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Many resources nowadays are used for generation of renew-
able energy. Among these resources solar energy has received
more attention in the last years [1].Themarket of photovoltaic
systems has been increased exponentially, but the govern-
ment subsidies have been reduced dramatically in recent
years. The return on investment mainly relies on selling the
energy produced during the photovoltaic plant lifetime.Thus
the photovoltaic system must be designed and controlled
properly in order to ensure its lifetime and reliability as well
as harvest the maximum solar energy [2].

To evaluate the photovoltaic systems, it is important to
have algorithms for estimating the electric model parameters
of photovoltaicmodules.Themathematical description of the
characteristic current-voltage is generally represented by a
couple of nonlinear equations, which do not present analyti-
cal solution. An adequate electric model capable of obtaining
the module output characteristic in terms of external condi-
tions such as temperature and irradiance should be chosen
for computer simulation [3]. Based on simplified models, the
parameters are determined by the algorithms, aiming at the
minimization of the error between the curves generated by
the model and the curves obtained by experiments.

Different approaches have been implemented to model
mathematically the dynamics of the PV modules, but
the equivalent circuit representation with single-diode and

two-diodemodels represents themost widely used topologies
[4, 5]. An advantage of using the single-diode model is
the possibility of parametrizing it based only on provided
information by datasheet.

This special issue contains state-of-the-art papers about
maximum power point tracking techniques based on photo-
voltaic electric model parameters.

In this special issue, the authors focus on the single-diode
model due to its simplicity and satisfactory performance.
Some authors introduce a novel design of a biaxial solar digi-
tal tracking system for photovoltaic power applications, using
information and communication technologies to improve the
efficiency of the photovoltaic system. Other authors present
in a simple approach a maximum power point tracking
method based on themeasurement of temperature and short-
circuit current. These measurements can precisely define the
maximum power point. The temperature is measured with a
low cost sensor and the solar irradiance is estimated through
the relationship of the measured short-circuit current and its
reference. Fast tracking speed and stable steady state are the
main advantages of this technique.

There is also a proposal of a maximum power point
tracking method with fast dynamic response, simple imple-
mentation, and small variation at steady state. The tradeoff
between precision and dynamic response is reduced, since the
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maximum power point tracking is performed by the sliding
controller and not by the iterative algorithm. The maximum
power point tracking is based on a linear approximation
which considers the voltage, current, and temperature of
the photovoltaic module. A linear approximation is used
to establish the sliding surface for the sliding mode. There
is another contribution in which the proposed maximum
power point tracking scheme is based on algorithm executed
in the controller for virtually constructed power-current or
power-voltage curve derived from the identified irradiance
parameters. Because the algorithm is based on the virtual
curve in the controller, the maximum power point search
is executed in the controller and can be separated from the
converter operation. Therefore, the approach is ultrafast in
cases where some prior knowledge about the photovoltaic
module characteristics is available.

In this special issue, some authors propose combining
variable fractional order incremental conductance algorithm
with extensive variable step size control for tracking the
maximum power point. Experimental results show the oper-
ation of the proposed method by using a dc/dc boost
converter to adjust the duty cycle. The authors compare the
method with the incremental conductance and fractional
order incremental conductance methods. There is also a
proposal of a reinforcement learning-basedmaximum power
point tracking method for the photovoltaic array. In the
method, after observing the environmental conditions of the
array, the learning agent determines the perturbation to the
operating voltage of the PV array and receives a reward by the
rewarding function. A series of actions with received positive
rewards is generated iteratively such that a pair selection
strategy is gradually achieved in the “learning” process.

Finally, some authors present an alternative method for
dynamic reconfiguration of the connections in a shaded
photovoltaic array. The proposed method is characterized
by the maintenance of the photovoltaic array size, without
removing or adding anymodule.The use of rough sets theory
can lead to a fast and efficient algorithm of reconfiguration.

It is expected that many researchers from academia
and industrial area read the papers of this special issue.
We hope that readers of this journal find in this special
issue important questions that allow researchers to propose
improved maximum power point tracking techniques.

Marcelo Cabral Cavalcanti
Francisco de Assis dos Santos Neves

Denizar Cruz Martins
Emilio José Bueno Peña

Euzeli Cipriano dos Santos Júnior
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Solar panels, which have become a good choice, are used to generate and supply electricity in commercial and residential
applications. This generated power starts with the solar cells, which have a complex relationship between solar irradiation,
temperature, and output power. For this reason a tracking of the maximum power point is required. Traditionally, this has been
made by considering just current and voltage conditions at the photovoltaic panel; however, temperature also influences the process.
In this paper the voltage, current, and temperature in the PV system are considered to be a part of a sliding surface for the proposed
maximum power point tracking; this means a slidingmode controller is applied. Obtained results gave a good dynamic response, as
a difference from traditional schemes, which are only based on computational algorithms. A traditional algorithm based onMPPT
was added in order to assure a low steady state error.

1. Introduction

Energy availability in photovoltaic (PV) panel [1] depends
on temperature and solar irradiation. The PV panel supplies
maximum power at a particular point of operation condi-
tions, which is known as the maximum power point (MPP).
Unlike conventional power sources, it is desirable to operate
PV systems at this specific point, the MPP [1–19]. However,
the MPP locus varies over a wide range, depending on PV
array, temperature, and irradiation intensity [1–3].

A tracking of the maximum power point (MPPT) guar-
antees the operation of the PV generator at the MPP
under changing atmospheric conditions.Although theMPPT
power stage is typically implemented by means of a DC-DC
converter and a computational algorithm, some other types
of converters and controllers may also be considered.

The “perturb and observe” (P&O) algorithm is proba-
bly the most widely MPPT used. The algorithm operation
principle is simple, the power is calculated from voltage and
current at the PV system, and then the MPP is tracked
iteratively. This algorithm implies a tradeoff of choosing the
increment value of the controlled parameter (such as duty
cycle or reference voltage) and the period of time that this

adjustment is made. On one hand, small increment values of
the controlled parameter decrease the error at steady state;
however, the dynamic response is deteriorated. On the other
hand, the time interval between algorithm iterations not only
should be short to allow faster tracking, but also must be long
enough to assure a reliable signal measurement due to the
settling time of the PV current and voltage.

TheMPPT should include a self-tuningmechanism [3, 4],
which rules the power stage and drives the system to operate
at the MPPT. Many MPPT algorithms have been proposed
[5–19], some with faster positioning at the MPP and some
others more precisely. A good dynamic behavior is useful
in situations with quickly changing irradiation conditions or
load characteristics [8, 9].

MPPT efficiency depends on the employed algorithm
complexity; however, sophisticated algorithms show two
main drawbacks. These not only may require expensive
hardware, but also may have a slow dynamic response. The
period of time in algorithm iterations is always a special issue
to evaluate when algorithms are considered.

There exist papers in literature [10, 11] based on sliding
mode control; these proposals include a traditional P&O
algorithm.The sliding surface is based on a voltage controller
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for generating the input current reference. Since these
schemes employ P&Oalgorithm,which establish the tracking
for the MPP, it becomes a disadvantage; and therefore the
technique still does a tradeoff engagement between precision
and dynamic response.

In literature [12] a proposal for MPPT based in sliding
mode controller is also found,where its scheme eliminates the
steady state variation and reduces the tradeoff engagement
between precision and dynamic response.The sliding surface
is based on the classic equation of P&O algorithm and
its implementation for this proposal implies derivative and
division between variables, which become a drawback, since
it requires expensive hardware.

TheMPP locus may be approximated by a linear relation-
ship [13, 14] based on the characteristics from PV modules.
Therefore, a linear controller, which reduces the tradeoff
engagement between precision and dynamic response, could
be designed in order to operate the PV system near the MPP.
An implementation for a system on this condition may offer
a much faster MPPT, as it is suggested in literature [18],
where this linear approximation just considers the voltage
and current.

All these previous schemes do not consider the tempera-
ture in the tracking; however the PV panel also depends on
this variable.

In this paper a MPPT based on a linear approximation is
proposedwhich considers not only the voltage and current on
the PV panel, but also temperature.TheMPP locus is tracked
at all times. A linear approximation is used to establish the
sliding surface for the sliding mode controller, where a fast
tracking response is obtained. Additionally a slow control
loop based on traditional P&O method is considered to
guarantee a low error at steady state.

This proposal let us have a fast dynamic response,
simple implementation (no expensive hardware), and small
variation at steady state. The tradeoff between precision and
dynamic response is reduced, since the MPPT is performed
by the sliding controller and not by the iterative algorithm.
The best features of several different methods published in
literature have been gathered in this proposal.

This work is organized as described next: MPPT proposal
is discussed in Section 2, which includes system modeling,
operation, and analysis. Section 3 is addressed for simulation
and experimental results. And some final conclusions are
given at the end.

2. Proposed Maximum Power Point Tracking

Two control loops have been implemented for the MPPT:
a fast and a slow loop. Figure 1 shows the block diagram.
It is easily seen how voltage, current, and temperature are
considered simultaneously; these three variables are used into
the sliding surface, which are provided for the fast loop, and
the first two variables are employed for the slow loop in order
to guarantee a low error at steady state.

The fast loop allows us to reach very closely the MPP
vicinity with a good dynamic response, while the slow
loop allows us to decrease the steady state error by using

Power
stage Load

MPPT

Controller

Slow
loop

Fast
loop

sref

T

u

Figure 1: Block diagram of the proposed dual loop MPPT.

a small step increment in the MPPT algorithm. This tech-
nique becomes a good tracking method. Since, tracking
mostly is carried out by the fast loop, the slow loop requires
few iterations. The two control loops are explained next.

2.1. Fast Loop. A sliding mode controller is considered for
this loop, where the sliding surface is established by the PV
panel characteristics; this may easily be obtained not only
experimentally but also by using a model.

A switching surface is established by a linear combination
of voltage, current, and temperature in the PV generator
(PVG), which contain the different MPP (or at least close
to the vicinity) at different operating conditions. The sliding
mode controller leads the system to the sliding surface and it
is maintained in it, so that, the controller will reach the MPP
vicinity.

A typical graph of a PV panel is shown in Figure 2(a),
where it is shown solar irradiation changes at a fixed tem-
perature of 15∘C. It is easily seen that the MPP in each graph
is located at the knee of the curve, and it suffers changes
depending on the radiation. These points may almost be
connected by a line; actually a linear approximation may be
done by using least squares.

Figure 2(b) shows a similar PV panel graph as before, at
a fixed temperature of 30∘C, where the points may also be
adjusted by a linear approximation. Actually these two lines
may be used to generate a plane, which contains the MPP
vicinities at different temperature and irradiation conditions.

Through linear approximation analysis the plane is
obtained, which contains the MPP vicinities as

𝑖pv − 2.54Vpv − 0.455𝑇 + 𝑠ref = 0, (1)

where 𝑖pv is the panel current, Vpv is the panel voltage, 𝑇 is the
environmental temperature, and 𝑠ref is a displacement term =
93.63.

This plane is considered as sliding surface for the pro-
posed controller. According to the theory of sliding modes,
the system is forced to be directed into the surface, so that
the system will reach the MPP vicinity with a fast dynamic
response.
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Figure 2: PVG characteristics under different irradiance and temperature conditions.
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�pv
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Figure 3: Power stage and proposed controller.

2.2. Slow Loop. The MPP vicinity is reached by the system
due to the fast loop, and then, a small variation should be
made in order to adjust the system and reduce the steady state
error with the aid of the slow loop. A traditional “perturb
and observe” MPPT was employed. The parameter “𝑠ref” is
considered as the output in order to follow the MPP and
reduce the error at steady state.

2.3. Control Design and Implementation. The power stage
considered in this paper is a traditional DC/DC boost con-
verter, as illustrated in Figure 3, where the load is a constant
resistance. Then the output voltage is adjusted according to
the power available at the PV panel.

The sliding surface and control law employed are

𝜎 = 𝑖
𝐿
− 2.54Vpv − 0.455𝑇 + 𝑠ref = 0,

𝑢 =
{

{

{

1, if 𝜎 < 0,

0, if 𝜎 < 0,

(2)

where 𝜎 is the sliding surface and 𝑢 is the control law.

OffOff

New 
MPPT

On
Radiation
change

𝜎 > 0 𝜎 < 0

i

v

Figure 4: Conceptual trajectory under a sudden change of irradia-
tion.

Operational amplifiers and comparators were considered
as analog devices for implementing the sliding surface and
control law. A microcontroller generates the “𝑠ref” parameter,
which is considered constant at steady state.

The switching frequency is considered to be bounded by
the aid of a limiter. The operation for this proposed system is
graphically shown in Figure 4. It should be noticed that the
MPP is tracked when irradiance changes.

A model was developed for verifying the functionality of
this proposed system; not only the existence of a slidingmode
was verified but also the stability analysis under one operating
point was made.

Model of the System. The system model considers two posi-
tions for themain switch.These are when it is turned “on” and
“off.” A simplified model for the PV panel is also considered
[19]:

𝑖pv = 𝜆𝐼sc − 𝜆𝐼
𝑠
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) , (3)

where𝐴 is the ideality factor of the diode,𝐾 is the Boltzmann
constant, 𝑞 is the electron charge, 𝜆 is the percentage of
irradiance (1 = 100%), 𝐼sc is the short circuit current of the
PV panel, 𝐼

𝑠
is the saturation current of the diode, 𝑇 is the

temperature of the ambient in ∘K, and Vpv is the voltage of PV
panel or input capacitor.
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The equations when the switch is “on” are

𝑑

𝑑𝑡
𝑖
𝐿
=

Vpv
𝐿
,

𝑑

𝑑𝑡
V
𝑐
= −

V
𝑐

𝑅𝐶out
,

𝑑

𝑑𝑡
Vpv =

𝑖pv

𝐶in
−

𝑖
𝐿

𝐶in
,

(4)

where 𝑖
𝐿
is the current of the inductor, V

𝑐
is the voltage of the

output capacitor, Vpv is the voltage of input capacitor, and 𝑖pv
is the current of the PV panel.

The equations when the switch is “off” are

𝑑

𝑑𝑡
𝑖
𝐿
=

Vpv
𝐿

−
V
𝑐

𝐿
,

𝑑

𝑑𝑡
V
𝑐
=

𝑖
𝐿

𝐶out
−

V
𝑐

𝑅𝐶out
,

𝑑

𝑑𝑡
Vpv =

𝑖pv

𝐶in
−

𝑖
𝐿

𝐶in
.

(5)

Then substituting (3) in (4) and (5) and after some
algebraic manipulations the complete model of the system is
obtained as

𝑑

𝑑𝑡
𝑖
𝐿
=

Vpv
𝐿

−
V
𝑐

𝐿
(1 − 𝑢) ,

𝑑

𝑑𝑡
V
𝑐
=

𝑖
𝐿

𝐶out
(1 − 𝑢) −

V
𝑐

𝑅𝐶out
,

𝑑

𝑑𝑡
Vpv =

𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
,

(6)

where 𝑢 is the control law.

Existence of the Sliding Mode. Existence of sliding mode is
demonstrated by the next inequality, which must be satisfied
[21–25]:

𝜎
𝑑𝜎

𝑑𝑡
< 0. (7)

Considering, at this point, the negligible temperature varia-
tion, the derivative of the sliding surface is obtained as

𝑑𝜎

𝑑𝑡
=

𝑑

𝑑𝑡
𝑖
𝐿
− 2.54

𝑑

𝑑𝑡
Vpv. (8)

Substituting (6) in (8) lets us obtain

𝑑𝜎

𝑑𝑡
=

Vpv
𝐿

−
V
𝑐

𝐿
(1 − 𝑢)

− 2.54 (
𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
) .

(9)

The existence, for the two possible cases of (7), is analyzed
next.

(a) If 𝜎 > 0 then 𝜎


< 0 and 𝑢 = 0. The following
inequality is obtained:

Vpv
𝐿

−
V
𝑐

𝐿
− 2.54 (

𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
) < 0.

(10)

(b) If 𝜎 < 0 then 𝜎


> 0 and 𝑢 = 1. The following
inequality is obtained:

Vpv
𝐿

− 2.54 (
𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
) > 0. (11)

Inequalities (10) and (11) must be satisfied in order to
guarantee the existence of the sliding mode. Inequality (10)
is satisfied because the analyzed converter is a DC/DC boost
converter (V

𝑐
is always higher than Vpv). Therefore (10) is

negative if the voltage algebraic addition is more dominant
than the other term. Same thing happens with inequality (11);
since the PV panel voltage is always positive, the inequality is
satisfied only if the term is more significant than the second
one.

Stability Analysis. An equivalent control is obtained [24, 25]
in order to verify the system stability. This control law is
substituted in the system model.

The equivalent control is obtained from expression (9),
which is made equal to zero, and the control law is finally
written as follows:

Vpv
𝐿

−
V
𝑐

𝐿
(1 − 𝑢eq)

− 2.54 (
𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
) = 0.

(12)

Developing the equivalent control from (12) is obtained
as

𝑢eq = 1 −

Vpv
V
𝑐

+
2.54𝐿

V
𝑐

⋅ (
𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
) .

(13)

Substituting (13) in (6) is obtained:

𝑑

𝑑𝑡
𝑖
𝐿
= 2.54 (

𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
) ,

𝑑

𝑑𝑡
V
𝑐
=

𝑖
𝐿
Vpv

𝐶outV𝑐
−
2.54𝐿𝑖

𝐿

𝐶outV𝑐

⋅ (
𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
) −

V
𝑐

𝑅𝐶out
,

𝑑

𝑑𝑡
Vpv =

𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞Vpv/𝐴𝐾𝑇) − 1) −

𝑖
𝐿

𝐶in
.

(14)



International Journal of Photoenergy 5

Making the linearization around the operating point next
is obtained:

𝑑

𝑑𝑡
�̃�
𝐿
= −

2.54

𝐶in
�̃�
𝐿
−
2.54𝜆𝐼

𝑠
𝑞

𝐴𝐾𝑇𝐶in
𝑒
(𝑞Vpv/𝐴𝐾𝑇)Ṽpv,

𝑑

𝑑𝑡
Ṽ
𝑐
= 𝐴
1
�̃�
𝐿
+ 𝐴
2
Ṽ
𝑐
+ 𝐴
3
Ṽpv,

𝑑

𝑑𝑡
Ṽpv = −

1

𝐶in
�̃�
𝐿
−

𝜆𝐼
𝑠
𝑞

𝐴𝐾𝑇𝐶in
𝑒
(𝑞𝑉pv/𝐴𝐾𝑇)Ṽpv,

(15)

where

𝐴
1
= (

𝑉pv

𝐶out𝑉𝑐
−

2.54𝐿

𝐶out𝑉𝑐
(
𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞𝑉pv/𝐴𝐾𝑇) − 1))

+
2.54𝐿

𝐶out𝑉𝑐
(
2𝐼
𝐿

𝐶in
)) ,

𝐴
2
= −

1

𝑅𝐶
−

𝐼
𝐿
𝑉pv

𝐶out𝑉
2

𝑐

+
2.54𝐼
𝐿
𝐿

𝐶out𝑉
2

𝑐

(
𝜆𝐼sc
𝐶in

−
𝜆𝐼
𝑠

𝐶in
(𝑒
(𝑞𝑉pv/𝐴𝐾𝑇) − 1) −

𝐼
𝐿

𝐶in
) ,

𝐴
3
=

𝐼
𝐿

𝐶out𝑉𝑐
+

2.54𝐿𝐼
𝐿
𝜆𝐼
𝑠
𝑞

𝐴𝐾𝑇𝐶out𝐶in𝑉𝑐
𝑒
(𝑞𝑉pv/𝐴𝐾𝑇).

