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Abstract

When it comes to reducing emissions caused by the generation of electricity through conventional
sources, among different renewable energies, the solar gains prominence, due to its geographical
availability, simplicity of implementation and absence of moving parts. However, the performance
of photovoltaic systems is dependent on environmental conditions. Depending on temperature and
solar irradiation, the PV system has an operating point where maximum power can be gener-
ated. The techniques that are implemented to find this operating point are the so-called maximum
power point tracking (MPPT) algorithms. Since weather conditions are variable in nature, the
output voltage of the PV system needs to be regulated to remain equal to the reference. Most
of the existing studies focus either on MPPT or on voltage regulation of the PV system. In
this paper, the two-stage PV system is implemented so that both MPPT and voltage regula-
tion are achieved simultaneously. Additionally, an improved version of the Perturb and Observe
(P&O) algorithm based on artificial potential fields (APF), called APF-P&O, is proposed. Slid-
ing Mode Controllers with appropriate control laws are designed for both stages of conversion.
Simulations performed in MATLAB/Simulink software prove the superiority of the proposed APF-
P&O method over the conventional P&O method in terms of convergence time, output power
ripples and sensitivity to step sizes. At the same time, the voltage regulation issue is also solved,
where the output voltage is fixed to the value of 32 V, regardless of variations in solar irradiation.

Keywords: PV Systems, MPPT, Voltage Regulation, Sliding Mode Control, APF-P&O

1 Introduction

In order to ensure a sustainable future, many
countries have been devising various strategies.
In the context of energy systems, one of these
strategies is the reduction or replacement of elec-
tricity generation based on non-renewable energies
through the implementation of energy generation
systems based on sources that are environmen-
tally friendly. Solar energy, among other forms of

renewable energy, has been gaining both scien-
tific and industrial interest in recent years due to
its wide availability [1]. The application of photo-
voltaic systems in distributed generation and DC
microgrids, not to mention the development of
power electronics technology, further extend the
facets of research on solar energy. However, the
efficiency of a photovoltaic system is highly depen-
dent on environmental conditions. Furthermore,
for the generated power to be of high quality,

1



Springer Nature 2021 LATEX template

the voltage delivered by the PV system needs
to be regulated. Therefore, to increase the effi-
ciency of the photovoltaic system and guarantee
high quality of the energy produced, it is neces-
sary to implement strategies to track the point of
maximum power and regulate the output voltage.

State-of-the-art studies and comparison of dif-
ferent methods for MPPT are carried out in
[2]–[4]. Among different techniques, Perturb and
Observe (P&O) and Incremental Conductance
(InC) are commonly used for MPPT due to their
easy implementation [5]. Some variants of these
algorithms have been reported to improve the set-
tling time and reduce output power fluctuations
of the PV system. In order to overcome the draw-
backs of the conventional P&O, an adaptive P&O
method based on the Manhattan metric distance
is proposed in [6]. An MPPT technique is pro-
posed in [7], where the InC method is used to
improve the convergence speed and the particle
swarm optimization (PSO) algorithm is used to
reduce ripples in the output power of a PV sys-
tem. A hybrid technique for MPPT that combines
a modified version of P&O and the chimp opti-
mization algorithm (ChOA) is proposed in [8]. The
Owl search algorithm is used together with the
InC method to reduce the convergence time to the
maximum power point and mitigate the inherent
limitations of the conventional InC method in [9].
An improved version of the InC and integral regu-
lator (IR) is used to track the peak output power
of a PV system interfaced by a DC-DC boost con-
verter in [10]. In [11], the Roach Infestation (RI)
algorithm is presented for the MPPT of a photo-
voltaic system, and fuzzy logic is used to generate
variable step sizes for the InC method in [12].
Different approaches to voltage regulation can also
be found in the literature, including the clas-
sic PID Control [13], feedback linearization [14],
Fuzzy Logic Control [15], Model Predictive Con-
trol [16], Sliding Mode Control [17], among others.
Sliding Mode Control (SMC) has been reported as
a convenient technique for controlling the voltage
of DC-DC converters, since its operating structure
is inherently commutative [18].

