
objective is to track the maximum power in order to make the PV panel operating with high
efficiency [33,34]. To design FLC, the variables that represent the dynamic performance
of the system must be chosen as inputs. This algorithm is better adapted to non-linear
systems, it consists of three blocks: fuzzification, inference, and defuzzification [35].
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• Fuzzification: Allows the conversion of physical input variables into fuzzy sets. In this
paper [36], there aretwo inputs, the error E(K) and the change of error CE(K) defined
as follows:

E(K) = [Ppv(K) − Ppv(K−1)]/[Vpv(K) − Vpv(K − 1)], (14)

CE(K) = E(K) − E(K − 1) (15)

• Inference: Includes all rules or decision variables; and logical relations are created
between the inputs and the output while defining the membership rules; as presented
in Table 2 [37,38].

Table 2. Fuzzy rules sets.

E/CE NB NS ZE PS PB

NB ZE ZE PB PB PB
NS ZE ZE PS PS PS
ZE PS ZE ZE ZE NS
PS NS NS NS ZE ZE
PB NB NB NB ZE ZE

• Defuzzification: Converts the output fuzzy subsets into numerical values.
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Fuzzy logic control has been used in maximum power point tracking systems. It is a
robust control and does not require the exact information of the mathematical model of the
system [32]. The Figure 7 bellow presents the flowchart of fuzzy logic controller.
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3. Results and Discussions

In this paper, a photovoltaic panel of Hyundai Heavy Industries HiS-M280MI is
modeled, with boost converter and MPPT controllers to form the proposed photovoltaic
system in this work. This system proposed has been designed and assessed using three
MPPT algorithms:

• Conventional incremental conductance (INC);
• Modified incremental conductance (modINC);
• Fuzzy logic controller (FLC);

Each algorithm was analyzed under partial shading conditions, by changing irradiance
and temperature and implemented on Proteus-based Arduino.

3.1. Simulation Results Using Matlab/Simulink

This section presents the simulation results obtained in Matlab/Simulink environment.
The Figure 8 shows the output current, voltage, and power using INC, modINC, and

FLC in variable irradiance while temperature is fixed at 25 ◦C as shown in Figure 9.
The dynamic behavior of the proposed PV system has been studied in the case of

changing of irradiance levels and keeping the temperature constant at 25 ◦C. In order
to evaluate the dynamic performance of modINC, a comparative study was performed
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between INC, modINC, and fuzzy logic. As shown in figures above, the waveform of
current, voltage, and power with INC algorithm show a slow extraction of MPP with
oscillations around it.

By using FLC, in Figure 8a, IMPP was reached rapidly with better stability and no
oscillations around MPP. Figure 8b,c shows better convergence speed and stability when
G = 800 W/m2 and G = 1000 W/m2; when G = 400 W/m2 or G = 600 W/m2, it shows a
very lent extraction of MPP.

It can be concluded that by using modINC, the IMPP, VMPP, and PMPP are extracted
rapidly with high convergence speed, and maximizing the energy without any oscillations
around MPP.

In Figure 10, ramp change of temperature level is presented with fixed irradiance at
1000 W/m2.
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The IMPP and VMPP are extracted with INC at 0.2 s with more oscillations around MPP,
in each level of temperature. With FLC, the current and voltage converge fast to MPP in
0.01 s, without oscillations on output voltage, and with negligible oscillations compared to
those obtained using conventional INC; and using the modINC outputs of IMPP and VMPP
are obtained in better conditions with quick convergence to MPP.

In Figure 11 below, the output current, voltage, and power are presented by changing
temperature and invariable irradiance fixed at 1000 W/m2.

As shown in the figure, the power obtained using FLC is better than the one achieved
with conventional INC; and the power extracted with modINC is the best one compared to
the two other algorithms under variable values of temperature.
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Figure 12 shows the waveforms of current, voltage, and power extracted by using
INC, modINC, and FLC in standard test conditions (STC), while irradiance is equal to
1000 W/m2 and T = 25 ◦C.
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The simulation results show that modINC is better than other suggested methods such
as conventional INC and FLC in terms of efficiency, maximization of energy, convergence
speed, stability, and robustness; as shown in Figure 12 above, in standard test conditions
(STC) while G = 1000 W/m2 and T = 25 ◦C; the characteristics comparison of each algorithm
are presented in Table 3.



Designs 2021, 5, 71 13 of 16

3.2. Implementation of Three Algorithms on Proteus

The three algorithms studied in this manuscript have been implemented on Proteus-
based Arduino environment to compare the results obtained on Matlab/Simulink with PV
energy measurement acquired during implementation of INC, FLC, and modINC algo-
rithms that will be similar to the values during the real experiment. The Figure 13 shows the
current, voltage, and power of the PV system by using Proteus and Arduino environments.

Designs 2021, 5, x FOR PEER REVIEW 15 of 18 
 

 

 
(a) 

 
(b) 

 
(c) 

Figure 13. (a) PV energy measurement using INC on Proteus-based Arduino. (b) PV energy measurement using FLC on 
Proteus-based Arduino. (c) PV energy measurement using modINC on Proteus-based Arduino. 

Figure 13. (a) PV energy measurement using INC on Proteus-based Arduino. (b) PV energy mea-
surement using FLC on Proteus-based Arduino. (c) PV energy measurement using modINC on
Proteus-based Arduino.
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The measurements acquired in implementation approximate the current, voltage, and
power values obtained in previous section.

The Table 3 below summarizes the performance of each algorithm studied in this
manuscript:

Table 3. Characteristics comparison of each MPPT algorithm studied.

Characteristics INC FLC modINC

Stability Low High Very High
Convergence Speed Varies Fast Fast

Oscillations around MPP High Low No
Complexity Medium High Medium
Efficiency Medium High Very High

Cost Moderate Expensive Moderate

The efficiency of each MPPT algorithm presented in this manuscript was calculated
by using the equation following:

Efficiency = (Ptracked/Pmax) × 100 (16)

Efficiency of FLC = (261.43/281.05) × 100 = 93.01%;
Efficiency of INC = (278.11/281.05) × 100 = 98.95%;
Efficiency of modINC = (281.01/281.05) × 100 = 99.98%.

4. Conclusions

In this paper, an assessment of some most popular MPPT techniques has been pre-
sented and studied, in order to make the photovoltaic system working at the maximum
stabilized power under the variation of both temperature and irradiance. Three types of
MPPT algorithms have been analyzed: the conventional incremental conductance INC,
the method based on artificial intelligence fuzzy logic FLC, and the modified incremental
conductance modINC. Each algorithm has been designed, analyzed, and implemented on
Proteus-based Arduino. Acomparative study of the three methods in terms of efficiency,
speed, and robustness under different atmospheric conditions has been presented and
discussed, and a comparison between PV measurements acquired in Matlab simulation
and values tracked on Proteus similar to that of real experiment is shown. The simulation
and implementation results show that modINC has a higher operating power efficiency
and better performance compared to the other proposed methods such as INC and FLC.
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PV Photovoltaic
T Temperature
G Irradiance
MPPT Maximum power point tracking
MPP Maximum power point
FLC Fuzzy logic controller
INC Incremental conductance
modINC Modified incremental conductance
PWM Pulse-width-modulation
MOSFET Metal-oxide-silicon field-effect transistor
NB Negative Big
NM Negative Medium
NS Negative Small
ZE Zero
PS Positive Small
PM Positive Medium
PB Positive Big
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