(16)

System (15) has the following eigenvalues:

𝑚
0
= 0

𝑚
1
= − (

127𝐴𝐾𝑇 + 50𝜆𝐼
𝑠
𝑞𝑒
(𝑞𝑉pv/𝐴𝐾𝑇)

50𝐴𝐾𝑇𝐶in
) ,

𝑚
2
= − ((50𝐶in (𝑉

2

𝑐

+ 𝐼
𝐿
𝑅𝑉pv)

+ 127𝐿𝑅 (𝐼
2

𝐿

+ 𝐼
𝐿
𝜆 (𝑒
(𝑞𝑉pv/𝐴𝐾𝑇)𝐼

𝑠
− 𝐼
𝑠
− 𝐼sc)))

⋅ (50𝐶in𝐶out𝑅𝑉
2

𝑐

)
−1

) .

(17)

Only two eigenvalues determine the stability established
into the sliding surface. One eigenvalue is zero due to the
property of the sliding mode controller, which reduces the
order of the system [24, 25]. This is explained, because the
system is maintained into the sliding surface, and therefore
themovement is restricted into the plane (the sliding surface).
These two eigenvalues must have a negative real part to
guarantee stability into the sliding surface. Evaluating (17), it
is obtained that the system is stable if

(𝑉
2

𝑐

+ 𝐼
𝐿
𝑅𝑉pv)

+
127𝐿𝑅

50𝐶in
(𝐼
2

𝐿

+ 𝐼
𝐿
𝜆 (𝑒
(𝑞𝑉pv/𝐴𝐾𝑇)𝐼

𝑠
− 𝐼
𝑠
− 𝐼sc)) > 0.

(18)

This inequality is satisfied for the parameters of the
implemented system. Table 1 shows the system parameters.

Table 1: Parameters of the system.

𝐴 = 90 𝐶in = 220 𝜇F 𝑉pv = 35.45

𝐾 = 1.38 × 10
−23

𝐶o = 220 𝜇F 𝐼
𝐿

= 3.58

𝑇 = 15∘C = 288.15∘K 𝐿 = 200 𝜇H 𝑉
𝑐

= 61.75

𝐼
𝑠

= 2.39 × 10
−4

𝑅 = 30Ω

𝐼sc = 4.1A
𝑞 = 1.6 × 10

−19

𝜆 = 1 (1000W/m2)

Bounding the Switching Frequency. An ideal sliding mode
controller implies an infinite switching frequency, and then
in a practical implementation this switching frequency must
be bounded.

There are different techniques to limit the switching
frequency [20, 26]: hysteresis, delay, and holding at a constant
time the switch in “on” or “off,” and finally, also the use of
PWMmay be considered.

This paper considers the employedmethod in [20], which
allows operating at a fixed switching frequency, even under
large variations.

3. Simulation and Experimental Results

System functionality was evaluated not only numerically but
also experimentally, so that the proposed idea was validated.

The boost converter consists of an inductor of 200𝜇H, an
input capacitor of 220𝜇F, an output capacitor of 220𝜇F, and
the load resistance of 30Ω.

The system was evaluated under different operating con-
ditions. Initially the simulations are addressed and later on
the experimental results.

3.1. Simulation at Steady State. Figure 5 shows the simulation
results at steady state. Figure 5(a) illustrates the operation at
steady state when the temperature is 15∘C; the irradiance is
𝜆 = 1, which is equivalent to 1000W/m2, so that the MPP is
located at a power of 127.15W. It is easily seen that the system
reaches that PV panel power.

Figure 5(b) illustrates the slow loop behavior, which is
always oscillating when theMPP is tracked. It is also seen that
the variation at the output is small, so that this variation is
almost negligible at the PV panel power at steady state.

The slow loop has a 0.5 s as the time interval between
algorithm iterations.

It is important to notice that in Figure 5 (and also
Figure 6) the inductor current for illustrating the power
demanded for the PV panel is considered; this was done, for
having a better appreciation in the figure. However, the actual
power of the PV panel does not have this ripple, due to the
input capacitor 𝐶in.

3.2. Simulation under Radiation Change. Figure 6(a) shows
system operation under a sudden irradiation change; initially
irradiation value is 1000W/m2, and it changes to 600W/m2,
this represents a huge variation on the PV panel conditions.
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Figure 5: Simulation results. (a) At steady state 15∘C, 1000W/m2. (b) At steady state 15, 1000W/m2; 𝑠ref changes every 0.5 s.

It is easily seen that the system takes around 36ms to track
the new MPP.

Since each decision is made every 0.5 s, it would take a
much longer time, if only a slow loop was considered. The
proposed system offers a faster response than this obtained
with iterative methods based on just algorithms.

3.3. Simulation under Temperature Change. Figure 6(b)
shows the system operation under a sudden temperature
change; initially temperature value is 15∘C and it changes
to 30∘C. This represents a huge variation on the PV panel
conditions. It is easily seen that the system takes around 8ms
to track the newMPP.This is mainly due to the consideration
of the temperature in the sliding surface.

Again, it would take a much longer time, if only a slow
loop was considered. The proposed system offers a faster
response than this obtained with iterative methods based on
just algorithms.

3.4. Experimental Results. This proposal was examined at
steady state and under renewable source variation in order
to carry out a reliable validation. Therefore, this proposal
of power point tracker algorithm was evaluated. Actually,
this proposed sliding mode MPPT was connected to a PV
emulator which allows changing its condition in a dynamic
manner.

Results for the system at steady state are shown in
Figure 7, where the operating conditions are 600W/m2.
From top to bottom, the PV panel voltage, the inductor
𝐿 current, and the drain-source voltage of themain switch are

shown.This last voltage not only illustrates the commutation
of the main switch, but also allows seeing the value of the
output voltage at the high voltage level.

Figure 8 shows changes to the conditions on the PVpanel.
Initially, the system was evaluated under a change from 40%
to 60%of irradiation, which is illustrated in Figure 8(a). From
top to bottom, the PV panel voltage, the inductor 𝐿 current,
and the drain-source voltage of the main switch are shown. It
is easily seen that the system takes around 8ms to track the
new MPP of the PV. It is also seen how the output voltage
increases for demanding more power according to the new
MPP condition.

Finally, the systemwas also evaluated under changes from
80% to 40% of irradiation, as illustrated in Figure 8(b). From
top to bottom, the PV panel voltage, the inductor 𝐿 current,
and the drain-source voltage of the main switch are shown.
The system takes around 25ms to track the new MPP for
the PV. It is easily seen that the output voltage decreases for
demanding less power according to the new MPP condition.

4. Conclusion

This proposal introduces a new sliding mode based MPPT
method. It offers an accelerated convergence to themaximum
power point as a difference from the traditional method.This
is accomplished by choosing the switching surface, which
considers voltage, current, and temperature simultaneously
of the PV panel.

Fast loop implementation, which includes a sliding sur-
face generated based on the PV panel characteristics, offers
a fast tracking response in spite of changes on weather
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Figure 6: Simulation results. (a) Irradiation change: 1000W/m2 to 600W/m2. (b) Temperature change: 15∘C to 30∘C.
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8 International Journal of Photoenergy

conditions. A good steady state performance is also obtained
due to slow loop implementation, which is based on a
traditional “perturb and observe” method.

Operation and analysis for the converter were given.
Simulation and experimental results were also shown.
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This paper proposes a new type of variable fractional-order incremental conductance algorithm (VFOINC), combinedwith extenics
variable step size (EVSS) control into the maximum power point tracking (MPPT) design for photovoltaic power systems. At the
beginning of maximum power tracking, the fractional-order number 𝛼 is selected as 1; the good transient tracking characteristic of
traditional incremental conductancemethod is used.When themaximum power point is approached, the fractional-order number
𝛼 is selected as variable fractional order; the curve profile of 𝛼 in fractional order is used to approximate, so that the system has
good tracking effect in transient and steady states. The experimental and simulation results show that, compared with traditional
incremental conductance method (INC) and fractional-order incremental conductance method (FOINC), this method has better
MPPT effect.

1. Introduction

The green energy, including solar energy, wind energy, tide,
and geothermal heat, has attracted considerable attention in
recent years. Among those, solar energy is one of the cleanest
energy sources as the solar radiant energy is converted into
electric energy directly [1–5].The present photovoltaic power
systems have low conversion efficiency and high cost, and the
power benefit varies with the climatic conditions and ambient
temperature.There are some difficulties to be overcome. Due
to nonlinearity of the power and voltage of photovoltaic
power systems, how to use theMPPT tomaximize the output
efficiency of photovoltaic power systems in any climatic
conditions becomes an important issue.

In actual physical system, many phenomena reflect frac-
tional-order behavior, such as heat transfer and electromag-
netic wave in solid [6]. The solar cell is a sort of semicon-
ductor material (single crystalline silicon); the characteristic
when the power generated by photocurrent crosses P-N
junction (energy gap) reflects the nonlinear characteristic of

photovoltage and photocurrent. The interaction between the
diffusion current and drift current of semiconductor and the
ambient temperature can be described by fractional order [7].

Many MPPT technologies have been implemented in
photovoltaic power systems in previous literatures, such as
voltage feedback method, power feedback method, INC [8–
10], and perturbation and observation (P&O) [11–16]. This
paper proposes combining VFOINC with EVSS [17] for
tracking the maximum power point. In terms of the selection
of derivative order number 𝛼, at the beginning of maximum
power tracking, 𝛼 is selected as 1; the good transient tracking
characteristic of INC is used. When the maximum power
point is approached, 𝛼 is selected as variable fractional
order; the curve profile of 𝛼 in fractional order is used to
approximate, so that the system has good tracking effect in
transient and steady states. The experimental and simulation
results show that the VFOINC + EVSS method proposed in
this paper uses DC/DC boost converter to adjust the duty
cycle; compared with the INC and FOINC, the VFOINC +
EVSS proposed in this paper can shorten the time for
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Figure 1: Internal equivalent diagram of photovoltaic panel.

MPPT, so that the efficiency of photovoltaic power systems
is increased.

2. Brief Introduction to Photovoltaic
Power Systems

The solar cell is P-N junction semiconductor structure con-
verting solar energy into electric energy. The photovoltaic
panel is composed of many solar cells connected in parallel
and in series, as shown in Figure 1. The current be expressed
as

𝐼 = 𝑛
𝑝
𝐼ph − 𝑛𝑝𝐼sat[exp(

𝑞

𝑘𝑇𝐴

𝑉

𝑛
𝑠

) − 1], (1)

where 𝐼 is the output current of photovoltaic panel, 𝑉 is
the output voltage of photovoltaic panel, 𝑞 is the electric
quantity of electron, 𝐼ph is the current, 𝐼sat is the reverse
saturation current, 𝑇 is the battery temperature, 𝑛

𝑝
is the

parallel number of photovoltaic panels, 𝑛
𝑠
is the serial number

of photovoltaic panels, 𝑘 is the Boltzmann constant, and 𝐴 is
the ideal factor coefficient of P-N junction. 𝐼sat is sensitive to
the temperature, expressed as

𝐼sat = 𝐼𝑟[
𝑇

𝑇
𝑟

]

3

exp(
𝑞𝐸
𝐺

𝑘𝐴
[
1

𝑇
𝑟

−
1

𝑇
])

𝐼ph = [𝐼sc + 𝑘sc(𝑇 − 𝑇𝑟)]
𝑆

1000
,

(2)

where𝑇
𝑟
is the reference temperature at ordinary temperature

(25∘C), 𝐼
𝑟
is the reverse saturation current of semiconductor

at ordinary temperature, 𝐸
𝐺
is the energy in energy gap,

𝐼sc is the short-circuit current of semiconductor at ordinary
temperature, 𝑘sc is the temperature coefficient of short-
circuit current, and 𝑆 is the irradiance. The output power
of photovoltaic power system can be represented by 𝑃 =
𝑉𝐼; the power-voltage (𝑃-𝑉) curve and voltage-current (𝐼-𝑉)
characteristic curve of photovoltaic power system are shown
in Figure 2.
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Figure 2: 𝑃-𝑉 curve and 𝐼-𝑉 curve of photovoltaic power system.
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The MPPT is carried out in order to reach the peak
point of nonlinear curve, the photovoltaic power system
is connected to a boost converter, and the duty cycle of
switch is controlled by the voltage and current generated by
photovoltaic power system, so as to implement MPPT. The
basic structure diagram [11–16] of the converter is shown in
Figure 3. When the switch is “on,” the photovoltaic power
system charges the inductor via the switch. When the switch
is “off,” the photovoltaic power system releases the inductive
energy to the load via diode. Adjusting the duty cycle changes
input voltage and current, so as to change the output voltage
and current.When the switch is off 𝑡on and on 𝑡off , the current
through the inductor can be expressed as

Switch off 𝑡on : Δ𝐼𝐿
+

=
𝑉
𝑖

𝐿
𝑡on,

Switch on 𝑡off : Δ𝐼𝐿
−

=
𝑉
𝑖
− 𝑉
𝑜

𝐿
𝑡off .

(3)

The duty ratio (𝐷) of control switch is

𝐷 =
𝑡on
𝑡on + 𝑡off

=
𝑡on
𝑇
𝑑

. (4)
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Figure 4: Structure diagram of photovoltaic power system.

As the one-cycle voltage variation of inductor is 0, that
is, Δ𝐼
𝐿

+

= Δ𝐼
𝐿

−, the equation of output voltage 𝑉
𝑜
can be

obtained:

𝑉
𝑜
= 𝑉
𝑖

𝑡on + 𝑡off
𝑡on
=
𝑉
𝑖

1 − 𝐷
. (5)

Among multiple solar power system MPPT methods,
the P&O is most extensively used [11–16] due to simple
structure and few parameters required, and the parameters
of characteristic curve of photovoltaic power system are not
required. However, this method uses periodic perturbation,
so there will be oscillation at the maximum power point,
causing some unnecessary power loss. The INC is proposed
in order to overcome this defect.

The INC is based on power-voltage (𝑃-𝑉) curve of solar
cell, meeting one of the following equations at maximum
power point:

𝑑𝑃

𝑑𝑉
= 0, (6)

𝑑𝐼

𝑑𝑉
≈ −
𝐼 − 𝐼
𝑜

𝑉 − 𝑉
𝑜

= −
Δ𝐼

Δ𝑉
, (7)

where 𝐼
𝑜
and 𝑉

𝑜
are the current and voltage captured at

previous time point, respectively, and Δ𝐼 and Δ𝑉 are the
current and voltage variations in unit time, respectively.
However, in the process ofMPPT, themagnitude of offsetΔ𝑉
determines the speed of reaching MPP and the perturbation
after the MPP is reached. The decision depends on the user.
However, the VFOINC + EVSS [17] proposed in this paper
can use the mathematical model in fractional-order form to
describe the diffusion phenomenon of solar cell at different
temperatures. In terms of MPPT speed, the EVSS is used to
improve the tracking speed and the perturbation in steady
state.

The photovoltaic power system architecture proposed
in this paper is shown in Figure 4. The photovoltaic panel
connects the output voltage and current to the DC-DC boost
converter directly, and the MPPT is used to control signal
and adjust the duty cycle of switching pulsewidthmodulation
(PWM). Finally, the DC-DC boost converter is connected to
the load to measure the system output power.

3. Design of Algorithm and Control Method

This paper uses MATLAB R2010a Simulink to build the sim-
ulated photovoltaic power system architecture and to design
the control method. Figure 5 shows the photovoltaic power
system simulation built by this paper. The module FOINC
can be replaced by different MPPTs for duty cycle control of
different switching pulse adjustment control methods.

3.1. Fractional-Order Differentiator. The fractional-order dif-
ferentiator is often applied to signal processing, adaptive con-
trol, active control, and linear andnonlinear feedback control.
At present, many computing applications of fractional-order
derivative have been proposed; according to the definition of
Riemann–Liouville andGrunwald–Letnikov [18–20], general
fractional-order differentiator can be expressed as

𝐷
𝑡

𝛼

𝑡
𝑚

≈
𝛾(𝑚 + 1)

𝛾(𝑚 + 1 − 𝛼)
𝑡
𝑚−𝛼

, (8)

where 𝛾() represents 𝛾 function and 𝛼 is the order number
of derivative, when its value is 0 < 𝛼 < 1, representing
physical phenomenon of fractional order, for example, heat
transfer and electromagnetic wave in solid [6]. The solar
cell is a sort of semiconductor material (single crystalline
silicon). The characteristic when the power generated by
photocurrent crosses the P-N junction (energy gap) reflects
the nonlinear characteristic of photovoltage and photocur-
rent. The interaction between the diffusion current and drift
current of semiconductor and the ambient temperature can
be described by fractional order.

3.2. Variable Fractional-Order Incremental Conductance
Method. General fractional-order differentiator can be
expressed as (8); when the INC is used, (7) can be expressed
as

𝑑
𝛼

𝐼

𝑑𝑉
𝛼

≈ lim
Δ𝑉→0

𝐼(𝑉) − 𝛼𝐼(𝑉 − Δ𝑉)

Δ𝑉𝛼
, (9)

𝑑
𝛼

𝐼

𝑑𝑉
𝛼
≈
𝐼 − 𝛼𝐼

0

(𝑉 − 𝑉
𝑜
)
𝛼
. (10)

If 𝛼 > 0, the geometric interpretation of fractional order
can be represented as Figure 6. The slope is a straight line
when 𝛼 = 1, that is, general first derivative. Therefore,
0 < 𝛼 < 1 presents the form of fractional-order derivative,
approximately to curve form, referring to literature [21]. The
result of using (8) in the right part of (7) is

𝑑
𝛼

𝑑𝑉𝛼
(−
𝐼
𝑜

𝑉
𝑜

) = (−
1

𝑉
𝑜

)
𝑑
𝛼

𝐼
𝑜

𝑑𝑉𝛼
+ (−𝐼
𝑜
)
𝑑
𝛼

𝑉
𝑜

−1

𝑑𝑉𝛼

= (−
1

𝑉
𝑜

)(
𝛾(2)

𝛾(2 − 𝛼)
) (𝐼
𝑜
)
1−𝛼

+ (−𝐼
0
)
𝛾(0)

𝛾(−𝛼)
𝑉
𝑜

−1−𝛼

,

(11)

where res(𝛾, −𝑧) = (−1)𝑧/𝑧!, 𝑧 = 0, −1, −2, −3, . . ., and 𝛾(0) =
res(𝛾, 0), and res represents the residue in complex plane.
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As the traditional INC tracks maximum power fast and
the curve of fractional-order differentiator INC nearby MPP
approximates MPPT, the steady-state tracking effect is better
than general INC. Therefore, this paper proposes using vari-
able derivative value 𝛼 in Figure 4 for calculation of MPPT.

It has good response to transient MPPT and steady-state
MPP sweeping, so as to increase the overall efficiency of
photovoltaic power system.