Many of the studies presented in the literature
separately address the maximum power tracking
and voltage regulation strategies for PV systems,
instead of dealing with both at the same time [19].
However, for the delivered power to have a high

quality and to improve the efficiency of the photo-
voltaic system, both the MPPT and voltage regu-
lation are aspects that must be taken into account
simultaneously. To satisfy both objectives, the
two-stage conversion topology is employed to con-
trol the photovoltaic system [20].
Therefore, in this paper the two-stage PV system
control for maximum power point tracking and
voltage regulation is presented. In the first stage,
the boost converter is used and an improved ver-
sion of P&O is proposed to find the PV voltage
corresponding to the maximum power point. The
reference voltage found by the P&O serves as an
input to the Sliding Mode Controller, which then
sends the necessary control signals to the boost
converter so that maximum power is generated.
In the second stage, the buck converter is used
for voltage regulation and its control is done by
applying a Sliding Mode Controller. In this man-
ner, both MPPT and voltage regulation issues are
simultaneously adressed.

2 Structure of the
Photovoltaic System

The structure of a photovoltaic system can be sep-
arated into two essential parts: the photovoltaic
module and the conversion subsystem [1]. The PV
system studied in this paper is based on the two-
stage conversion topology, as illustrated in Figure
1. The first DC-DC converter is a step-up (or
boost) and the second one is a step-down (or buck)
converter. The boost converter is used to modify
the output impedance seen from the photovoltaic
module terminals so that the point of intersec-
tion between the I-V characteristic curve of the
PV module and the load line matches the point
of maximum power that can be delivered under
the given environmental conditions. In the sec-
ond stage, the stability of the voltage supplied to
the loads is achieved through the control of the
step-down converter.

2.1 Electrical circuit of a

Photovoltaic Cell

The photovoltaic cell is considered as the basic
constituent of a PV module [21]. The PV cells
are electrically connected in series and/or par-
allel to achieve the voltage, current and power
levels for which the module is designed [22]. The
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Fig. 1 Schematic of the applied control strategy for the
two-stage PV system.

power delivered by the photovoltaic generator is
dependent on the ambient temperature and solar
irradiation. Generally, to model the behavior of
a photovoltaic cell, an electrical circuit composed
of a current source (Iph), a diode (D), a series
resistance (Rs), and a parallel resistance (Rsh),
is considered. The resistance Rsh is connected in
parallel with an inverted diode D to express non-
linearity and losses due to leakage currents, and
resistance Rs is used to model voltage drops when
the module is connected to load [21]. The electri-
cal circuit of a photovoltaic cell is shown in Figure
2.

Fig. 2 Electrical circuit of a single diode PV cell.

Applying Kirchoff’s current law to the elec-
trical circuit of the single-diode photovoltaic cell
model, the expression of the output current of the
PV cell can be found as shown in Equation 1.

I = Iph − ID − Ish (1)

where I is the output current of the PV cell, Iph
is the photo-generated current, ID is the current
through the diode, and Iph is the current through
the resistor Rsh.
The expression to determine the current flow-
ing through the diode, also known as a Shockley
equation, can be computed using the Equation 2

[23].

ID = Io

{

exp

[

q (V + IRs)

AkT

]

− 1

}

(2)

Therefore, the equation of the PV cell output
current can be rewritten as in Equation 3.

I = Iph − Io

{

exp

[

q (V + IRs)

AkT

]

− 1

}

−
(V + IRs)

Rsh

(3)

where, Io is the saturation current, q is the elec-
tron charge (q = 1.6010−19C), k is the Boltzmann
constant (k = 1.3810−23J/K), T is the operating
temperature of the cell, and A is the idealization
constant of the diodeD. The photo-generated cur-
rent is dependent on temperature and solar irra-
diation. It is defined as demonstrated in Equation
4.

Iph = [Iscn+ ki (T − Tn)]
G

Gn

(4)

where Iscn denotes the short-circuit current under
the standard test conditions (Tn = 25◦C and
Gn = 1000W/m2), T is the ambient tempera-
ture, Tn is the nominal temperature, G and Gn

are the actual and nominal irradiations, respec-
tively, and ki is the temperature coefficient of the
short-circuit current. The saturation current of
the photovoltaic cell is mathematically defined by
Equation 5.