This paper uses voltage 𝑉 and current 𝐼 and power 𝑃 as
calculated variance in captured signal, voltage, and current,
Δ𝑉 = 𝑉 − 𝑉

𝑜
, Δ𝐼 = 𝐼 − 𝐼

𝑜
, and the slope is the slope

(Δ𝑃/Δ𝑉) of power-voltage curve of solar cell; the variation of
partial voltage and current of fractional-order differentiator
approximates as 𝑑𝛼𝐼 = 𝐼−𝛼𝐼

0
and 𝑑𝑉𝛼 = (𝑉 − 𝑉

𝑜
)
𝛼. In terms

of selection of derivative order number 𝛼, at the beginning
of MPPT, 𝛼 is selected as 1; the good transient tracking
characteristic of traditional INC is used. When the MPP is
approached, 𝛼 is selected as variable fractional-order form,
and the curve profile of 𝛼 in fractional order is used to
approximate, so that the system has good tracking effect in
transient and steady states.

3.3. Extenics Variable Step Size (EVSS). The offset Δ𝑉 during
MPPT of traditional INC determines the tracking speed
and the perturbation accuracy when the MPP is reached. In
comparison to traditional MPPT algorithm, the variable step
size control has gradually increased or decreased offset Δ𝑉
variable of step size, so as to improve the tracking speed and
stability. For detailed variable step size control, please refer to
[20].



International Journal of Photoenergy 5

Start

Obtain
V and
I and

P and dP/dV

Compute

dV𝛼 = (V − Vo)𝛼 = ΔV𝛼

d𝛼I = I − 𝛼Io =

dP/dV > 5?

Step = S?

ΔV𝛼 = 0?

ΔV𝛼 = 0?

ΔI > 0?

ΔI > 0?

ΔI = 0?

ΔI = 0?

V = V + dV V = V + dV
V = V + dV V = V + dV

V = V − dV V = V − dV
V = V − dV V = V − dV

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No No

No

No No

NoNo

No

No

No

𝛼 = 1? 𝛼 = 0.1?

𝛼 = 𝛼 + 0.1 𝛼 = 𝛼 0.1−

(9) = (10)?

(9) = (10)?

(9) > (10)?

(9) > (10)?

Vo ,
Io ,

ΔI,

Step = step − S

Step = step + S

Figure 7: The control flow of VFOINC + EVSS.

As the variable step size control has variable step size
nearby MPP, there will be voltage perturbation problem
nearby MPP. Therefore, this paper proposes adding extenics
theory in the variable step size control [22, 23] to deduce
the EVSS. The voltage, power, and slope are captured as
reference frame, so that the minimum step size can be used
for perturbation nearby the MPP, increasing the efficiency of
photovoltaic power system. The control flow of VFOINC +
EVSS proposed in this paper is shown in Figure 7.

4. Simulation Analysis
Results and Comparison

This paper uses MATLAB R2010a Simulink to build the
model and controller of photovoltaic power system. This
simulation is the comparison of different states of irradiance

and temperature and step size. Figure 8 shows the curve test
of photovoltaic power system at specific temperature and
irradiance, including voltage-power (𝑃-𝑉) curve, current-
voltage (𝐼-𝑉) curve, duty ratio (cycle) (𝐷), and tracking
number curves.

The first simulated condition is irradiance 1000 kW/m2
and temperature 25∘C; the other condition is irradiance
decreasing from 1000 kW/m2 to 900 kW/m2 and then
decreasing to 200 kW/m2 and increasing to 1000 kW/m2,
and the INC, FOINC, and VFOINC + EVSS are compared.

According to the simulation result in Figure 9, as the step
size of INC depends on the user, the speed and accuracy are
limited to some extent. However, in the same step size, the
transient tracking speed of INC is better than FOINC. In
terms of the combination of VFOINC and EVSS, Figure 10
shows the combination of good transient tracking efficiency



6 International Journal of Photoenergy
PV

 ar
ra

y
PV

 ar
ra

y
D

ut
y 

cy
cle

PV array voltage

PV array voltage

Tracking number

8

6

4
10 11 12 13 14 15 16 17 18

10 11 12 13 14 15 16 17 18

100

50

0.45
0.4

0.35

cu
rr

en
t

po
w

er

0 50 100 150

T = 42, S = 1000

T = 40, S = 900

T = 38, S = 800

T = 36, S = 700

Figure 8: Curve test with specific temperature and irradiance.

120

100

80

60

40

20

0
0 100 200 300 400 500 600 700 800 900 1000

Tracking number

Po
w

er

INC

VFOINC + EVSS
FOINC

Figure 9: Comparison of INC and FOINC and VFOINCwith EVSS
(fixed irradiance).

of traditional INC and steady-state stability of VFOINC and
EVSS; it is observed that the VFOINC + EVSS proposed in
this paper has betterMPPT simulation curve in transient and
steady states.

The second simulated condition is the irradiance decreas-
ing from 1000 kW/m2 to 900 kW/m2 and then decreasing
to 200 kW/m2 and increasing to 1000 kW/m2, as shown
in Figure 11. The INC, FOINC, and VFOINC + EVSS are
compared. The variance in 𝛼 is shown in Figure 12.

Figure 12 shows the variance in 𝛼. It is observed that, at
the start of simulation, as the system is just started up, letting
𝛼 = 1 for tracking MPP, the form of INC is used for tracking;
𝛼 is reduced to 0.1 gradually when MPP is approached, so
that the system uses INC in transient state and uses VFOINC
in steady state. In addition, in terms of 𝛼 variation when the
tracking number is 1000, 2000, and 3000, the MPP shifts as
the irradiance changes; the system increases 𝛼 value again to
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increase the tracking speed and reduces it to 0.1 again when
the MPP is approached, so that the transient and steady-state
response curves have better effect.

Figure 13 shows the simulation result, and Figure 14
shows that the step size of INC still depends on the user;
the speed and accuracy are limited to some extent, so that
the MPPT always costs a long time in the case of variable
irradiance, causing unnecessary power loss. The VFOINC +
EVSS proposed in this paper can improve the excessive
tracking number of traditional INC algorithm in the case of
variable irradiance, so that the system has better curve.

5. Experimental Results

In order to show the efficiency of this scheme in real solar
cell system, the performance of the proposed controller
was evaluated experimentally and was compared with INC
method and FOINC method. The specification of the exper-
imental solar panel is shown in Table 1. Figure 15 shows the
experimental results obtained for the output power given a
uniform irradiance of 1000W/m2. From the results, it can
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Table 1: Specification of SYK17-18M solar panel.

𝑃max 𝑉MPP 𝐼MPP 𝑉OC 𝐼SC

17W 18V 0.94A 21.24V 1.04A

be seen that VFOINC + EVSS has better tracking rates than
traditional INC and in terms of the steady-state response
it is also good and has the same effect. In order to show
that this scheme is robust to the irradiance, the results of
irradiances changed from 1000 kW/m2 to 400 kW/m2 and
then increased to 1000 kW/m2 as shown in Figure 16. Our
results are also consistent with the results of the simulations.
It can prove the feasibility of the proposed method.

6. Conclusion

This paper uses VFOINC + EVSS for photovoltaic power
system MPPT control, to improve the MPPT speed and
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steady-state perturbation of INC. In terms of selection of
derivative order number 𝛼, at the start of MPPT, 𝛼 is selected
as 1; the good tracking characteristic of traditional INC in
transient state is used. When the MPP is approximated, 𝛼 is
selected as variable fractional-order form; the curve profile
of 𝛼 in fractional order is used to approximate, so that the
system has good tracking effect in transient and steady states.
According to the simulation result of the algorithm, the
transient and steady-state responses of the control method
proposed in this study to photovoltaic MPPT system are
better than those of INC and FOINC, meaning this method
for MPPT can reduce unnecessary power loss of the system,
so as to increase the generating efficiency of system.
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[14] E. J. Estébanez, V. M. Moreno, A. Pigazo, M. Liserre, and A.
Dell’Aquila, “Performance evaluation of active islanding-detec-
tion algorithms in distributed-generation photovoltaic systems:
two inverters case,” IEEE Transactions on Industrial Electronics,
vol. 58, no. 4, pp. 1185–1193, 2011.

[15] C. Cecati, F. Ciancetta, and P. Siano, “A multilevel inverter for
photovoltaic systems with fuzzy logic control,” IEEE Transac-
tions on Industrial Electronics, vol. 57, no. 12, pp. 4115–4125, 2010.

[16] N. Femia, G. Petrone, G. Spagnuolo, and M. Vitelli, “Optimiza-
tion of perturb and observe maximum power point tracking
method,” IEEE Transactions on Power Electronics, vol. 20, no.
4, pp. 963–972, 2005.

[17] J. Li and H. Wang, “A novel stand-alone PV generation system
based on variable step size INCMPPT and SVPWMcontrol,” in
Proceedings of the IEEE 6th International Power Electronics and
Motion Control Conference (IPEMC ’09), pp. 2155–2160, May
2009.

[18] I. Podlubny, Fractional Differential Equations, vol. 198 ofMath-
ematics in Science and Engineering, Academic Press, New York,
NY, USA, 1999.

[19] C. Ma and Y. Hori, “Fractional-order control: theory and appli-
cations in motion control,” IEEE Industrial Electronics Maga-
zine, vol. 1, no. 4, pp. 6–16, 2007.

[20] S. K. Kenneth and R. Bertram, An Introduction to the Fractional
Calculus and Fractional Differential Equations, John Wiley &
Sons, New York, NY, USA, 1993.

[21] S. Das, Functional Fractional Calculus for System Identification
and Controls, Springer, Berlin, Germany, 2008.

[22] W. Chen and R. Chen, “The evaluation of scientific journals
in Chinese Scientific Research based on extenics theory,” in
Proceedings of the International Conference on InformationMan-
agement, Innovation Management and Industrial Engineering,
pp. 195–198, October 2012.

[23] S. Hong-Chun, H. Ze-Jiang, S. Shi-Yun, and Y. Qing, “The
fault diagnosis algorithm for transformer based on Extenics
and rough set theory,” in Proceedings of the 3rd International
Conference on Electric Utility Deregulation and Restructuring
and Power Technologies (DRPT '08), pp. 1269–1272, Nanjing,
China, April 2008.



Research Article
MPPT Technique Based on Current
and Temperature Measurements

Eduardo Moreira Vicente, Robson Luiz Moreno, and Enio Roberto Ribeiro

Departamento de Engenharia Elétrica, Universidade Federal de Itajubá (UNIFEI), Avenida BPS 1303, Bairro Pinheirinho,
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This paper presents a new maximum power point tracking (MPPT) method based on the measurement of temperature and short-
circuit current, in a simple and efficient approach. These measurements, which can precisely define the maximum power point
(MPP), have not been used together in other existing techniques. The temperature is measured with a low cost sensor and the
solar irradiance is estimated through the relationship of the measured short-circuit current and its reference. Fast tracking speed
and stable steady-state operation are advantages of this technique, which presents higher performance when compared to other
well-known techniques.

1. Introduction

Theuse of renewable energy sources is a trend nowadays.The
main renewable energy sources are wind and solar sources.
The first depends on the movement of wind turbines, which
limits its application to specific geographical areas, where the
wind is constant [1]. The solar energy source depends mainly
on the sunlight, which is abundant on Earth and provides
about 63 TW of power, daily [2].

Photovoltaic systems are an interesting alternative energy
source. However, the barriers to its popularization are the
cost of installation [3] and low efficiency of photovoltaic
conversion, which is about 13% to 18% on average [3, 4]. Due
to its low performance, it is essential to extract all available
PV module energy.

Modeling of a given PVmodule involves the analysis of its
current versus voltage curve. This characteristic is nonlinear,
and the maximum power point (MPP) changes with both
solar irradiance and temperature.

Within this context, finding a proper MPP is often a
difficult task that can be performed with maximum power
point tracking (MPPT) systems.

MPPT systems modify the current and voltage of the
PV module, causing it to operate at its MPP. At this point,

the product of current and voltage of the PV module is
maximum, as illustrated in Figure 1.

Any different point in these curves will cause the module
to operate below itsmaximumpower. To ensure that theMPP
is maintained in any irradiance and temperature condition,
MPPT techniques are used to define the operating point of
the PV module.

2. MPPT Techniques

There are several techniques to achieve theMPP, which differ
in some aspects, such as online or offline methods, search
techniques, artificial intelligence-basedmethods, andmodel-
based or model-free methods [5–11].

Online methods need continuous sampling of system
variables, to update the PVmodulemeasurements and, there-
fore, the MPP. Offline techniques are simpler and the operat-
ing points are predefined for a specific situation, without
system data update [8].

Search techniques use system disturbances to find the
maximumpower point.Thepower output, resultant from this
disturbance, is the parameter to define the MPP [12].
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Figure 2: Block diagram representation ofMPPTmethods: (a) constant voltage; (b) temperature gradient; (c) open-circuit voltage; (d) short-
circuit current; (e) P&O; (f) I&T.

Artificial intelligence-based methods use complex math-
ematicalmodels and systems that require high computational
efforts, to obtain an accurate and reliable model of the 𝐼 × 𝑉
curve. The system modeling allows the determination of the
MPP with high accuracy level [7].

The model-based methods require system parameters, as
the internal resistances and the maximum values of current
and voltage in the Standard Test Condition (STC), to track
theMPP. On the other hand,model-free systems establish the
MPP with measurements of the PV module output [11].

Figure 2 shows the block diagram representations of six
distinct MPPT methods. The first five MPPT methods are
frequently reported in the literature [12–20] and the last one is
the proposed method. In the constant voltage method [6, 15],
the voltage at the MPP is established to the STC (𝑉MPP(STC))
and the voltage across the PV module (𝑉PV) is compared to
this value, through

𝑉PV = 𝑉MPP(STC). (1)

The duty cycle output (𝐷) is the result of the voltage error
(𝑉error = 𝑉MPP(STC) −𝑉PV) and the reference signal (saw-tooth
wave) comparison.

The temperature gradient technique [16, 17] uses the PV
module temperature (𝑇) to modify 𝑉MPP(STC), according to
the voltage/temperature coefficient (𝛽), as seen in (2). The
𝛽 coefficient varies according to the type of module and its
manufacturing process [12]:

𝑉PV = 𝑉MPP(STC) + 𝛽 (𝑇ref − 𝑇) . (2)

Another widespread method is the open-circuit voltage
[14, 18]. This method uses the open-circuit voltage (𝑉OC) to
estimate the MPP by means of a 𝐾

𝑉
constant (between 0.7

and 0.8), which is related to the𝑉MPP.This can be observed in

𝑉PV = 𝐾𝑉 ⋅ 𝑉OC. (3)

A similar technique is the short-circuit current [19, 20]
where such parameter (𝐼SC) is compared with the output
current (𝐼PV) through a constant 𝐾

𝐼
(0.7 to 0.95), causing it

to converge to the MPP. This relationship is presented in

𝐼PV = 𝐾𝐼 ⋅ 𝐼SC. (4)

Theperturb and observe (P&O) is anothermethodwidely
used in commercial systems [12, 13]. It operates by period-
ically changing the duty cycle (𝐷) of the dc-dc converter,
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comparing the previous (𝑃
0
) and present (𝑃

1
) output power,
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𝑃
1
< 𝑃
0
– opposite direction.

(5)

If a certain perturbation causes an increase (or decrease)
in power output, the following perturbation is made in
the same (or opposite) direction. In this manner, the P&O
continuously seeks the MPP [12].

This paper proposes the I&T method, a new technique
of MPPT. It uses two variables, the short-circuit current and
temperature, which have not been used at the same time in
other existing techniques. These variables are directly related
to the influence of the irradiance and temperature on the
PVmodule characteristics.The irradiancemeasurement is an
important task and it is accomplished with a pyranometer
sensor [21]. However, its cost is almost a hundred times
greater than a voltage/current sensor. To overcome this
drawback, in the I&T method, the irradiance is evaluated
through the relation of the measured short-circuit current
and its reference at STC. This method uses low cost sensors
to measure temperature and current, which accurately define
the MPP.

3. PV Module

Theoperating principle of the silicon PV cell is the conversion
of energy from the sun, of a specificwavelength (from 300 nm
to 1100 nm), into current [22].ThePVmodule ismade of light
sensitive semiconductor, which produces energy from solar
radiation [4].

The circuit model of the PVmodule is shown in Figure 3.
There are other models in the literature; however, the one
used in this paper is simple and has satisfactory performance
[11].

The incidence of light on the cell produces charge carriers
that originate the photogenerated current 𝐼ph. 𝐼𝐷 is the reverse
saturation current of the PN junction. The series (𝑅

𝑆
) and

shunt (𝑅
𝑃
) resistances represent the sum of several structural

resistances and the effect of the leakage current on the PN
junction, which depends on the fabricationmethod of the PV
cell [23].

Table 1: KS-10 specifications.

Symbol Parameter Value
𝑃MPP Maximum power 10W
𝑉MPP Maximum power voltage 16.9V
𝐼MPP Maximum power current 0.60A
𝑉OV Open-circuit voltage 21.5 V
𝐼SC Short-circuit current 0.62A
𝑅
𝑠

Series resistance 1.72Ω
𝑅
𝑝

Shunt resistance 28 kΩ

𝛼
Temperature

coefficient of 𝐼SC
0.27mA/∘C

𝛽
Temperature

coefficient of 𝑉OC
−82.40mV/∘C
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Figure 4: 𝐼 × 𝑉 curve for different values of solar irradiance.

Modeling the output current 𝐼 in the circuit of Figure 3
results in

𝐼 = 𝐼ph − 𝐼𝐷 ⋅ (𝑒
𝑞((𝑉+𝐼⋅𝑅

𝑠
)/(𝜂⋅𝐾⋅𝑇))

− 1) −
𝑉 + 𝐼 ⋅ 𝑅

𝑆

𝑅
𝑃

, (6)

where 𝑉 is the PV module voltage, 𝑇 is the measured
temperature, 𝑞 is the electron charge (1,6 × 10−19 C), 𝜂 is the
PN junction ideality factor, and 𝑘 is the Boltzmann constant
(1,38 × 10−23 J/K).

In order to analyze the PV module behavior, (6) was
modeled in MATLAB/Simulink and its parameters were
adjusted to the Kyocera KS-10 module, presented in Table 1.

The current versus voltage curves, comparing the datash-
eet points and the simulated data, are shown in Figures 4 and
5. It is possible to observe from these figures that the simu-
lation results are very similar to those presented in the PV
module datasheet [24].These curves are close to the datasheet
points, particularly when there is no temperature variation.
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Since the photogenerated current is a function of temper-
ature and irradiance, (6) can be rewritten as

𝐼 = {[𝐼SCref
+ 𝛼 (𝑇 − 𝑇ref)] ⋅

𝑆

𝑆ref
}

− 𝐼
𝐷
⋅ (𝑒
𝑞((𝑉+𝐼⋅𝑅

𝑠
)/(𝜂⋅𝐾⋅𝑇))

− 1) −
𝑉 + 𝐼 ⋅ 𝑅

𝑆

𝑅
𝑃

,

(7)

where 𝐼SCref
is the reference short-circuit current, 𝛼 is the

sensitivity of current with respect to temperature, 𝑇ref is the
temperature under STC (25∘C), 𝑆 is the measured irradiance,
and 𝑆ref is the reference irradiance (1000W/m2).

Equation (7) models the behavior of the PV module,
which is directly influenced by irradiance and temperature.
In general, as the irradiance increases the PVpower increases,
while increasing temperature results in PV power reduction
[11], as can be seen in Figures 6 and 7.

Based on the observed characteristics and equations, the
dependence of the aforementioned variables on the MPP can
be evaluated. The method developed by Moradi et al. [11]
can extract higher power if compared to the other methods.
It uses an irradiance sensor to estimate the MPP, which has
high cost [21], when comparedwith a current sensor cost, and
prevents its use on systems with a large number of modules.
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Figure 7: 𝑃 × 𝑉 curve for different values of temperature.

Considering such limitations, a new and simple method to
define the MPP is proposed.

4. Proposed I&T Method

This technique is based on the measurement of temperature
and the estimation of irradiance through the relationship
between the measured short-circuit current 𝐼SC and the
reference short-circuit current 𝐼SCref

.The short-circuit current
is directly proportional to the irradiance [19].

Besides, the temperature measurement contributes to the
increase of the accuracy of themathematical model. Based on
the analysis of (7) and the aforementioned parameters, we can
derive the following:

𝐼 = [𝐼SC +
𝐼SC
𝐼SCref

⋅ 𝛼 (𝑇 − 𝑇ref)]

− 𝐼
𝐷
⋅ (𝑒
𝑞((𝑉+𝐼⋅𝑅

𝑠
)/(𝜂⋅𝐾⋅𝑇))

− 1) −
𝑉 + 𝐼 ⋅ 𝑅

𝑆

𝑅
𝑃

.

(8)

It is necessary to define the output voltage 𝑉, in order to
use (8) as the control system variable. Several approaches to
establish this voltage, which directly influences theMPP, were
evaluated [5, 7, 11, 23].The open-circuit voltage defined in [5]
is the best way of estimating this voltage level. Therefore, (9)
can replace (8), which is responsible for estimating the MPP
in the proposed method:

𝐼MPP = [𝐼SC +
𝐼SC
𝐼SCref

⋅ 𝛼 (𝑇 − 𝑇ref)]

− 𝐼
𝐷
⋅ (𝑒

ln(𝐼ph/𝐼𝐷+1)+(𝐼⋅𝑅𝑠)/(𝜂⋅𝐾⋅𝑇) − 1)

−

ln (𝐼ph/𝐼𝐷 + 1) ((𝜂 ⋅ 𝐾 ⋅ 𝑇) /𝑞) + 𝐼 ⋅ 𝑅𝑆
𝑅
𝑃

.

(9)

The control variable of this method is the maximum
power point current 𝐼MPP, obtained with (9). The output
current is measured continuously, and its value is compared
with 𝐼MPP.
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Figure 9: PV system with a buck converter.

5. Results

The flowchart of the I&T method is quite simple and can be
seen in Figure 8. Two reference variations have to be defined:
temperature variation (Δ𝑇ref) and PV output current varia-
tion (Δ𝐼ref). Δ𝑇ref is established to 1

∘C, considering that slight
variations will not significantly modify the operating point.
The same happens with Δ𝐼ref, which is set at 6mA, causing
the module to disconnect the load to measure 𝐼SC only when
the operating conditions have a considerable change.

In the flowchart, after system initialization, 𝐼MPP param-
eter is defined using (9) and the PV module current 𝐼PV
is measured. It is verified if the difference between these
currents exceeds the reference variation Δ𝐼ref. In the affir-
mative case, which means that a significant change in the
operating conditions was made, short-circuit current 𝐼SC
and temperature 𝑇 are measured, and a new value for
𝐼MPP is established. Otherwise, a new temperature value is
measured.Thedifference between the new𝑇

1
and previous𝑇

0

temperature values is compared with Δ𝑇ref. If the difference
is greater than Δ𝑇ref, a new 𝐼MPP is calculated. On the other
hand, the previous value of 𝐼MPP is maintained.

The PV module current 𝐼PV is regularly sampled at 1 kHz
frequency [5, 9, 11, 25], to verify any changes in operating
conditions and determine whether 𝐼SC is supposed to be
measured. It does effectively occur if the operating conditions
change significantly. Monitoring 𝐼PV is necessary in order to
avoid unnecessary losses [6].

A PV system composed of a single KS-10 module associ-
ated with a dc-dc buck converter was simulated inMATLAB/
Simulink. The system and its parameters are presented in
Figure 9.

Two sets of tests were carried out to verify the perfor-
mance of the six MPPT methods, concerning irradiance and
temperature variations. For the first test, temperature is kept
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Figure 10: Efficiency of MPPT techniques considering irradiance
variation.

constant at 45∘C and irradiance varies from 100W/m2 to
1000W/m2, in order to evaluate the steady-state behavior of
the system [5]. The results are shown in Figure 10.

From Figure 10 it can be seen that the highest efficiency
methods are the I&T, P&O, and temperature gradient, respec-
tively. The efficiency values indicate a good approximation of
the MPP in steady state.

A closer look in the simulation results of Figure 10,
obtained from the six MPPT methods, regarding PV power
outputwith respect to time, in the situation of 1000W/m2 and
45∘C, is shown in Figure 11.

In the condition of 1000W/m2 and 45∘C it is possible to
observe that the systems with the smaller oscillations around
the MPP are, in this order, the I&T, short-circuit current,
and open-circuit voltage. Despite having low oscillation in
the MPP, seen in Figure 11, the average efficiency of short-
circuit current and open-circuit voltage methods is below
other methods, as shown in Figure 10. This is mainly due
to the need for periodic sampling and disconnection of the
circuit for parameters measurements.
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Figure 11: Steady-state behavior of MPPT techniques (1000W/m2, 45∘C): (a) constant voltage; (b) temperature gradient; (c) open-circuit
voltage; (d) short-circuit current; (e) P&O; (f) I&T.

Other four situations have also been evaluated: standard
test condition (1000W/m2, 25∘C); step change in irradiance
(1000W/m2 to 500W/m2); step change in temperature (from
65∘C to 25∘C); and, finally, both step changes in irradiance
and temperature. The results are presented in Figure 12.

The proposed method (I&T) efficiency in Figure 12 is the
highest, when compared to othermethods, in all situations. It
suggests that this method is appropriate to situations of large
modifications of irradiance and temperature.

The tracking efficiency is analyzed in Figure 13, for the
situation where both step changes in irradiance and temper-
ature occur (1000W/m2 to 500W/m2 and 65∘C to 25∘C).The
output power of each method is graphically compared with
the maximum power (dashed line).

From results, presented in Figures 10 to 13, it is possible
to notice that the use of a reduced number of sensors in
methods, such as constant voltage and temperature gradient,
has direct impact on the MPPT efficiency, especially at
low irradiance levels. The open-circuit voltage and short-
circuit current methods perform periodic sampling of the
PV module parameters. These methods present considerable
power losses due to the need of disconnecting the circuit
for measurement, as well as operating at lower power points
between samples [6, 14]. P&O method has high efficiency.
However, the output power oscillates around the MPP in
steady-state condition and the technique is not adequate
when there are abrupt variations of solar irradiance [6,
12]. Additionally, it requires greater computational effort
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Figure 13: Tracking efficiency of MPPT techniques (1000W/m2 to 500W/m2 and 65∘C to 25∘C): (a) constant voltage; (b) temperature
gradient; (c) open-circuit voltage; (d) short-circuit current; (e) P&O; (f) I&T.
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Table 2: Efficiency versus irradiation @ 45∘C (cell temperature),
adapted from [5].

Irradiation (W/m2) 𝜂 Christy [5] 𝜂 I&T Method
100 99.75 99.28
200 99.90 99.68
300 99.93 99.88
400 99.94 99.91
500 99.94 99.95
600 99.94 99.98
700 99.93 99.99
800 99.92 99.99
900 99.92 99.99
1000 99.91 99.99

because the extracted power is supposed to be calculated
continuously.

The proposed I&T method has the highest efficiency
among all evaluated methods, as seen in Figures 10 to 13,
without requiring high computational effort or the use of
expensive and complex sensors. Moreover, it presents low
ripple in steady-state condition and fast tracking speed,which
could be observed in Figure 13.

Furthermore, by comparing the I&T method results in
Figure 10 with the high efficiency TSSE method described by
Christy Mano Raj and Ebenezer Jeyakumar [5], the former
presents improved performance in 60% of cases, particularly
at high irradiance levels, as can be seen in Table 2.

6. Conclusion

This work has presented a new MPPT technique whose
performance is better than other compared methods. The
proposed method measures PV temperature and estimates
the irradiance through the relationship of the measured
short-circuit current and its reference at STC, which is
proportional to the irradiance variation and precisely defines
the MPP.

Stable steady-state operation and reduced computational
efforts are additional features of this approach, which allows
it to have lower hardware costs. The I&T method, according
to the simulation results, can extract more than 99.85% of the
available power.
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The smart grid and distributed generation based on renewable energy applications often involve the use of information and
communication technology (ICT) coupled with advanced control and monitoring algorithms to improve the efficiency and
reliability of the electrical grid and renewable generation systems. Photovoltaic (PV) systems have been recently appliedwith success
in the fields of distributed generation due to their lower environmental impact where the electrical energy generation is related to
the amount of solar irradiation and thus the angle of incident ray of the sun on the surface of the modules. This paper introduces
an integration of ICTs in order to achieve the maximum power point tracking (MPPT) using a biaxial solar tracking system for
PV power applications. To generate the references for the digital control of azimuth and elevation angles a Global Positioning
System (GPS) by satellites is used which enables acquiring the geographic coordinates of the sun in real-time. As a total integration
of the system a communication platform based on the 802.15.4 protocol for the wireless sensor networks (WSNs) is adopted for
supervising and monitoring the PV plant. A 2.4 kW prototype system is implemented to validate the proposed control scheme
performance.

1. Introduction

Because of the growth global electricity demand projected by
International Energy Agency (IEA) quantified around 81%
from 2011 to 2035 and the strong investment driven by an
energy policy promoted by the Kyoto Protocol which has
forced ratifying countries to reduce their emissions of green-
house gases (GHG) in the recently approved second period
from January 2013 to December 31, 2020. This scenario has
been focused on the research effort in electricity generation
from renewable energy (RE) sources. In this context, PV
systems are currently considered as one of the most useful
natural energy sources due to their continuous cost reduction
of manufacturing, fast technological progress, requiring very
little maintenance, and being pollution-free [1, 2]. However,
the power output of PV cells depends on many factors;
these include the operating temperature, weather conditions,

irradiance, and angle of incidence of the solar radiation [3]. In
order to overcome these drawbacks, maximum power should
be extracted from these systems using physical tracking to
obtain the maximum power point tracking (MPPT). Taxon-
omy of the MPPT techniques applied to PV power system
can be found in [4]. Physical tracking involves aligning
the PV system, to be orthogonal to sun rays throughout
the day in order to receive maximum solar radiation [5].
Several methods have been implemented and evaluated to
keep the PV systems orthogonal to sun rays. An ideal solar
tracker must ensure that the PV cell is oriented properly,
compensating for both changes in the elevation angle of the
sun (throughout the day) and latitudinal offset of the sun
(during seasonal changes) and changes in azimuth angle. It
has been shown in the literature that for certain geographical
positions up to 40% extra power per year can be produced
using a solar tracking system. These systems are usually
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Figure 1: Block diagram of the proposed biaxial solar tracking system based on ICTs.

classified in two categories: passive, introduced by Finster
in 1962 as a completely mechanical solution, and active
that presented a mechanism with an automatic electronic
control system. The above-mentioned classification of the
methods can be found in [6]. Active trackers can be in turn
classified by the type of electronic control which drives the
movement: in the analog type the control is generated based
on the information of a sensor that detects the position of
the brightest point in the sky, while in the digital case, the
control is executed by a microprocessor which through a
control algorithm determines the optimal position of the
structure to maximize the efficiency of the PV systems [7, 8].
In both cases, the sunposition usually is detected by two light-
dependent resistor (LDR) sensors that are normally located
at both ends of the surface of the photovoltaic module. In the
digital case, the resultant signals from the sensors are fed into
an electronic control system that operates a low-speed DC
motor to rotate the PVmodules via a speed reduction system.
This is a simple and inexpensive solution, but unfortunately
it is not practical mainly in applications where weather
conditions are variable or when fast change happens in the
irradiance conditions due to partial shading [9, 10]. This
paper introduces a novel design of a biaxial solar digital track-
ing system for PV power applications, using information and
communication technologies (ICTs) to improve the efficiency
of the photovoltaic system. To generate the reference (in
azimuth and elevation angle) for the digital control algorithm
a Global Positioning System (GPS) by satellites is used which
enables acquiring the geographic coordinates of the sun
in real-time. The implementation of the control system is
based on the dsPIC33FJ128MC802 microprocessor family
manufactured by Microchip. For monitoring purposes the
overall system also provideswireless sensor networks (WSNs)
based on 802.15.4 protocol, as shown in the block diagram of
Figure 1.

This paper is organized as follows. Section 2 introduces
the diode and two-diode models for a PV module and para-
metric simulations for a ZDNY-100C36 series PV module.

Section 3 describes a custom-design process of the elevation
and azimuthmechanism for the biaxial solar tracking system.
Section 4 discusses the control strategy applied to the motors
in order to achieve the MPPT. Next, experimental results are
given in Section 5.The conclusion is given in the last section.

2. PV Module Model Description

Different approaches have been implemented tomodelmath-
ematically the dynamics of the PVmodules, but probably the
equivalent circuit representation with single-diode and two-
diode models, which are illustrated in Figure 2, represent the
most widely used topologies [11–14]. The two-diode model,
as shown in Figure 2(a), is characterized by its high accuracy;
however, it is relatively complex and it suffers from low
computational speed. The second type, single-diode model
shown in Figure 2(b), is the most commonly used model
in power electronic simulation studies, because it offers a
reasonable tradeoffbetween simplicity and accuracy.Another
advantage of using the single-diode model is the possibility
to parametrize it based only on provided information by
datasheet [15]. Because of this reason, this work focuses on
the single-diode model. The simplest equivalent circuit of a
PV cell is a current source in parallel with a diode as shown
in Figure 2. The current source (𝐼ph) represents the current
generated by the PV cell due to the photons received by it,
and it has invariant value under constant solar irradiance
and temperature. The equations that model the PV system
performance may be obtained from circuit representation
from Kirchoff ’s currents law, which results in the following
equation:

𝐼ph − 𝐼
𝐷

−
𝜐
𝑑

𝑅
𝑝

− 𝐼pv = 0, (1)

where 𝐼
𝐷
and 𝐼pv represent the diode and cell output currents,

respectively, 𝜐
𝑑
is the diode voltage, and 𝑅

𝑝
is the shunt

resistance in parallel with the diode. On the other hand,
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Table 1: ZDNY-100C36 series PV module.

Parameters Electrical parameters
Symbol Value Unit

Maximum power 𝑃max 100 W
Optimum operating voltage 𝑉

𝑚

17.5 V
Optimum operating current 𝐼

𝑚

5.71 A
Open-circuit voltage 𝑉oc 21.98 V
Short-circuit current 𝐼sc 6.16 A
Cell efficiency 𝜂

𝑐

17.30 %
Module efficiency 𝜂

𝑚

14.50 %
Number of cells in series 𝑁

𝑠

36 —

applying Kirchoff ’s voltage law on the circuit of Figure 2(b)
can be obtained by the following equation:

𝑉PV cell = 𝜐
𝑑

− 𝑅
𝑠
𝐼pv, (2)

where 𝑉PV cell is the voltage of the PV cell and𝑅
𝑠
is the equiva-

lent series impedance. Considering the typical characteristics
of the diode and combining the above equations, the output
current is represented by the following equation:

𝐼pv = 𝐼ph − 𝐼
𝑂

(𝑒
𝜉(𝑉PV cell+𝑅𝑠𝐼pv) − 1) −

𝜐
𝑑

𝑅
𝑝

,

𝜉 =
𝑞

𝑁
𝑠
𝜆𝑘
𝐵

𝑇
,

(3)

where 𝐼
𝑂
is the reverse saturation current and the parameters

𝑞, 𝑁
𝑠
, 𝑘
𝐵
, 𝑇, and 𝜆 are the electron charge (𝑞 = 1.6 ×

10
−19 C), the number of series connected cells, Boltzmann’s

constant, themodule temperature, and the ideal𝑝−𝑛 junction
characteristic factor (𝜆 = 1.3, formonocrystalline solar cells),
respectively.

2.1. Simulation Results. A Matlab/Simulink simulation envi-
ronment is used for the analysis of the characteristics of
a ZDNY-100C36 series PV module, and simulations have
been performed to evaluate parametric simulations to ana-
lyze the MPPT for different irradiance conditions. Table 1
shows the typical electrical characteristics of the ZDNY-
100C36 module whose specifications are obtained under
the standard test condition (STC) considering 1000W/m2

of irradiance, solar spectrum of air mass (AM) 1.5, and
module temperature at 25∘C. In the parametric simulations
different values of irradiation assuming a variation range
between 200 and 1000W/m2 are considered. In one hand,
Figure 3(a) shows the evolution of the current for different
irradiation values, which in the case of the ZDNY-100C36
PV panel is equivalent to the optimum operating current
(𝐼
𝑚
) that particularizing for the operating point equivalent

to the STC can be quantified in 5.71 A. On the other hand,
Figure 3(b) shows the power evolution of the ZDNY-100C36
PV module assuming the same irradiance variation range. It
can be seen that, considering the STC, the maximum power
of the photovoltaic module is quantified at 100W. From this
parametric simulations analysis it can be seen that a variation
of ±10% of the optimal operating point, caused due to a poor
orientation of the PV module, may result in a deviation of
±23.30% of the optimum power. In order to overcome these
drawbacks the use of a novel design of a biaxial solar tracking
system using ICTs is suggested.

3. Biaxial Solar Tracking System Descriptions

The proposed design has been modeled previously using
mechanical design software, SolidWorks. The overall struc-
tural design of the biaxial solar tracking system is shown
in Figure 4(a). The weight of the structure is approximately
800 kg and it has overall dimension of 7000mm× 5400mm ×

1250mm. A side view and its dimension detail can be shown
in Figure 4(b). The structure supports 24 PV modules of
the ZDNY-100C36 series. The main advantage of proposed
topology is its lower resistance to the wind force compared
with the conventional solution. It allows using lighter-weight
dimensioning parts, which results in the benefit of themotors
to be used in this application, especially when taking into
account the power required tomove the structure. To vary the
elevation angle a linear actuator of the series SM4S900M3C3
is used, which is manufactured with stainless steel tubes
and spindle and high carbon steel to be able to withstand a
dynamic load of 8000N. The supply linear motor voltage is
24V DC and it allows a maximum current of 5A.The motor
shaft is coupled to a high resolution rotary encoder E6J-
CWZ series, with a resolution of 600 pulses per revolution
(ppr) used in this application to measure the displacement
of the linear actuator that is related to the displacement of
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Figure 4: Mechanical design based on the SolidWorks computational tool.

the structure in elevation angle. Then, to change the azimuth
angle a 12V DC motor is used and it coupled to a speed
reduction system with a reduction ratio of 1 : 70000. The
motor shaft is coupled to a high resolution incremental
encoder (E6B2-CWZ6C series with a resolution of 400 ppr)
to measure the position of the structure in azimuthal axis.
In both cases, the position of the structure is determined in
real-time and it is transmitted wirelessly using the 802.15.4
protocol to the main computer that is used for controlling
and monitoring the PV plant. The reference for the control
system (in azimuth and elevation angle) is provided by the
P03/3-Modbus GPS weather station by using a proprietary
algorithm. This device measures temperature, wind speed,
and brightness (eastern, southern, and western sunlight).
Moreover, it recognizes precipitation and it receives the
Universal Time Coordinated (UTC) signals as well as the site
coordinates via an integrated GPS receiver. The direction of
the sun (azimuth) as well as its height (elevation) is calculated
with the above details and then it is transmitted to the main
computer wirelessly by a pair of series 2 XBee. Moreover,
the references input to the control algorithm (azimuth and
elevation angle) are transmitted using a pair of series 1 XBee

Pro.The initial and final positions of the biaxial solar tracking
system are electronically detected by limit switches sensors. A
detailed block diagram of the proposed biaxial solar tracking
applied to the photovoltaic system is provided in Figure 1.