Io = Irr

(

T

Tn

)3

exp

[

qEg

kA

(

1

Tn

−
1

T

)]

(5)

where Irr is the reverse saturation current at tem-
perature Tn and solar irradiation Gn, Eg is the
band gap energy of the silicon PV cell (Eg =
1.10eV ). The rest of the parameters remain with
the same definitions previously made.

2.2 State-Space Averaged Models of

the DC-DC Converters

In this subsection, the models of the DC-DC
converters, which are part of the conversion cir-
cuit of the photovoltaic system under study, are
presented. The DC-DC boost converter is used
in the first stage of the conversion. This con-
verter, in addition to boosting the output voltage
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of the solar panel, is used to ensure that the
power extracted from the PV module is the max-
imum possible by switching (ON and OFF) the
input signal of the transistor Q at high frequen-
cies. In Figure 3, the boost converter circuit is
shown. Considering the continuous conduction

Fig. 3 Circuit of a DC-DC boost converter.

mode (CCM) of operation and choosing the cur-
rent through the inductor and the voltage across
the capacitor as the state variables, the averaged
model of the boost converter can be defined by
Equations (6) and (7) [24], [25].

diL(t)

dt
= − (1− u)

1

L
vC(t) +

1

L
vin (6)

dvC(t)

dt
= (1− u)

1

C
iL(t)−

1

RC
vC(t) (7)

where, iL denotes the current through the induc-
tor (iL = iin), vC is the voltage across the
capacitor (vC = vo), u is the control signal (u ∈
{0, 1}). In the boost converter circuit, the param-
eters R, L and C represent the load resistance,
the input circuit inductance, and the output fil-
ter capacitance, respectively, and vin is the supply
voltage of the step-up converter.
For the second stage of conversion, the DC-DC
buck converter is considered. Here, the buck con-
verter is used to step down and stabilize the
voltage delivered to the load. In Figure 4, the cir-
cuit of the buck-type DC-DC converter is shown.
Considering that during the operation of the buck
converter the average value of the current pass-
ing through the inductor does not reach zero,
and adopting the current in the inductor and
the capacitor voltage as the state variables, the
averaged model of the buck converter is mathe-
matically summarized by Equations (8) and (9).

diL(t)

dt
= −

1

L
vC(t) +

u

L
vin (8)

dvC(t)

dt
=

1

C
iL(t)−

1

RC
vC(t) (9)

where, iL is the current through the inductor, vC is
the voltage across the capacitor (vC = vo), u is the
control signal (u ∈ {0, 1}). In the buck converter
circuit, the parameters R, L and C represent the
load resistance, the circuit inductance, and the
output filter capacitance, respectively, and vin is
the supply voltage of the step-down converter.

Fig. 4 Circuit of a DC-DC buck converter.

3 Control Strategy for MPPT

In order to get the best out of the solar genera-
tion system, tracking the maximum power point
is crucial. There are several methods for Maxi-
mum Power Point Tracking. Among the different
methods, the Perturb Observe is one of the
most popular due to its simplicity [24]. Further-
more, in the P&O method, prior knowledge of the
characteristics of the photovoltaic module is not
required [22]. The operation of the P&O method
is based on perturbing the output voltage of the
PV module and observing the resultant output
power. If the actual value of the measured power
P(k) is greater than its previously obtained value
P(k-1), then the direction of the perturbation is
maintained, otherwise, the movement of the per-
turbation is done in the opposite direction [23].
In Figure 5, the flowchart that summarizes the
operation of the P&O algorithm is depicted. As
shown in the flowchart, the algorithm begins by
sensing the values of voltage V(k) and current
I(k) to compute the power P(k) generated by
the PV system. Then, the difference between the
actual voltage value and its previous value V(k-
1) is computed and saved in the variable ∆V.
The difference between the actual value of the
measured power and its previous value P(k-1) is
also calculated and the result is recorded in the
variable ∆P. Afterwards, the output voltage V of
the photovoltaic system is perturbed (increases or
decreases) depending on the ∆P and ∆V signals.
The amount of increase or decrease of the out-
put voltage is defined by the value ∆D. The value
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∆D is chosen based on tests and simulations [24].
If very small ∆D values are chosen, the system
becomes slow to find the maximum power point,
on the other hand, very large ∆D values can result
in loss of information creating high levels of ripple
in the generated power. Therefore, the trade-off
between the time of convergence to the maximum
power point and the steady-state ripple levels of
the generated power must be taken into account
when defining the value of ∆D.