3.1. Elevation Mechanism. The different components used in
the implementation of the biaxial solar tracking system for
PV applications have been manufactured by using materials
that comply with international standards of wind loads
according to ISO 4354 specification. The overall system has
been assembled according to the proposed design shown in
Figure 4. On the other hand, Figure 5(a) showed the design
of the elevation motionmechanism where the linear actuator
coupled to an arm used to articulate the movement can be
seen. Moreover, Figure 5(b) shows a picture of the elevation
mechanism implemented.

3.1.1. Linear Motor Model. Assuming the generic transfer
function (TF) of the DC motor as the relationship between
themechanical speed (𝜔)measured in revolutions perminute
(rpm) and the voltage applied to the motor (𝑉

𝑠𝑒
) and con-

sidering the electrical and mechanical parameters, the motor
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(a) Elevation mechanism design with SolidWorks computa-
tional tool

(b) Elevation mechanism implemented to articulate the move-
ment

Figure 5: Mechanism of elevation motion and linear actuator.

model can be approximated by a second-order equation as
follows:

𝜔 (𝑠)

𝑉
𝑠𝑒

(𝑠)
=

𝐾
𝐸𝑒

𝐿
𝑎𝑒

𝐽
𝑀𝑒

𝑠2+(𝑅
𝑎𝑒

𝐽
𝑀𝑒

+ 𝐷
𝑀𝑒

𝐿
𝑎𝑒

) 𝑠+(𝐾
2

𝐸𝑒

+ 𝑅
𝑎𝑒

𝐷
𝑀𝑒

)
,

(4)

where 𝑅
𝑎𝑒
, 𝐿
𝑎𝑒
, 𝐾
𝐸𝑒
, 𝐽
𝑀𝑒

, and 𝐷
𝑀𝑒

are the armature electric
resistance and the inductance, the back electromagnetic
force constant, the moment of inertia, and the viscous
friction coefficient, respectively. Table 2 shows the values of
the parameters measured experimentally for the particular
case of the linear actuator SM4S900M3C3. Considering a
sampling frequency of 1.5Hz and assuming that the TF is
preceded by a zero-order hold (ZOH), the TF in discrete time
can be written using the state-space representation approach
as follows:

x
𝑒(𝑘+1|𝑘)

= A
𝑒
x
𝑒(𝑘|𝑘)

+ B
𝑒
u
𝑒(𝑘|𝑘)

,

y
𝑒(𝑘|𝑘)

= C
𝑒
x
𝑒(𝑘|𝑘)

,

(5)

where u
𝑒
is the input voltage, x

𝑒
= [V

𝑠𝑒
, 𝜔]
𝑇 is the state

vector, and A
𝑒
and B

𝑒
are matrices that define the dynamics

of the linear motor that for this set of state variables using the
canonical form of control representation are defined as

A
𝑒

= [

1.952314938166575 −0.952378714704760

1 0
] ,

B
𝑒

= [1 0]
𝑇

,

C
𝑒

= [0.009456745359447 0.009304185583616] .

(6)

Figure 6 shows the experimental validation of the math-
ematical model implemented using the Matlab/Simulink
computational tool for 7 operation points in open loop. It
can be seen in the figure that the step response obtained
by simulations converges to the experimental values when
different voltage excitation levels (from 12 to 24 volts, in step
of 2V) are applied to the motor.

Table 2: Linear motor SM4S900M3C3 series parameters.

Parameters Electrical and mechanical parameters
Symbol Value Unit

Armature electric resistance 𝑅
𝑎𝑒

1.425 Ω

Armature electric inductance 𝐿
𝑎𝑒

0.0015 H
Back EMF constant 𝐾

𝐸𝑒

0.031 V⋅s/rad
Torque constant 𝐾

𝑇𝑒

0.031 V⋅s/rad
Current source 𝑖

𝐹𝑒

0.27 A
Moment of inertia 𝐽

𝑀𝑒

27 × 10
−6 kg⋅m2

Viscous coefficient 𝐷
𝑀𝑒

3.18 × 10
−6 Nm⋅s/rad

3.2. Azimuth Mechanism. Azimuth mechanism is based on
a speed reduction system coupled to a DC motor, as shown
in Figure 7(a). In order to reduce the speed of azimuth, the
mechanism uses a combined system of two levels crown-
pinion using a chain drive coupled turn to the worm gear
reducer box. The structure rotates in azimuthal direction
using a ball bearing steel system to reduce the friction effects.
This procedure allows the use of low power DC motors to
move the PV system. The azimuth mechanism implemented
is shown in Figure 7(b). The structure was manufactured
from pieces formed by steel tubes and profiles using arc
welding. The unions of the removable parts were performed
using stainless steel screws. Each of the brackets, having
8 PV modules of 100W nominal power, has been arranged
as shown in the photograph in Figure 1. The overall system
designed provides a maximum power of 2.4 kW.

3.2.1. Azimuthal Motor Model. In the same way as for
the previous case electrical and mechanical parameters of
azimuth motor have been measured experimentally in order
to represent the mathematical model in the state-space.
Table 3 shows the values of the parameters measured. In
discrete time the mathematical model of the azimuth motor
can be written as follows:

x
𝑎(𝑘+1|𝑘)

= A
𝑎
x
𝑎(𝑘|𝑘)

+ B
𝑎
u
𝑎(𝑘|𝑘)

,

y
𝑎(𝑘|𝑘)

= C
𝑎
x
𝑎(𝑘|𝑘)

,
(7)
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Figure 6: Step response of the linear motor speed.

(a) Azimuth mechanism design with SolidWorks computa-
tional tool

(b) Azimuth mechanism implemented to articulate the movement

Figure 7: Mechanism of azimuth motion and speed reduction system.

Table 3: Azimuth motor parameters.

Parameters Electrical and mechanical parameters
Symbol Value Unit

Armature electric resistance 𝑅
𝑎𝑎

1.6 Ω

Armature electric inductance 𝐿
𝑎𝑎

0.002 H
Back EMF constant 𝐾

𝐸𝑎

0.0245 V⋅s/rad
Torque constant 𝐾

𝑇𝑎

0.0245 V⋅s/rad
Current source 𝑖

𝐹𝑎

0.754 A
Moment of inertia 𝐽

𝑀𝑎

16 × 10
−6 kg⋅m2

Viscous coefficient 𝐷
𝑀𝑎

16 × 10
−6 Nm⋅s/rad

where u
𝑎
is the input voltage, x

𝑎
= [V

𝑠𝑎
, 𝜔
𝑎
]
𝑇 is the state

vector, and A
𝑎
and B

𝑎
are matrices that define the dynamics

of the azimuthalmotor that for this set of state variables using
are defined as

A
𝑎

= [

1.959704907964181 −0.959755299777461

1 0
] ,

B
𝑎

= [1 0]
𝑇

,

C
𝑎

= 1 × 10
−4

[0.758665307052543 0.748348332271132] .

(8)

Figure 8 shows the experimental validation of the math-
ematical model implemented using the Matlab/Simulink
computational tool for 4 operation points in open loop. It
can be seen in the figure that the step response obtained by
simulations converges to the experimental values when it is
applied to the motor different voltage excitation levels, from
8 to 14 volts in step of 2V, respectively.
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Figure 8: Step response of the azimuth motor speed.
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Figure 9: Advanced-PID position controller.

4. Control Strategy

In order to control the position of the structure, an advanced-
proportional integral derivative (Advanced-PID) control
algorithm has been implemented. The main advantage of
the Advanced-PID control approach is its low computational
burden to carry out the control. The performance of the
Advanced-PID can be also modified by varying the three
control variables. In the proposed scheme the Advanced-PID
controller computes an error value as the difference between
a measured variable (the structure position obtained by the
encoder sensors) and a desired setpoint (the sun position
obtained from theGPS by theweather station).The controller
attempts to minimize the error by adjusting the process
control inputs using the scheme shown in the block diagram
of Figure 9.

The discrete implementation can be obtained from the
block diagram using approximations for first order to deriva-
tives by backward finite differences [16].Thus the integral and
derivative terms can be discretized with a sampling time Δ𝑡;
as a result the control equations can be written as follows:

Δ𝑀𝑉
𝑘

= 𝐾
𝑃

((𝑒
𝑘

− 𝑒
𝑘−1

) +
Δ𝑡

𝑇
𝐼

𝑒
𝑘

+
𝑇
𝐷

Δ𝑡
(𝑒
𝑘

− 2𝑒
𝑘−1

+ 𝑒
𝑘−2

)) ,

(9)

𝑀𝑉
𝑘

= 𝑀𝑉
𝑘−1

+ Δ𝑀𝑉
𝑘
, (10)

where 𝐾
𝑃
, 𝑇
𝐼
, 𝑇
𝐷
, and 𝑒

𝑘
represent the proportional gain,

integral and derivative time, and the error, respectively. In
order to minimize the effects of the noise on the proposed
control strategy, the term (𝑒

𝑘
− 𝑒
𝑘−1

) in (9) is replaced by
(PV
𝑘−1

−PV
𝑘
). Algorithm 1 shows the pseudocodeAdvanced-

PID control algorithm, where the control effort is applied to
the azimuth and elevationmechanisms at each sampling time
in terms of duty cycle.

An interval control mode for small displacements has
been applied to the simultaneous (elevation and azimuth)
motors in order to evaluate the efficiency of the Advanced-
PID control algorithm. The result of the interval control is
shown in Figure 10. Advanced-PID position control was per-
formed under a PWM frequency of 19.5 kHz and the values of
proportional gain and integral and derivative time (𝐾

𝑃
= 20,

𝑇
𝐼

= 0.6, and 𝑇
𝐷

= 0.3) have been calculated initially using
the Ziegler-Nichols method and have been subsequently
adjusted by heuristic rules to obtain an acceptable dynamic
response. Figure 10(a) shows the multistep response of the
linear motor for small displacements. This figure shows that
the proposed Advanced-PID position control implemented
has a good dynamic response considering parameters in the
time-domain tests as rise time (around 3 s), settling time
(around 5 s), and overshoot and steady-state error (near zero).
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Input: 𝑆𝑉
𝑘

:= 𝑅𝑒𝑎𝑑𝐺𝑃𝑆(); //Set position references form the GPS

𝑀𝑉
𝑘−1

:= 0, 𝑃𝑉
𝑘−2

:= 0, 𝑃𝑉
𝑘−1

:= 0; //Set initial values

while 𝑡 = Δ𝑡 do
𝑃𝑉
𝑘

:= 𝑅𝑒𝑎𝑑𝐸𝑛𝑐𝑜𝑑𝑒𝑟(); //Read encoder values

𝑒
𝑘

:= 𝑆𝑉
𝑘

− 𝑃𝑉
𝑘

; //The position error is calculated

𝐷
𝑘

:= −𝐾
𝑃

⋅ (𝑇
𝐷

/Δ𝑡) ⋅ (𝑃𝑉
𝑘

− 2 ⋅ 𝑃𝑉
𝑘−1

+ 𝑃𝑉
𝑘−2

); //The derivative term is calculated

Δ𝑀𝑉
𝑘

:= −𝐾
𝑃

⋅ (𝑃𝑉
𝑘

− 𝑃𝑉
𝑘−1

) + 𝐾
𝑃

⋅ (Δ𝑡/𝑇
𝐼

) ⋅ 𝑒
𝑘

+ 𝐷
𝑘

; //Total control term is calculated

𝑀𝑉
𝑘

:= 𝑀𝑉
𝑘−1

+ Δ𝑀𝑉
𝑘

;
𝑀𝑉
𝑘−1

:= 𝑀𝑉
𝑘

, 𝑃𝑉
𝑘−2

:= 𝑃𝑉
𝑘−1

, 𝑃𝑉
𝑘−1

:= 𝑃𝑉
𝑘

, 𝑡 := 0; //Variables are stored

𝐴𝑝𝑝𝑙𝑖𝑒𝑑𝑃𝑊𝑀(𝑀𝑉); //Control effort is applied

end

Algorithm 1: Advanced-PID position controller.
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Figure 10: Position step response of the linear and azimuth motors for small displacements.

Moreover, Figure 10(b) shows the multistep angle response
of the azimuth motor, where it can be seen that the dynamic
response converges to the reference values with steady-state
error (near zero).

Figure 11 shows the experimental results for medium
displacements and for different values of proportional gain
and integral and derivative time (𝐾

𝑃
= 20, 𝑇

𝐼
= 1.0, and𝑇

𝐷
=

0.6). As can be seen in Figure 11(a) (for the case of the lineal
motor) and Figure 11(b) (for the case of the azimuth motor)
the multistep response converges to the reference values with
steady-state error (near zero), even if it is consideredmedium
displacements.

5. Experimental Results

Theproposed control strategywas tested in the 2.4 kWbiaxial
tracking system, taking a variable elevation and azimuth sun’s
angle as the reference, provided by the P03/3-Modbus GPS
weather station as shown in Figure 12(a). The linear and
azimuth motors were fed through an H-Bridge driver used
to generate two independent 19.5 kHz PWM signals based
on the locked antiphase (LA) technique. The Advanced-PID
position control was performed under a sampling frequency
of 1.5Hz using the following values of gains for the PID
algorithm: 𝐾

𝑃
= 20, 𝑇

𝐼
= 0.6, and 𝑇

𝐷
= 0.3, which

have been tuned by heuristic rules to obtain an acceptable
dynamic response. Figure 12(b) shows a comparative analysis
of the efficiency between the proposed biaxial tracking system
taking as reference the fixed system, under the same electrical
connection scheme and load conditions. The total power
generated was quantified in 5-minute intervals under no-
ideal weather conditions (slightly cloudy) for both topologies
(biaxial and fixed system). The fixed system was positioned
with an elevation angle of 25.2972 degrees (which is the same
as the site’s latitude where the biaxial solar tracking system
was implemented) and the azimuth was zero degrees to get it
oriented in north-south direction. As shown in Figure 12(b),
the biaxial solar tracking system yielded higher power and
lower degradation of the power than the fixed system within
1 h of testing.The results show that the proposed biaxial solar
tracking system introduces an average improvement of 37%
compared with the results obtained from a fixed solar system.

6. Conclusion

The field of renewable energies has experienced a substantial
growth in the last decades in which the photovoltaic appli-
cation has been one of the most active research areas due to
the costs reduction and increment of efficiency. Research has
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Figure 12: Experimental results measured on November 27, 2014.

been recently conducted worldwide and numerous interest-
ing developments have been reported in the literature from
several complementary aspects to maximize the efficiency
and extract the maximum power from the PV systems. In
this paper a novel design of a biaxial solar tracking system
has been proposed using ICTs to improve the efficiency of
the photovoltaic system implementing the Advanced-PID
control of the structure in order to achieve the optimal
position of the PV modules perpendicular to the sun rays in
real-time. Finally, experimental results have been measured
in order to evaluate the proposed system and control perfor-
mancewith respect to the fixed solar system.The comparative
analysis of efficiency shows that the performance in terms
of generated power from the biaxial solar tracking system
can be quantified (in average) in the order of 37%, showing
a tendency to increase when a drastic azimuth sun change
occurs.
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This paper presents a dynamic reconfiguration method for electrical connections in a Series-Parallel connected photovoltaic array
under partial shading conditions. It is desirable to extract the maximum energy from the array, but it does not occur in situations
where the modules have different points of operation caused by shading. The proposed method is then characterized by the
maintenance of the PV array dimensions, that is; no module is removed or added to the array. Furthermore, the control algorithm
is based on the Rough Sets Theory, which allows the fast and efficient implementation of a control system, comprising rules that
identify the system optimal configuration.

1. Introduction

The use of photovoltaic (PV) systems has increased signifi-
cantly in recent years as a viable alternative to conventional
methods of generating electricity. The reduction of transmis-
sion and distribution losses and the possibility of injecting
energy into the utility power grid are also attractive factors
for their utilization.

The efficiency of PV systems is deeply influenced by
weather conditions. In many situations, the PV panel can be
illuminated in a nonuniform way due to shading caused by
clouds, trees, neighbor buildings, and even shadows caused
by the modules in the array.

Shading is a common phenomenon that causes severe
degradation to the extraction of energy in PV systems [1].
In a partially shaded array, the output power may be less
than the sum of the individual output powers of all modules.
The shading of a single module is able to decrease the
resulting current and consequently, the overall output power
is reduced.

There are several proposals to reduce the degradation of
energy in partially shaded systems [2–7]. A common solution
is to connect bypass diodes. This connection prevents the
existence of rows with low output voltages, which behave as a
load to all other parallel connected rows [2].

A different approach lies in systems with microinverters,
where eachmodule of the PVarray is connected to an inverter
with a dedicated MPPT (maximum power point tracking)
system [3]. Although this approach offers very good results,
since each PVmodule works at the optimumoperating point,
its high cost is a drawback.

Recent studies suggest the reconfiguration of the PV array
electrical connections. In the reconfiguration system, the PV
modules are rearranged dynamically, in order to maximize
the output power [4–7].

The reconfiguration method depends on the type of
connection between the modules. One of the most com-
mon topologies is the Series-Parallel (SP) connection. The
PV modules in this case are connected in series and the
resulting rows are connected in parallel. In an SP matrix,
the reconfiguration process is based on the shaded modules
combination, where modules with similar irradiance levels
must be connected in series and the resulting rows are
connected in parallel.

Patnaik et al. [4] propose a reconfiguration method in
which the modules of the SP array are characterized by
two levels: fully illuminated and fully dark. The fully dark
modules are removed from the combination, while the fully
illuminated modules are rearranged.
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A similar work [5] classifies the PV array modules into
three different levels: dark, gray, and bright.Thedarkmodules
are removed from the array and the algorithm defines the
position of gray and bright modules.

The removal of shaded modules [4, 5] may produce
asymmetric arrangements. In these situations, the PV array
columns have different voltage levels. To solve this problem,
static converters can be connected to the disabled rows, thus
modifying its voltage levels [6, 7].

The aforementioned reconfiguration systems [4–7] have a
common feature: the removal of the worst case modules from
the array. Once again, the use of static power converters is a
possible solution [6, 7], but with high cost and complexity of
control algorithms.

This paper presents an alternative method for dynamic
reconfiguration of the connections in a shaded PV array.
The proposed method is characterized by the maintenance of
the PV array size; that is, no module is removed or added.
Another prominent advantage addressed to the proposal is
the use of Rough Sets Theory (RST), which can lead to a fast
and efficient algorithm of reconfiguration.