Fig. 5 Flowchart showing the operation of the P&O
method.

3.1 Proposal for Improvement of

the Conventional P&O Method

In this subsection, a proposal to improve the con-
ventional P&O method is presented. The improve-
ment is based on artificial potential fields (APF),
hereinafter also referred to as APF-P&O. The pro-
posed method, besides being simple to implement,
has no computational complexity. Its implemen-
tation is done by adding just a few lines of code
to the original method, and only depends on the
output voltage of the photovoltaic module (which
is already an input of the conventional P&O
method), i.e., the proposed APF-P&O method
does not increase the number of input variables
of the conventional method. In APF, the tar-
get point or desired region is modeled as a point

or zone with an attractive potential field that
pulls the controlled states towards the desired
point or region [26]. Assuming that the minimum
and maximum values of expected solar irradia-
tion and the respective voltage values at the point
of maximum power are known, a zone of attrac-
tion that contains all points of maximum power
for the range of expected solar irradiation can
be defined, as shown in Figure 6. The idea is to
produce attractive forces so that the output volt-
ages of the PV module remain in the attraction
zone, which is the zone where the maximum power
points are located. The attractive potential field

Fig. 6 Principle of the proposed APF-P&O method.

can be defined according to Equation (10), where
Uatt(VPV ) denotes the attractive potential field,
Katt is a positive design constant, VPV is the out-
put voltage of the PV module, Vlb and Vrb are the
left and right boundary voltages of the attraction
zone, respectively.

Uatt(VPV ) =























1

2
Katt(VPV − Vlb)

2
,

VPV < Vlb

1

2
Katt(VPV − Vrb)

2
,

VPV < Vlb

(10)

Applying the negative gradient to the attractive
field expression, the corresponding attractive force
is obtained, as shown in Equation (11).

Fatt = −∇(Uatt) =























Katt(Vlb − VPV ),
VPV < Vlb

Katt(Vrb − VPV ),
VPV > Vrb

(11)

where F is the resultant force of attraction. The
law to determine the step size for the proposed
APF-P&O algorithm is established according to
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Equation (12).

∆D =

{

χ, Vlb ≤ VPV ≤ Vrb

Fatt, otherwise
(12)

where χ is a relatively small positive design
parameter that represents the step size when the
algorithm is in the attraction zone. The value of
χ is set small to reduce steady-state power fluctu-
ations. As can be noticed, while the voltage gen-
erated by the PV system is outside the attraction
zone, the algorithm generates forces of attraction
necessary to bring the voltage to the zone where
the maximum power points are located, and thus
the convergence speed is increased.

3.2 Sliding Mode Controller for

MPPT

The voltage at the maximum power point (VMPP )
estimated by the P&O method or by the proposed
APF-P&O serves as a reference for the Sliding
Mode Controller (SMC). The implemented SMC
will produce the necessary control signals to make
the output voltage of the PV module equal to
the reference voltage, thus reaching the maximum
power point (MPP). Assuming the error (e) as the
difference between the PV module output voltage
(VPV ) and the reference voltage (VMPP ), a sliding
surface s can be defined as in Equation (13).

s = e = VPV − VMPP (13)

The SMC control law u to achieve the MPPT can
be defined as in Equation (14).

u =
1

2
[1 + sign(s)] (14)

A rigorous stability analysis is presented in section
3 of the paper [24], where it is demonstrated
that, in fact, by applying this control strategy,
the system stability conditions at the MPP of the
PV module interfaced with a boost converter are
satisfied.