2. Reconfiguration Method of PV Modules

2.1. Shading Effect on PV System Efficiency. The performance
of PV systems is influenced by irradiance and temperature.
Therefore, environmental conditions are crucial for power
generation.

A common effect in PV systems is the shading, which can
be partial or full, consequently reducing the output power of
the PV system. The reduction depends on other factors such
as the type of arrangement, shade position, and intensity of
shading.

The work in [8] shows, through simulation and exper-
imental tests, that PV arrays with SP interconnection have
the best results when shaded modules are grouped. Thus, a
significant amount of energy can be recovered, which is not
typically extracted when the shaded modules are distributed
in the PV array.

2.2. Reconfiguration Method. The reconfiguration method
proposed in this paper aims to rearrange the PV array,
clustering the shaded modules in the least number of PV
array columns.

The rearrangement of shaded modules seems to be a
simple and intuitive process. However, depending on the
number of modules in the array, this can be a complex task.

In an array with 𝑛 modules, shading may occur in
0, 1, 2, . . ., or 𝑛 shaded modules simultaneously. Equation (1)
defines the number of different shading possibilities, 𝑆

𝑃
:

𝑆
𝑃
= 2
𝑛

. (1)

It is possible to change the position of the modules in an
SP array with different ways and 𝑃 possible configurations,
according to simple permutation:

𝑃 = 𝑛!, (2)

where 𝑛 is the number of array modules.

In a permutation, the order of the elements is relevant;
for example, sequence ABC is different from sequence CBA.
However, from the electrical point of view, the order, in which
the PVmodules are connected in a series row, does not affect
the overall result.

From 𝑃 possible configurations calculated with (2), only
a few ones can produce different results in the system output
power. The number of interest settings, 𝐼

𝑇
, can be obtained

by the combination described in (3). This is related to the
symmetry of the PV array (number of rows and columns) [9]:

𝐼
𝑇
=

(𝑁 ⋅ 𝑀)!

(𝑁!)
𝑀

⋅ 𝑀!
, (3)

where 𝑁 is the number of rows and 𝑀 is the number of
columns of the PV array.

Among all configurations of interest, one is the most
suitable for a given shading profile. This is defined by the
amount and position of shaded modules.

The identification of the PVmodule condition is obtained
from parameter 𝑆, which classifies the module as shaded or
unshaded according to (4). This classification can be made
through current and voltage measurements:

𝑆 = 1 → shaded,

𝑆 = 0 → unshaded.
(4)

The number of shaded modules is directly related to
the possibility of reconfiguration. In an 𝑁 by 𝑀 PV array,
reconfiguration is feasible in situations where the number of
shaded modules, 𝑆

𝑀
, is contained in the set defined by

𝑆
𝑀

= {𝑥 | 𝑥 ∈ N, (∃𝑦) (∃𝑧) (

𝑦 ∈ {𝑀} , 𝑧 ∈ {𝑁} ,

2 ≤ 𝑥 ≤ (𝑧 ⋅ 𝑦 − 𝑧)
)} . (5)

Equation (5) defines the set of natural numbers between 2
and the limit (𝑧 ⋅𝑦−𝑧), where 𝑧 and 𝑦 are numbers contained
in the unit sets defined by𝑁 and𝑀, respectively.

It is important to notice that there are shapes of shade
where nothing can be done. In other words, the rearrange-
ment does not cause the output power to be modified.
However, in situations where reconfiguration is suitable,
at least one configuration may improve the output power.
Thereby, the control system is responsible for identifying the
best configuration.

3. Rough Sets Theory (RST)

The RST is an extension of the set theory, which focuses on
the extraction of intrinsic knowledge from a dataset and the
creation of rules that summarize the knowledge in this set. It
was originally developed by Pawlak at the beginning of the
1980s [10]. However, RST has become quite popular only in
the 1990s due to the increasing of processing capacity and the
widespread use of personal computers.

In order to handle the information, data must be orga-
nized in a table called information system (IS). IS is a syntactic
representation of knowledge of the objects set, represented by
the ordered pair 𝑅 = (𝑈,𝐴). 𝑈 is a nonempty finite set of
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objects, named Universe, and 𝐴 is a nonempty finite set of
conditional attributes or conditions, such that 𝑈 → 𝑉𝑎 for
𝑎 ∈ 𝐴. Set 𝑉𝑎 is defined as the set with 𝑎 values [11].

RST is based on the indiscernibility, which is an
equivalence relationship between objects, given a subset of
attributes, which allows the partition of universe set 𝑈. The
general definition is as follows.

Given the information system 𝑅 = (𝑈,𝐴), then, for any
subset of attributes 𝐵 ⊆ 𝐴, there is an equivalence relation
IND(𝐵), defined by

IND (𝐵) = {(𝑥, 𝑥


) ∈ 𝑈 | ∀𝑎 ∈ 𝑉, 𝑎 (𝑥) = 𝑎 (𝑥


)} . (6)

IND(𝐵) is the 𝐵-indiscernibility relationship. If (𝑥, 𝑥) ∈

IND(𝐵), then the objects 𝑥 and 𝑥
 are indiscernible or equal,

considering the attributes subset.
The equivalence class of the relation determined by 𝑥

objects, according to IND(𝐵), is denoted by [𝑥]𝐵.
Based on indiscernibility, it is possible to reduce the extra

attributes, obtaining data reduction. A reduction is a subset
𝐵 ⊆ 𝐴, where the equivalence classes are preserved by the set
of all attributes IND(𝐴).Thus, for a subset of attributes𝐵 ⊆ 𝐴,
it seems that IND(𝐵) = IND(𝐴), as 𝐵 is the reduction of𝐴 or
RED(𝐵).

The reduction can be a difficult task depending on the
amount of data. It is suitable, therefore, to submit such
tables to reduction and simplification procedures. In the
simplification process, the unnecessary attributes, duplicated
lines, and superfluous values are eliminated. This creates
simpler rules that represent the knowledge base of the system,
in the same way as the original data.

The manual development of a knowledge base using
rough sets is an exhaustive task. Considering this issue,
computer programs were developed specifically for this type
of application. ROSETTA [12] is one of the most popular
approaches, where it is possible to upload a table with system
information and choose themethod for the creation of classes
and reducts. At the end of the process, the system rules are
created.

Due to the aforementioned characteristics, RST has been
chosen for the implementation of the automatic reconfigura-
tion system.

4. Reconfiguration System Project

In order to illustrate the methodology and operation of the
proposed reconfiguration system, three photovoltaic arrays
are taken as examples.

4.1. 2 × 2 Matrix. A 2 × 2matrix (Figure 1) is the smallest SP
arrangement in which the reconfiguration technique can be
applied.There are a reduced number of shapes of shadewhere
the reconfiguration produces energy improvement. However,
this system can be used to evaluate the characteristics and
effectiveness of the proposed approach.

According to expression (2) it is possible to obtain 24
combinations for a 2 × 2 photovoltaic matrix. Nevertheless,
most arrangements are electrically equivalents; that is, they
provide the same result.

A C

B D

Figure 1: CF.01—the 2 × 2 SP matrix reference configuration.

A

A A A

C C C

CB

B B B

D D D

D

Figure 2: Equivalent connections in a 2 × 2matrix.

The arrangements shown in Figure 2 provide the same
electrical result. In the four matrices presented, modules A
and B are in series, C and D are also in series, and the two
sets are connected in parallel.

According to (3), there are three settings of interest.
Among the 24 arrangements of a 2×2matrix, 3 configurations
do not have equivalencies.Those configurations can be found
through combinational analysis and are shown in Figure 3.

According to (1), the number of different possible shad-
ings, in a four modules array, is given by 24 = 16.

Among 16 possible shadings, there are situations where,
according to the shapes of shade, the module reconfiguration
is relevant. For the 2 × 2 array, the unitary set, obtained
with (5), is 𝑀

𝑆
= [2]. It means that reconfiguration is

performed only in situations where the number of shaded
modules is equal to two. If reconfiguration is not suitable,
the array will remain in the configuration CF.01, the reference
configuration (Figure 1).

The data for the system with four modules are shown in
Table 1. The 16 combinations of shading that can occur in a
2×2matrix are represented by the set universe U. A, B, C, and
D represent the conditions attribute (shaded or unshaded)
andCF is the decision attribute, which indicates the optimum
configuration.

The decision attribute CF is obtained from a routine that
relates the condition attributes to the reconfiguration criteria
defined in Section 2.

Each line of Table 1 represents one of the shading situa-
tions that can occur on a 2 × 2 matrix and which is the most
suitable configuration for that condition.

By using the RST it is possible to obtain the essence of the
information and to identify the standard in the data.The data
in Table 1 can be reduced with ROSETTA software, which
generates eight rules.

(1) A(0) AND B(0) → CF(01)

(2) A(1) AND B(1) → CF(01)
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Figure 3: Settings of interest in a 2 × 2matrix.

Table 1: Information System of a 2 × 2matrix.

U A B C D CF
1 0 0 0 0 CF.01
2 0 0 0 1 CF.01
3 0 0 1 0 CF.01
4 0 0 1 1 CF.01
5 0 1 0 0 CF.01
6 0 1 0 1 CF.02
7 0 1 1 0 CF.03
8 1 1 1 1 CF.01
9 1 0 0 0 CF.01
10 1 0 0 1 CF.03
11 1 0 1 0 CF.02
12 1 0 1 1 CF.01
13 1 1 0 0 CF.01
14 1 1 0 1 CF.01
15 1 1 1 0 CF.01
16 1 1 1 1 CF.01

(3) C(0) AND D(0) → CF(01)

(4) C(1) AND D(1) → CF(01)

(5) A(1) AND B(0) AND C(1) AND D(0) → CF(02)

(6) A(0) AND B(1) AND C(0) AND D(1) → CF(02)

(7) A(1) AND B(0) AND C(0) AND D(1) → CF(03)

(8) A(0) AND B(1) AND C(1) AND D(0) → CF(03)

The obtained rules express the logic relationship among
the condition attributes (A, B, C, and D) and the decision
attribute (CF). After combining the eight rules, one can get
the three rules listed next. Each rule is related to one of the
configurations presented in Figure 3.

(1) (A = B) OR (C = D) → CF.01

(2) (A = C) AND (B = D) AND (A ̸= B) → CF.02

(3) (A = D) AND (B = C) AND (A ̸= B) → CF.03

With these three rules, it is possible to create an algorithm
that defines the best configuration for the photovoltaic array
under partial shading conditions. Just one of the rules is
enabled at a time and the corresponding configuration must
be activated so that the system can have the best energy
configuration.

Table 2: Part of the Information System of a 3 × 2matrix.

U A B C D E F Q CF
1 0 0 0 0 0 0 0 CF.01
2 0 0 0 0 0 1 1 CF.01
3 0 0 0 0 1 0 1 CF.01
4 0 0 0 0 1 1 2 CF.01 or CF.02 or CF.05 or CF.10
5 0 0 0 1 0 0 0 CF.01
6 0 0 0 1 0 1 2 CF.01 or CF.03 or CF.06 or CF.09
7 0 0 0 1 1 0 2 CF.01 or CF.04 or CF.07 or CF.08
8 0 0 0 1 1 1 3 CF.01
9 0 0 1 0 0 0 1 CF.1
10 0 0 1 0 0 1 2 CF.02 or CF.03 or CF.07 or CF.11
11 0 0 1 0 1 0 2 CF.02 or CF.04 or CF.06 or CF.09
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

61 1 1 1 1 0 0 4 CF.01
62 1 1 1 1 0 1 5 CF.01
63 1 1 1 1 1 0 5 CF.01
64 1 1 1 1 1 1 6 CF.01

4.2. 3 × 2 Matrix. A vertical expansion of the 2 × 2 matrix
presented in Section 4.1 leads to a 3 × 2 matrix, that is, three
rows and two columns.

The conception of IS is analogous. However, as the num-
ber of array modules increases, there are some redundancies
on the information system. There are cases in which the
clustering only occurs in one of the settings of interest,
although, in some situations, there is more than one possible
setting.

From (2) and (5), it can be seen that matrix has 64
different possibilities of shading for a six-PV module, which
can reach from 0 to 6 modules simultaneously. Among these
possibilities, in situations where two or three modules are
shaded, array reconfigurationmay become feasible and could
improve energy extraction. In the opposite case, the system
keeps on the reference configuration (CF.01).

According to (3) there are 10 settings of interest, which are
presented in Figure 4.

Part of the information system for the 3×2 array is shown
in Table 2. In addition to the attributes A, B, C, D, E, and
F, the condition attribute Q (number of shaded modules) is
introduced in the IS to simplify the reducts creation.

From Table 2, it can be seen that E and F modules
are shaded and the other array modules are illuminated in
situation 4, for example. According to the reconfiguration
method given in Section 2, modules E and F remain grouped
in the same series row for the optimal configuration. This
situation occurs in the settings of interest 1, 2, 5, and 10 as
seen in Figure 4.

According to RST, shapes of shade that have more than
one configuration of interest, for example, situation 4, are
considered as inconsistent. In this case, for the same set of
condition attributes, there are different decision attributes.
However, in an electric circuit, these situations are redundant,
since any setting provides the same result.
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Figure 4: Settings of interest for a 3 × 2matrix.

The concept and effectiveness of the knowledge reduction
process become evident in the 3 × 2 system. From the IS
presented in Table 2, it is possible to extract 25 rules that
represent the essence of the knowledge base.

Part of 25 rules is written in a simplified form and listed
as follows.

(1) ((Q = 0 OR Q = 1 OR Q = 4 OR Q = 5 OR Q = 6) OR
(D = 1 AND E = 1 AND F = 1) OR (A = 1 AND B = 1
AND C = 1)) → CF.01

(2) ((Q = 3) AND ((A = 0 AND B = 0 ANDD= 0) OR (A
= 1 AND B = 1 AND D = 1))) → CF.02

(3) ((Q = 3) AND ((A = 0 AND B = 0 AND E = 0) OR (A
= 1 AND B = 1 AND E = 1))) → CF.03

(4) ((Q = 3) AND ((A = 0 AND B = 0 AND F = 0) OR (A
= 1 AND B = 1 AND F = 1))) → CF.04

(5) ((Q = 3) AND ((A = 0 AND C = 0 AND D = 0) OR
(A = 1 AND C = 1 AND D = 1))) → CF.05

(6) ((Q = 3) AND ((A = 0 ANDC = 0 AND E = 0) OR (A
= 1 AND C = 1 AND E = 1))) → CF.06

(7) ((Q = 3) AND ((A = 0 ANDC = 0 AND F = 0) OR (A
= 1 AND C = 1 AND F = 1))) → CF.07

(8) ((Q = 3) AND ((A = 0 ANDD = 0 AND E = 0) OR (A
= 1 AND D = 1 AND E = 1))) → CF.08

(9) ((Q = 3) AND ((A = 0 ANDD = 0 AND F = 0) OR (A
= 1 AND D = 1 AND F = 1))) → CF.09

(10) ((Q = 3) AND ((A = 0 AND E = 0 AND F = 0) OR (A
= 1 AND E = 1 AND F = 1))) → CF.10

(11) (E = 1 AND F = 1 AND Q = 2) → (CF.01 OR CF.02
OR CF.05 OR CF.10)

.

.

.

(23) (A = 1 AND B = 1 AND Q = 2) → (CF.01 OR CF.02
OR CF.03 OR CF.04)

(24) (B = 1 AND F = 1 AND Q = 2) → (CF.04 OR CF.05
OR CF.06 OR CF.08)

(25) (A = 1 AND F = 1 AND Q = 2) → (CF.04 OR CF.07
OR CF.09 OR CF.10)

For each one of the 64 different shading possibilities,
only one rule is satisfied, which indicates the most suitable
configuration of interest.

In cases where there are redundancies (rules 11 to 25),
the choice of the best configuration is performed in a second
stage of the algorithm, where the previous configuration is
evaluated.

The previous information setting is used to achieve the
least number of changes in the layout of modules under
shading conditions. The definition of optimal configuration
in redundant conditions is made based on two criteria:

(1) if the previous configuration is one of the optimal
configurations: the previous setting is maintained;

(2) if the previous configuration is not one of the optimal
configurations, it is necessary to choose the setting
where the least number of modules is displaced.

4.3. 2 × 3 Matrix. The horizontal expansion of the 2 × 2

matrix, presented in Section 4.1, leads to a 2 × 3 matrix (two
rows and three columns).

The procedure for the IS creation and determination of
rules is similar to the 3 × 2 matrix, presented in Section 4.2.
In the 2 × 3 system, there are 15 settings of interest as shown
in Figure 5.
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Figure 5: Settings of interest for a 2 × 3matrix.

Table 3: Part of the Information System of a 2 × 3matrix.

U A B C D E F Q CF
1 0 0 0 0 0 0 0 CF.01
2 0 0 0 0 0 1 1 CF.01
3 0 0 0 0 1 0 1 CF.01
4 0 0 0 0 1 1 2 CF.01 or CF.04 or CF.07
5 0 0 0 1 0 0 1 CF.01
6 0 0 0 1 0 1 2 CF.02 or CF.05 or CF.12
7 0 0 0 1 1 0 2 CF.03 or CF.06 or CF.13
8 0 0 0 1 1 1 0 CF.01 or CF.02 or CF.03 or CF.04 or CF.05 or CF.06 or CF.07 or CF.12 or CF.13
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59 1 1 1 0 1 0 4 CF.02 or CF.05 or CF.12
60 1 1 1 0 1 1 5 CF.01
61 1 1 1 1 0 0 4 CF.01 or CF.04 or CF.07
62 1 1 1 1 0 1 5 CF.01
63 1 1 1 1 1 0 5 CF.01
64 1 1 1 1 1 1 6 CF.01

With the horizontal expansion, the 2×3 system reconfig-
uration is feasible in situations where the number of shaded
modules is 2, 3, or 4 according to (3). This fact increases the
amount of redundant conditions as seen in Table 3.

The rules generated from the IS in Table 3 are similar to
those presented in Section 4.2.

(1) (Q = 0 OR Q = 1 OR Q = 5 OR Q = 6) → (CF.01)
(2) ((E = 1 AND F = 1 ANDQ = 2) OR (E = 0 AND F = 0

AND Q = 4)) → (CF.01 OR CF.04 OR CF.07)
(3) ((A = 0 AND B = 0 AND C = 0 ANDQ = 3) OR (A =

1 AND B = 1 AND C = 1 AND Q = 3)) → (CF.01 OR
CF.02 OR CF.03 OR CF.04 OR CF.05 OR CF.06 OR
CF.07 OR CF.12 OR CF.13)

(4) ((A = 0 AND B = 0 ANDD = 0 ANDQ = 3) OR (A =
1 AND B = 1 AND D = 1 AND Q = 3)) → (CF.01 OR
CF.02 OR CF.03 OR CF.04 OR CF.07 OR CF.08 OR
CF.09 OR CF.11 OR CF.14)

(5) ((C = 1 AND D = 1 AND Q = 2) OR (C = 0 AND D =
0 AND Q = 4)) → (CF.01 OR CF.10 OR CF.15)

(6) ((A = 0 AND B = 0 AND E = 0 AND Q = 3) OR (A =
1 AND B = 1 AND E = 1 AND Q = 3)) → (CF.01 OR

CF.02 OR CF.03 OR CF.05 OR CF.08 OR CF.10 OR
CF.11 OR CF.12 OR CF.15)
.
.
.