4 Control Strategy for
Output Voltage Regulation

In this section, our attention is devoted to the
strategy applied for the regulation of the out-
put voltage of the photovoltaic system. Sliding

Mode Controller has been recognized as one of the
powerful control strategies for power converters
[27]. SMC is a robust non-linear control tech-
nique, which uses a discontinuous control action
that switches between two different system struc-
tures, in such a manner that a new system motion,
known as sliding mode, is achieved on a surface
(or manifold) previously designed for this end [28].
This characteristic of switching between different
structures of the system, makes the SMC a con-
venient control technique to be applied in DC-DC
power converters, which are switching devices by
their nature [18]. For these reasons, the SMC is
chosen for the regulation of the output voltage
of the PV system. In the following subsections,
details about the technique used are presented.

4.1 Sliding Mode Controller Design

for Output Voltage Regulation

One of the important features of the Sliding Mode
Control is its low sensitivity to system parame-
ter variations [29].This is possible by employing a
high-switching control law, which forces the sys-
tem trajectories to converge in a predetermined
zone within the state space and to remain in this
zone thereafter. In SMC parlance, this zone is
denoted as a sliding surface. Considering the buck
converter state-space model presented earlier, the
sliding surface is defined as in Equation (15) [30].

σ(x) = x1 − x∗

1; x∗

1 = µ1 (x2 − x∗

2)

+µ2

∫

(x2 − x∗

2)
(15)

where σ(x) is the sliding surface, x1 is the cur-
rent through the inductor, x2 denotes the voltage
across the capacitor, µ1 and µ2 are design param-
eters, x∗

1 is the desired current, x∗

2 is the desired
voltage, and R denotes load resistance. The con-
trol objective is to make the output voltage x2 of
the PV system equal to the desired voltage x∗

2.
This problem can also be redefined in terms of
the current through the inductor, i.e., a control
law u should be found such that the current x1

is equal to its reference value x∗

1. If this occurs,
then the difference ∆x2 = x∗

2 − x2, which leads
to ∆ẋ2 = −(1/RC)∆x2, will tend to zero over
time [18]. In this paper, the cascade control struc-
ture of the SMC is adopted, where the inner loop
current reference is obtained from the outer loop
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voltage control using a linear controller [28]. In
order to drive the system state variables to the
sliding surface (σ = 0), the control law u presented
in Equation (16) is employed [18].

u =
1

2
[1− sign(σ)] (16)

The stability analysis of the system applying the
defined control law can be done using Lyapunov’s
theory. In Equation (17), the Lyapunov func-
tion V(σ) that will be considered to evaluate the
stability is presented .

V (σ) =
1

2
σ2 (17)

For the system to be considered stable, the
selected Lyapunov function has to meet the fol-
lowing conditions [29] :
a) V(σ) > 0;
b) V (σ) = 0 ⇔ σ = 0;
c) V̇ (σ) = σσ̇ < 0 .
It is simple to conclude that the first two condi-
tions are fulfilled by the selected function, except
for the third condition which deserves demonstra-
tion. The third condition is also known as the
reaching condition in the Sliding Mode Control lit-
erature. Computing the derivative of the sliding
surface presented in Equation (15), Equation (18)
is obtained.

σ̇ = ẋ1 =

(

vin
L

u−
1

L
x2

)

(18)

If σ < 0, then u = 1. From Equation 18, in order
for σ̇ > 0 to be satisfied, the output voltage has
to be positive (i.e. x2 > 0). Similarly, if σ > 0,
then u = 0. For σ̇ < 0 to be satisfied, the out-
put voltage has to be less than the input voltage
(i.e. x2 < vin). In other words, the reaching con-
dition will be fulfilled as long as the condition
(0 < x2 < vin) is satisfied. In the case of buck con-
verter, this condition is inherently accomplished.
Therefore, it can be concluded that applying the
presented control law, the stability of the system
will be achieved [31]. The strategy implemented
to regulate the voltage of the photovoltaic system
is summarized in Figure 7.

Fig. 7 Scheme for regulating the output voltage of the PV
system.

5 Simulations and Results

In this section the results obtained for both the
MPPT and voltage regulation of the PV system
are presented. The simulations were performed
using the Specialized Power Systems library of the
MATLAB/Simulink software. The main charac-
teristics under standard test conditions (STC) of
the chosen PV module are shown in Table 1. The
parameters of the converters used for MPPT and
voltage regulation of the PV system are presented
in Table 2.

5.1 Simulation Results for MPPT

The performance of the proposed APF-P&O algo-
rithm is evaluated under different solar irradia-
tion, and then comparisons are made with the
conventional P&Omethod. In Figure 8, the results
obtained for MPPT are presented, where the solar
irradiation is 600 W/m2, from 0 to 1 second, then
it reaches 800 W/m2 from 1 to 2 seconds and
1000 W/m2 from 2 to 3 seconds. As can be clearly
seen from the graphs, the proposed APF-P&O
method presents a better performance compared
to the conventional P&O method. To demonstrate
the effect of step size on the performance of the
two algorithms, different step sizes were consid-
ered and the results obtained are shown in Figure
8. Compared to the conventional P&O method, it
is possible to notice that the proposed method is
less sensitive to step sizes, presents few ripples and
rapidly converges to MPP.

5.2 Simulation Results for Voltage

Regulation

Under the same solar irradiation conditions, the
voltage regulation results are obtained. The refer-
ence voltage is assumed to be 32 V [1]. The output
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Fig. 8 Comparison between the proposed APF-P&O
method and the conventional P&O: (a) MPPT for χ =
0.0001; (b) MPPT for χ = 0.001; (c) MPPT for χ = 0.01;
and (d) MPPT for χ = 0.1.

voltage responses of the boost and buck convert-
ers are illustrated in Figures (9) and (10). The
results show that although the input voltage of
the buck converter varies due to changes in solar
irradiation, its output voltage remains regulated.

Fig. 9 Output voltages under increasing step-inputs of
solar irradiation: (a) Boost converter output voltage; and
(b) Buck converter output voltage (or PV system output
voltage).

Fig. 10 Output voltages under decreasing step-inputs of
solar irradiation: (a) Boost converter output voltage; and
(b) Buck converter output voltage (or PV system output
voltage).

Table 1 Key features of the TynSolar
TYN-250P6 module under STC

Cells
Technology Polycrystalline silicon
Number of cells 66
Dimensions 156×156 mm
Structural Characteristics
Dimensions L×W×H 1803×995×50 mm
Weight 22.0 kg
Electrical Characteristics
Maximum power Pmax 250 W
Open circuit voltage Voc 40.06 V
Max. Power point voltage Vmpp 33.40 V
Short-circuit current Isc 8.10 A
Max. Power point current Impp 7.49 A

Table 2 Parameters of the DC-DC converters

Boost converter design parameters
Input capacitance (C) 4 µF
Inductance (L) 4.6 mH

Output capacitance (C) 181.85 µF
Switching frequency (fsw) 10 kHz

Buck converter design parameters
Inductance (L) 100 µF
Capacitance (C) 10 µF
Load (R) 60 Ω
Switching frequency (fsw) 10 kHz

6 Conclusions

This study presented a control strategy where
both maximum power tracking and voltage regu-
lation of a PV system are achieved simultaneously.
A new method for MPPT inspired by artificial
potential fields called APF-P&O is proposed and
by means of comparisons with the conventional
P&O method, its effectiveness is proven. The volt-
age obtained by the MPPT method is sent to the
SMC which commands the boost input so that
the MPP is reached. According to the simulations,
the proposed APF-P&O method presents a rela-
tively better performance in terms of convergence
speed, sensitivity to step sizes, and output power
ripples. For voltage regulation, another SMC with
an appropriate control law is employed. Through
simulations, it is verified that regardless of the
variation of solar irradiation and the input volt-
age of the buck converter, the output voltage of
the PV system remains regulated at the desired
value. All simulations were performed using MAT-
LAB/Simulink software. A recommendation for
future research would be to add an anti-drifiting
feature to the proposed method.
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