(23) ((B = 1 AND F = 1 ANDQ = 2) OR (B = 0 AND F = 0
AND Q = 4)) → (CF.06 OR CF.09 OR CF.10)

(24) ((B = 1 AND E = 1 AND S = 2) OR (B = 0 AND E = 0
AND S = 4)) → (CF.05 OR CF.08 OR CF.15)

(25) ((A = 0 AND E = 0 AND Q = 4) OR (A = 1 AND E =
1 AND Q = 2)) → (CF.10 OR CF.11 OR CF.12)

(26) ((A = 0 AND F = 0 AND Q = 4) OR (A = 1 AND F =
1 AND Q = 2)) → (CF.13 OR CF.14 OR CF.15)

5. Simulation Results

In order to evaluate the proposed methodology, the circuits
designed in Section 4 were implemented in PSIM software.
The software accurately represents the operation of commer-
cial PV modules and is able to execute microprocessor codes
through the use ofDLL (Dynamic Link Library) logical block.
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Figure 6: Simplified circuitry of the reconfiguration system for a 2 × 2matrix.

Table 4: KS10 specifications.

Parameters Value
Maximum Power (𝑃MPP) 10W
Short-circuit current (𝐼SC) 0.62A
Open-circuit Voltage (𝑉OC) 21.5 V
Maximum Power Current (𝐼MPP) 0.60A
Maximum Power Voltage (𝑉MPP) 16.9V

5.1. 2 × 2 Matrix. Figure 6 shows the simplified circuitry
of the reconfiguration system for a 2 × 2 matrix. The
circuit can be divided into three individual blocks: PV array,
microcontroller, and switching circuit.

The array consists of four PV modules that simulates the
behavior of the KS10 by Kyoceramodule. Its specifications are
presented in Table 4.

Since the output current through each module is propor-
tional to the respective solar irradiance, shading is identi-
fied by periodic measurements of the short-circuit current
𝐼SC. The measurements of currents 𝐼SC are synchronized
with the alterations of irradiance in the photovoltaic mod-
ules. At each new condition of irradiance, the switches
sw
1
, sw
2
, . . . , sw

𝑁
are opened and the short-circuit currents

𝐼SC1, 𝐼SC2, . . . , 𝐼SC𝑁 are measured through the switching mod-
ules sm

1
, sm
2
, . . . , sm

𝑁
.

The DLL block executes an algorithm compiled with
DEV C++ software. This algorithm is built from the rules
obtained with ROSETTA program as presented in Section 4.
The flowchart of the proposed method is shown in Figure 7.

In the flowchart, the current supplied by each photo-
voltaic array module is read (𝐼SC(𝑘)). If this current is lower
than the reference current (𝐼ref), the module is considered
shaded. Otherwise, the module is considered unshaded. The
information of each module is sent to the DLL block, where
the corresponding rule is chosen. After the definition of the
suitable configuration, the switching circuit is set.

Read

Unshaded module Shaded module

Identification of the 
corresponding rule

Switching commands

No Yes
ISC (k)

ISC (k)

< Iref ?

Figure 7: Flowchart of the proposed method.

PV systems are usually associated with MPPT systems
[13]. However, in order to properly evaluate if the reconfigu-
ration provides improved results, the module was connected
to a resistive load. The resistance value has been established
for the system to operate close to the maximum power point
(MPP) under standard test conditions (STC—1000W/m2
and 25∘C). Therefore, when shading occurs, the operating
conditions change and the system no longer operates at the
MPP.

To evaluate the sixteen different shading situations in a
single simulation test, the current through each PVmodule is
adjusted. In the following tests, the module current has been
reduced by 40% so that shading situations can be emulated.
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Figure 8: Power versus time curve for a 2 × 2 array and progressive
shading (before and after reconfiguration).
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Figure 9: Power versus time curve for a 3 × 2 array and progressive
shading (before and after reconfiguration).

The curves presented in Figure 8 reproduce the output
power of PV array, in all shading situations, before and after
reconfiguration.

The shading sequence is performed according to Table 1.
In the first interval (𝑡

0
-𝑡
1
), all modules are unshaded. In the

second one (𝑡
1
-𝑡
2
), module D is shaded, and so on. Among

16 different shading possibilities, reconfiguration is feasible
in only four situations. Under the system reconfiguration, it
is possible to increase the power output from 15W to 29W,
which corresponds to an increase about 14W.

5.2. 3 × 2 Matrix. The reconfiguration system developed for
a 3 × 2 array is similar to the one presented in the previous
section. Six KS10 PVmodules are connected to the switching
circuit and control system.Themodule is connected to a fixed
resistive load, and the power output is sampled before and
after the system reconfiguration.

Figure 9 presents the power output curves before and
after system reconfiguration for 64 different shading situa-
tions. The increase of output power after system reconfigu-
ration changed from 17W to 34W, that is achieved with the
reconfiguration of electrical connections.
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Figure 10: Power versus time curve for a 2×3 array and progressive
shading (before and after reconfiguration).

5.3. 2 × 3 Matrix. The simulation results for the 2 × 3matrix
are shown in Figure 10. It also confirms the effectiveness of
the proposed method.

Although the 2 × 3 system has the same number of
modules as the 3 × 2 system, it is important to notice that
the results (of the 3 × 2 matrix) are quite distinct. This
new arrangement has one extra column. Its reconfiguration
system seems to be more robust, since the reconfiguration is
possible even in situations with four shaded modules, which
does not occur in the 3 × 2 system.

The simulation results for 64 shading situations are seen
in Figure 10.There are different power levels due to the physi-
cal structure of the arrangement, which enhance the possible
situations of reconfigurations but limit the concentration of
modules in a smaller number of columns.

For example, the output power is reduced in the 3 ×

2 arrangement in the case of three shaded PV modules,
what can be mitigated with the concentration of all affected
modules in one series row. In the 2 × 3 arrangement, the
shading of three PVmodules inevitably reaches two columns
of the matrix even after the system reconfiguration, thus
reducing the output power.

6. Experimental Results

In order to evaluate the proposed method, a reconfiguration
system with four PV modules (2 × 2) was implemented. The
system is presented in Figure 11.

The implementation of this reconfigurationmethodology
in photovoltaic systems requires additional circuitry such as
sensors, switching, and the control system (hardware and
software). Those structures can be seen in the schematic of
Figure 6.

The PV array is composed of four KS10modules (Table 4)
resulting in a total output power of 40W. The identification
of each module condition is made through the measurement
circuit.

The shading identification is performed bymeasuring the
short-circuit current 𝐼SC. The measurements are performed
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Figure 11: Reconfiguration system.

on 10-second interval (𝑓 = 0.1Hz) and the current of each
PV module is monitored through an INA193 current sensor.

After signal conditioning, the parameter specifications
are sent to the microprocessor (PSoC—CY8C29466). Then,
the switching circuit, which is composed of reed relays
(HE721A1210), is triggered.

Partial shading conditions were created with the use of
tracing paper, which produce uniform shading, thus filtering
the incident radiation [8]. Although the shading profiles that
affect the PV array in the real system are different from the
pattern created by the paper, its use is justified by the necessity
of controlling the shading intensity. In the performed tests,
the tracing paper has presented a uniform shade between 40%
and 45%.

The PV array is connected to a fixed resistive load, where
voltage, current, and output power are measured. During
the tests, the module temperature reached 60∘C, which
consequently reduces the available power.

As discussed in Section 5.1, the 2 × 2 matrix has four
shading conditions where the system reconfiguration is inter-
esting. Thus, the following sections present the experimental
results of the aforementioned case studies.

6.1. Two ShadedModules (A and C): CF.01→CF.02. Figure 12
presents the waveforms for the current, voltage, and output
power. The time interval includes the shading of modules
A and C and also the performance of the reconfiguration
system.

The test shown in Figure 12 lasts 10 seconds and can be
divided into four time intervals.

𝑡
0
to 𝑡
1
—all modules are illuminated and remain in

configuration 1.
𝑡
1
to 𝑡
2
—A and C modules are shaded; the tran-

sient oscillation due to artificial shading can also be
noticed.
𝑡
2
to 𝑡
3
—measurement time; all matrix switches are

off in order to measure the modules’ parameters.
𝑡
3
to 𝑡
4
—reconfigured system: configuration 2.

Whenmodules A and C are shaded, the setting of interest
is configuration 2. Through reconfiguration, it is possible
to increase the output power by about 13.5W according to
Figure 12.

ΔP = 13.5 W

1.29 A
0.75 A 1.06 A

31.0 V
19.5 V 26.5 V

40.0 W
14.6 W

28.1 W

2
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M

t0 t1 t2 t3 t4

Current: 1 A/div
Voltage: 20 V/div

Power: 15 W/div
Time: 1 s/div

Figure 12: Experimental results: CF.01-CF.02.
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2

1
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Figure 13: Experimental results: CF.01–CF.03.

6.2. Two ShadedModules (B and C): CF.01→CF.03. A similar
test is performed to verify the system performance when
modules B and C are shaded. As expected, the output power
increases by 13.3W after system reconfiguration as seen in
Figure 13.

6.3. Two Shaded Modules (A and C)→ (A and D): CF.02→
CF.03. Analogous to the previous sections, this test can also
be divided into four time intervals as seen in Figure 14.
However, modules A and C in this test are shaded in the
time interval between 𝑡

0
and 𝑡
1
, and the setting of interest

is configuration 2. Between 𝑡
1
and 𝑡

2
, the shading profile

changes, while modules A and D are now shaded, thus
causing the output power to be reduced.

After the measurement period (𝑡
2
to 𝑡
3
), the recon-

figuration system chooses the new setting of interest as
configuration 3 (𝑡

3
to 𝑡
4
).

6.4. One Shaded Module (A): CF.01→CF.01. As indicated in
Section 2, there are some shading conditions where nothing
can be done. The test carried out in Figure 15 evidences this
situation, where a single module is shaded.
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Figure 14: Experimental results: CF.02-CF.03.
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Figure 15: Experimental results: CF.01-CF.01.

At the beginning, all modules are illuminated and, after
𝑡
1
, module A is shaded. Then, the system parameters are

measured, and the setting of interest keeps the same config-
uration (configuration 1). As expected, there is no change in
the output power.

7. Conclusions

This paper has presented the design of a dynamic reconfigu-
ration system for shaded PV arrays with SP interconnection.
The proposed method is characterized by the maintenance of
the PV array size; that is, the array dimensions do not change.

Themethodology is based in Rough SetsTheory, in which
the behavior of the proposed reconfiguration system can be
defined by simple logical rules, implemented in a low-coast
microcontroller.

The operation of the proposed system has been evaluated
through computer simulations and experimental tests, while
the obtained results have shown its effectiveness. When com-
pared to an array with static connections, the reconfiguration
system provides improved extraction of energy under partial
shading conditions.

Thus, reconfiguration provides a significant increase in
the output power under different situations. The negative
effects of shading in the overall efficiency of the PV system
are minimized by the reorganization of the array electrical
connections; that is, the shaded PVmodules are reconnected
in the best possible position, according to the settings of
interest.
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Maximum power point tracking (MPPT) for photovoltaic (PV) arrays is essential to optimize conversion efficiency under variable
and nonuniform irradiance conditions. Unfortunately, conventional MPPT algorithms such as perturb and observe (P&O),
incremental conductance, and current sweep method need to iterate command current or voltage and frequently operate power
converters with associated losses. Under partial overcast conditions, tracking the real MPP in multipeak P-I or P-V curve model
becomes highly challenging, with associated increase in search time and converter operation, leading to unnecessary power being
lost in the MPP tracking process. In this paper, the noted drawbacks in MPPT-controlled converters are addressed. In order
to separate the search algorithms from converter operation, a model parameter identification approach is presented to estimate
insolation conditions of each PV panel and build a real-time overall P-I curve of PV arrays. Subsequently a simple but effective
globalMPPT algorithm is proposed to track theMPP in the overall P-I curve obtained from the identified PV arraymodel, ensuring
that the converter works at the MPP. The novel MPPT is ultrafast, resulting in conserved power in the tracking process. Finally,
simulations in different scenarios are executed to validate the novel scheme’s effectiveness and advantages.

1. Introduction

Globally, installed photovoltaic (PV) capacity has passed
100GW while the US is projected to install 24GW by 2015
[1–3]. However, the low-energy conversion efficiency of PV
materials remains a barrier to the prolific growth of solar
electricity and requires maximum power point (MPP) of the
arrays to maximize conversion efficiency [4–6]. Due to time-
varying operating conditions such as insolation, temperature,
and atmospheric particulates, the PV panels or arrays need
effective and fast MPP tracking (MPPT) algorithms or con-
verters to attain the best harvesting efficiency [7–10].

Many MPPT algorithms have been proposed to achieve
best energy harvesting efficiency under different operat-
ing conditions. Several well-known MPPT algorithms, such
as hill climbing, perturb and observe (P&O), incremental
conductance, ripple correlation control, and dp/dv or dp/di
feedback, can search the MPP in an efficient and timely way
[5, 9, 11–13]. However, these algorithms cannot track the
MPP under nonuniform insolation. Addressing nonuniform

insolation problems such as partial shading [5, 14, 15], some
improved global MPPT algorithms have been developed to
avoid tracking the nonmaximum peak points in the nonnor-
mal global P-V or P-I curves [1, 16–20]. Typically, the basis
of all these GMPPT algorithms increases the complexity of
the search algorithms.Theoretically,MPP convergence can be
achieved bymany search algorithms if there is no time-related
penalty, which is associated with algorithm run frequency,
step length, algorithmic complexity, and convergence time
related to the characteristics of the P-V or P-I curve.

Whichever MPPT algorithm is utilized, two distinct
actions are engaged in the MPP search process. The first
action is to calculate the next-step command current or
voltage at the current step; the second action is to set this
current or voltage commanding at the DC-DC converter.
In all the algorithms considered above, the two actions are
linked to execute together for each searching step. Therefore,
the total execution time of the current or voltage switching
operation is dominated by and depends on the total execution
time of the search algorithms during numerous iterations.

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2015, Article ID 424628, 10 pages
http://dx.doi.org/10.1155/2015/424628

http://dx.doi.org/10.1155/2015/424628


2 International Journal of Photoenergy

Consequently, considerable time and energy are unnecessar-
ily lost in the search while the MPP is directly available in
real-time but idling pending search update. Also, the MPP of
PV panels depends on the P-I or P-V curve, which themselves
depend on the ambient conditions such as insolation and
temperature, so the MPP should be theoretically employed
analyzing the real-time ambient condition and inferring from
themathematical relationship between the ambient condition
parameters and the P-V or P-I curve model.

To address the issues discussed above, a novel ultrafast
maximum power point setting scheme based on model
parameter identification is proposed. The scheme addresses
the real-time availability of MPP and also the drawback
in the conventional MPPT algorithms for PV arrays under
both uniform and nonuniform insolation. In this scheme,
an analytical model parameter identification approach is
presented to identify the insolation parameter for each PV
panel using their measured voltage and current. Based on
real-time estimated insolation parameters for each solar
panel, an overall P-I or P-V curve model is built in the
controller and the MPP is rapidly calculated by an MPP
search algorithm. Subsequently, the computed current or
voltage at the MPP is sent to command the converter to work
at the MPP directly.

The main contribution and difference between the pro-
posed MPPT scheme and other MPPT algorithms is that the
proposed MPPT algorithm is executed in the controller for
virtually constructed P-I or P-V curve derived from the iden-
tified insolation parameters, while other MPPT algorithms
are executed for real P-I or P-V curves measured during the
search process. Because the proposed MPPT algorithm is
based on the virtual P-I or P-V curve in the controller, MPP
search alone is executed in the controller and can be separated
from the converter operation. Theoretically, that means only
one-time current or voltage setting is needed to make the
converter work in the MPP once the virtual identified P-
I curve correlates with the real P-I curve. Therefore, the
proposed novel MPPT approach is ultrafast in cases where
some prior knowledge about PV panel characteristics is
available. Although it needs some predefined parameters to
build the PV numerical model in advance and loses some
flexibility which can be addressed by other approaches, it is
acceptable for engineering implementation and a trade-off
optimization between time-consumption and flexibility. Also
it has another benefit that the insolation condition for each
piece of PV panel can be estimated rather than measured by
additional hardware insolation sensors. Compared with our
former work in [19], this paper addresses the unsolved time-
consumption problem in the global MPPT by a novel model
identification approach.

The remainder of this paper is organized as follows.
In Section 2, the drawbacks of conventional MPPT algo-
rithms, low-efficiency searching and power-loss problems,
are presented and discussed. The ultrafast MPP searching
scheme is introduced in Section 3. In Section 4, we present
the simulation results under both uniform and nonuniform
insolation conditions where the proposed MPPT scheme is
applied to PV energy harvesting based on typical DC-DC
converters. Finally, conclusion is provided in Section 5.

2. Problem Formulation

2.1. Drawback of Current MPPT Methods. A typical MPPT
based PV DC-DC power conversion circuit and P&OMPPT
algorithm diagram are shown in Figure 1. From the diagram
we can see that theMPPT controller has interactions with the
DC-DC converter in a closed loop with inputs of measured
current and voltage and output of the current or voltage
command. It also depicts that the operation on voltage
increasing or decreasing depends on the P&O algorithm’s
calculation and comparison in each searching step. As can be
discovered from the algorithm procedure, after it commands
the converter voltage, it cannot iterate to next-step search
until the converter output power value subject to the set
current or voltage is fed back to the algorithm and a new
search point is calculated. Also, the power converter’s opera-
tion takes a longer time than theMPPT controller calculation
in each step while the MPPT controller waits to measure the
output power of the converter.The drawback of conventional
MPPTmethods is that themajority of execution time is spent
on the converter operation but not on algorithm calculation.

2.2. Low-Efficiency Search Caused Power Loss and Potential
Reliability Problems. Converter operation is engaged in the
iterative search process, resulting in power being unnecessar-
ily lost in this procedure. Furthermore, variations of voltage
or current are discontinuous and the associated steps may
be very large. Consequently, these discontinuous and large-
step current or voltage switching actionswill reduce themean
time to failure of components such as IGBT or MOSFET
due to increased stress, with associated switching losses, and
increased ripple current in the converter circuits.

2.3. Feasibility of Ultrafast Search and Availability of MPP.
Assuming that the P-V curve of solar panel is available
in real-time, the multiple interaction for identifying the
MPP between the MPPT controller and the DC-DC power
converter is unnecessary. Once the P-V curve is available, it is
simple to compute theMPP numerically without interactions
with the DC-DC converter, and the DC-DC converter can
be set in MPP directly because the MPP tracking process has
been already set in the controller in advance.The key problem
here is to obtain an overall P-V curve available in real-time.
As stated before, the P-I or P-V curve model depends on
the ambient conditions such as insolation and temperature.
So, the key ambient condition factors such as insolation can
be theoretically identified from some sample data consisting
of PV panel’s voltage and current and the known general
numerical model of the PV cell, which is generally fixed for a
predefined PVmodule of a specific manufacturer in a known
array configuration. In order to obtain this model, some
parameters such as𝐴 (diode ideality factor),𝑅

𝑠
and𝑅

𝑝
(series

and parallel resistances), and the array configuration used (all
series, all parallel, and series-parallel) may be predefined in
advance. Although it will lose some flexibility for this model,
it is acceptable for engineering because this information is
fixed in operation and easy to obtain in advance. Once the
real-time insolation for each PV panel is available, the overall
P-I or P-V curve model for PV arrays can be calculated
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Figure 1: P&OMPPT DC-DC power conversion.

virtually, and then theMPP is available from the search based
on the virtual P-I or P-V curve.

2.4. PV Model Identification Parameters Selection. Generally,
we can classify the PV panel parameters into two sets. One
set is temperature and irradiance; the other is 𝐴, 𝑅

𝑠
and

𝑅
𝑝
, and the array configuration. The former parameter set

depends on the ambient conditions and it varies faster, which
requires parameter identification and tracking in real-time,
forming themain challenge.The later set depends on the PV’s
inherit characteristics and its installation configuration and
it is generally fixed and stable in operation. Due to a trade-
off between simplicity of online identification algorithm and
parameter’s priorities, the first set is considered as inputs in
the studied PVmodel. Since temperature changes slower than
irradiance and it can be measured by thermocouple sensor,
the temperature is assumed to be a known constant in this
study.

3. Ultrafast MPP Setting Scheme

In this section, the ultrafast MPP setting scheme is presented
in two parts. Firstly, the insolation parameter identification
based on algebraic equations solving is proposed. Secondly,
the real-time P-I curve generation is presented. Finally, the
converter operation with the MPP is described. An overall
diagram about the ultrafast MPP setting scheme is shown
in Figure 2. The MPPT controller with ultrafast MPP setting
scheme has almost the same hardware configuration with
the conventional MPPT controller, but the algorithm scheme
inside is completely novel.The interaction between theMPPT
controller and the DC-DC power converter is only executed
twice during one-timeMPPT tracking period (generally from
several minutes to half an hour [21–24]); the first instance
is to measure a sample data set of current and voltage
from solar panel to the converter. The second instance is to
command the converter with calculated current or voltage at

the MPP. The “one-time on-off control” in Figure 2 means
that one-time interaction with DC-DC converter (turn-on
and turn-off) is needed for initial measurement. Between the
two interactions, the insolation identification, the P-I curve
model building, and the MPP tracking based on the P-I
curve are executed in the controller at an ultrafast speed. In
order to simplify the nonuniform insolation problem, hereby
a hypothesis is presented for convenience.

Hypothesis 1. If a PV panel/cell unit experiences partial
shading, dust, water, aging, or any adverse conditions, the P-
V or P-I curve model equation will still hold or can be seen
as a one-peak shape.

Comment 1. Because PV panel size is smaller than PV arrays,
the noninsolation has no or weak effect at one PV panel unit
although PV arrays will have a multipeak P-V or P-I curve
model. So it is feasible and acceptable tomake this hypothesis
for a PV panel unit.

3.1. Insolation Parameter Identification. As previously stated,
the general numerical model of a PV cell can be depicted in
Figure 3.

The circuit mathematical model can be denoted as below:

𝐼sc − 𝐼
𝐷
−
𝑉
𝐷

𝑅
𝑝

− 𝐼PV = 0,

𝐼
𝐷
= 𝐼
𝑜
(e𝑉𝐷/𝑉𝑇 − 1) ,

𝑉PV cell = 𝑉
𝐷
− 𝑅
𝑠
𝐼PV,

(1)

where 𝐼
𝐷
and 𝑉

𝐷
denote the diode current and voltage and

𝑉
𝑇
is the diode thermal voltage. 𝐼PV and 𝑉PV denote the

panel output current and voltage. 𝑉PV cell denotes the PV cell
voltage.

𝐼sc denotes the short-circuit current under some insola-
tion (denoted as 𝑆); we set the irradiance at standard test
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conditions (STC) as 𝐼sc,STC = 1000w/m2; the proportional
gains from the insolation 𝐼sc,STC to the insolation 𝐼sc are
denoted as 𝐺; one derives 𝐼sc = 𝑆 ∗ 𝐺 = 𝑆 ∗ 𝐼sc,STC/1000.

𝐼
𝑜
denotes the PN-junction reverse saturation current.

For the sake of convenience, themodel parameters 𝐼
𝑜
,𝑅
𝑠
, and

𝑅
𝑝
are generally computed based on the model parameters

(short-circuit current 𝐼sc, circuit voltage𝑉oc, rated voltage𝑉𝑟,
and rated current 𝐼

𝑟
). The calculation of 𝐼

𝑜
is denoted as

𝐼
𝑜
=

(𝐼sc − 𝑉oc/𝑅𝑝)

(e𝑉oc/𝑉𝑡 − 1)
. (2)

The current-input PV module model can be denoted as

𝑉PV = 𝑓 (ins, 𝐼PV) . (3)

The voltage-input PV module model can be denoted as

𝐼PV = 𝑔 (ins, 𝑉PV) . (4)

So, the model parameter identification problem can be
expressed as

insolation = ident (dataset (𝑉PV, 𝐼PV)) . (5)

Based on sampling data, the model parameter identifi-
cation procedure could be described as shown in Figure 4.

PV panel
Command 

current Voltage

Insolation

Model parameter 
identification

Data sampling

Insolation

Figure 4: Flowchart for model parameter identification.

The current and voltage measured from the PV panel will be
collected as a dataset sample for insolation parameter iden-
tification. Theoretically, only one sample dataset is needed
for identifying the insolation if the current-input PV module
model is known.

Furthermore, because the PV cell model is a nonlinear
algebraic formulation without dynamics, the parameter iden-
tification problem can be actually defined as an algebraic
equation solving problem.Therefore, the solving problem can
be expressed as below:

𝐹 (ins) = 𝑉PV − 𝑓 (ins, 𝐼PV) = 0

or

𝐺 (ins) = 𝐼PV − 𝑔 (ins, 𝑉PV) = 0.

(6)
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In order to solve this nonlinear algebraic equation to
obtain the unknown variable ins, many of the methods
used in optimization solvers are proposed. For the sake
of generality and easy implementation for general micro-
computers, a trust-region dogleg algorithm is employed in
order to solve the PV equations with unknown insolation
parameter.

The flowchart trust-region dogleg algorithm is presented
in Figure 5.The key steps are defining the searching direction
and process the nonsingularity of the Jordan matrix. The
mathematical basis can be elaborated as below.

Given a nonlinear function set with 𝐹
𝑖
(𝑥) (𝑖 = 1, . . . , 𝑛),

where 𝑛 is the dimensions of the vector 𝑥, the goal of equation
set solving is to find a solution that satisfies all 𝐹

𝑖
(𝑥) = 0.

In order to obtain the solution, a Newton’s method for
linear system is firstly used to define the search direction.The
search step 𝑑

𝑘
is derived as below:

𝐽 (𝑥
𝑘
) 𝑑
𝑘
+ 𝐹 (𝑥

𝑘
) = 0,

𝑥
𝑘+1

= 𝑥
𝑘
+ 𝑑
𝑘
,

(7)

where the matrix 𝐽(𝑥
𝑘
) satisfies:

𝐽 (𝑥
𝑘
) =

[
[
[
[

[

∇𝐹
1
(𝑥
𝑘
)
𝑇

.

.

.

∇𝐹
𝑛
(𝑥
𝑘
)
𝑇

]
]
]
]

]

. (8)

If 𝐽(𝑥
𝑘
) is nonsingular, step 𝑑

𝑘
can be computed from (7).

However, If 𝐽(𝑥
𝑘
) is singular, 𝑑

𝑘
cannot be computed from (7)

and a merit function is needed to address the singularity. To
get the merit function, a function firstly is defined as follows:

𝑀(𝑥
𝑘
+ 𝑑) = 𝐹 (𝑥

𝑘
) + 𝐽 (𝑥

𝑘
) 𝑑. (9)

So, step 𝑑
𝑘
is a root of (9), and it is also a root of a minimum

value of the function𝑚(𝑑), where

Min
𝑑

𝑚(𝑑) = Min
𝑑

[
1

2

𝑀 (𝑥
𝑘
+ 𝑑)



2

2

]

= Min
𝑑

[
1

2

𝐹 (𝑥
𝑘
) + 𝐽 (𝑥

𝑘
) 𝑑



2

2

]

= Min
𝑑

[
1

2
𝐹 (𝑥
𝑘
)
𝑇

𝐹 (𝑥
𝑘
) + 𝑑
𝑇

𝐽 (𝑥
𝑘
)
𝑇

𝐹 (𝑥
𝑘
)

+ 𝑑
𝑇

𝐽 (𝑥
𝑘
)
𝑇

𝐽 (𝑥
𝑘
) 𝑑]

(10)

such that ‖𝐷 ⋅ 𝑑‖ ≤ Δ.
So, the key problem here is to compute step 𝑑, which

minimizes (10).
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By using a dogleg strategy, step 𝑑 can be chosen as below.

𝑑 = 𝑑
𝐶
+ 𝜆 (𝑑GN − 𝑑

𝐶
) , (11)

where 𝜆 is the largest value in [0, 1] such that ‖𝑑‖ ≤ Δ. And
𝑑
𝐶
satisfy

𝑑
𝐶
= −𝛼𝐽 (𝑥

𝑘
)
𝑇

𝐹 (𝑥
𝑘
) , (12)

where 𝛼 is chosen to minimize (10) and 𝑑GN satisfies

𝐽 (𝑥
𝑘
) 𝑑GN = −𝐹 (𝑥

𝑘
) . (13)

As can be seen from the derivation above, the trust-region
dogleg algorithm is efficient and easy to implement in micro-
computers with numerical computation capability since it
requires only one linear solving per iteration.

Comment 2. Because DSP numerical solvers are different
from theoretical solving procedures, searching ranges for
the trust-region algorithm need to be predefined. In our
proposed scheme, this is generally known from the PVpanels’
characteristics. For example, the voltage range and power
range are available from the specification of PVmodule while
the irradiance is easy to measure or calculate.

3.2. Real-Time P-I Curve Generation. After the parameter
insolation for each PV unit is solved from the PV cell
equations, an overall P-I or P-V curve can be built based on
the installation deployment of PV arrays. Generally, the PV
panels are installed in series, so the PV panels are set in the
same current and share the voltage drop. Assuming that the
total unit number of PV panels or units with uniform P-V
characteristic is 𝑛, the overall PV module can be denoted as
follows:

𝑉PV =

𝑛

∑

𝑖=1

𝑓 (ins
𝑖
, 𝐼PV) . (14)

And the overall output power can be denoted as

𝑃PV = 𝐼PV ∗

𝑛

∑

𝑖=1

𝑓 (ins
𝑖
, 𝐼PV) . (15)

In order to get a full picture of the overall P-I curvemodel
based on (15), a current input with a ramp format is defined
to generate the full P-I curve model.The procedure of the P-I
curve model is shown in Figure 6. The current input is set as
a ramp signal which covers the normal arrange of PV panel
current. The overall power is calculated and then a P-I curve
model is generated.

3.3. Converter Operation with the MPP. Based on the P-
I curve model constructed in the controller, a simple but
effective algorithm function is used to search for the MPP
of the curve. In our MPP searching scheme, the MATLAB
function max(⋅) is used to find the maximum point of the P-I
curve:

[𝐶, 𝐼] = max (𝐴) , (16)

where it finds the indices of the maximum values of 𝐴 and
returns them in output vector 𝐼. If there are several identical
maximum values, the index of the first one found is returned.
Because all of the algorithm operation is only executed in
the controller and has no action with the converter, it is
ultrafast and absolutely different from conventional MPPT
algorithms. After the MPP is tracked in the controller, the
converter will be executed at the MPP directly.

The converter operation in the complete MPPT process
can be described as in Figure 7, with only two operations
executed in a MPPT window observing period. The blue-
marked part is executed by the MPPT controller. The execu-
tion time depends on the micro-computer performance and
is very short because only numerical calculations are done.
So, after the first converter operation, the converter will enter
into the second-time operation very fast, and then it works at
the MPP for a MPPT monitoring period.

4. Simulation Results

In order to validate the proposed MPP setting scheme, PV
arrays with uniform insolation, nonuniform insolation, and
time-varying insolation are tested. Corresponding results
of three issues such as insolation parameter identification,
generated real-time P-I curves, and MPP tracking under
insolation variation are presented here to show the effective-
ness and superiority of the proposed method.

The PV panel parameters used in our work are listed
below:

𝐼sc,STC = 5.45A,

𝑉oc = 22.2V,

𝐼
𝑃max = 4.95A,

𝑉
𝑃max = 17.2V,

Gain( insolation
𝐼sc

) =
1

1000
.

(17)

4.1. Insolation Parameter Identification Result. In order to test
the accuracy of parameter identification and simulate the
measurement scenarios of the real converter controller, band-
limited white noise is injected into the measured signals to
test the identification parameter’s accuracy. A sine waveform
variation of insolation, which varies from 495w/m2 to
505w/m2, is set for a PV panel model. The comparison
result between real insolation and identification insolation is
shown in Figure 8, and it can be concluded that the insolation
identification parameter can track the real insolation at a high
accuracy in the presence of measurement noise.

4.2. Generated Real-Time P-I Curves. In order to validate
the effectiveness of real-time P-I curve generation, a three-
panel PV array model with nonuniform and time-varying
insolation is simulated to test the proposed MPP setting
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scheme. The insolation parameters of the three PV panels
vary as below:

ins
1
= 800w/m2,

ins
2
= 800 + 100 sin (2𝜋𝑡) w/m2,

ins
3
= 900w/m2.

(18)

Figure 9 depicts the real-time P-I curves generated by the
proposed scheme. As can be seen from Figure 9, although
the time interval is only 0.02 s and very short, the proposed
scheme can still generate theP-I curves at each instant in real-
time. A dominant benefit of this fast response is that theMPP
is available in a very short time interval in real-time and it will
save a lot of time to avoid unnecessary energy losses when
compared to conventional MPPT approaches.

4.3. MPP Tracking under Different Insolation Conditions.
Figure 10 depicts the MPP tracking comparison under
uniform and invariable insolation. Three MPP tracking
approaches, P&O, global MPPT algorithm in [19], and the
proposed MPP setting scheme, are tested in the same inso-
lation scenario. In order to guarantee the comparability of
the three approaches, the MPPT operation time interval is
set as 0.02 s. Actually, subjected to response time delay of
power converter switching, the time interval is generally set

as 0.2 s. The smaller the time interval, the higher the fast-
response requirement and cost of switching components.
Here the MPPT operation time interval is set as 0.02 s in
order to show the superiority of the proposed MPP setting
scheme. As can be seen from the tracking trajectories in
Figure 10, although all the three approaches can track the
MPP eventually, the proposed scheme can track the MPP
at the one-time interval 0.02 s; the P&O can track the MPP
at 1 s level, while the global MPPT algorithm can track the
MPP at 1.2 s. Consequently the proposed scheme has absolute
advantage in MPP convergence and tracking. Additionally,
the global MPPT algorithm needs more time because its
search must cover the range of the P-I curve.

Figure 11 depicts the same nonuniform and variable inso-
lation as (18). Three MPP tracking approaches are also tested
for comparison. As can be seen from Figure 11, the proposed
MPP setting scheme also has the absolute advantage under
nonuniform and variable insolation conditions; it can track
the MPP closely with one-time interval 0.02 s. The global
MPPT can track at the points close to the MPP after 1 s and
actually it will lose tracking if the insolation variation varies
quickly at a large magnitude. The P&O will track the non-
MPP peak points and become ineffective.

Based on the validation result presented above, it can be
concluded that the proposed MPP scheming has significant
advantages.
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(i) It can obtain the insolation parameter for each
PV panel or unit but without the need to deploy
additional insolation sensors, which is useful for
monitoring large-scale solar arrays.

(ii) It only requires the power converter to perform two
power operations during one MPPT tracking period.
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So it can reduce the unnecessary power losses in the
conventional MPPT process.

(iii) It is ultrafast to monitor and track the MPP variation
due to insolation changes. As a result, the proposed
scheme has large potential to apply extreme adverse
PV harvesting applications in the Middle East PV
industry.

5. Conclusions

In order to improve the MPP tracking efficiency of PV
harvesting, a novel MPP setting scheme based on model
parameter identification is studied in this paper. Unlike
previous MPPT methods, the proposed scheme can sepa-
rate the MPP search from the power converter operation
by identifying the key ambient condition parameter such
as insolation and rebuilding the virtual P-I curve in the
controller. Consequently, the MPP tracking is ultrafast and
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energy-saving because the frequent interaction between the
controller and the converter is avoided. Finally, uniform,
nonuniform, and time-varying insolation scenarios are simu-
lated to validate its effectiveness and superiority. In this paper,
the model identification approach is innovatively proposed
to utilize useful information and reduce the conventional
MPPT time and harvest more energy by calculating the P-V
curve in real-time and validate its feasibility and superiority
in simulation. It is significantly superior to conventional
methods; however, for some preconditions some flexibility is
missing; it is a trade-off optimization which maximizes the
PV power output by using some available information and
resources. Our next work will focus on other cases with more
unknown parameters and the experiential implementation
for the proposed scheme.
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A reinforcement learning-based maximum power point tracking (RLMPPT) method is proposed for photovoltaic (PV) array. By
utilizing the developed system model of PV array and configuring the environment for the reinforcement learning, the proposed
RLMPPT method is able to observe the environment state of the PV array in the learning process and to autonomously adjust the
perturbation to the operating voltage of the PV array in obtaining the best MPP. Simulations of the proposed RLMPPT for a PV
array are conducted. Experimental results demonstrate that, in comparison to an existing MPPT method, the RLMPPT not only
achieves better efficiency factor for both simulated weather data and real weather data but also adapts to the environment much
fast with very short learning time.

1. Introduction

TheU.S. Energy Information Administration (EIA) estimates
that the primary sources of energy consisted of petroleum,
coal, and natural gas, amounting to over 85% share for fossil
fuels in primary energy consumption in the modern world.
Yet, recent years’ over exploitation and consumption, and
the expectation of depletion of fossil fuel, bring energy crisis
to the modern world. Besides, awareness of environmental
protection and sustainability in burning of fossil fuel and its
products as the primary energy source are also arising. Many
environment researchers and environmentalists advocated
energy conservation and carbon dioxide (CO

2
) reduction for

the well-being of earth creatures and humans as well. As
such, many alternatives for energy, such as energy generated
from geothermal, solar, tidal, wind, and waste, are suggested.
Among these, solar energy is the most used and promising
alternative energy with a fast growing energy market share in
the world’s energy industry due to the following advantages.

(i) The sunlight and heat for the generation of solar
energy is inexhaustible.

(ii) Sunlight is easy to access for its irradiance covering
the most of the land.

(iii) There is no noise or pollution in the generation of
solar energy.

(iv) Solar energy is considered as safe energy without
burning any material.

Owing to the above advantages, many countries in the world
started to establish energy policy and develop the related
industries for solar energy since 70s.

Solar energy is normally generated by utilizing a pho-
tovoltaic electrical device, called solar cell or photovoltaic
cell, in converting the energy of sunlight into electrical
energy. Solar cells may be integrated to form modules or
panels, and large photovoltaic arrays may also be formed
from the panels. The performance of a photovoltaic (PV)
array system depends on the solar cell and array design
quality and on the operating conditions as well. The output
voltage, current, and power of PV array vary as functions of
solar irradiation level, temperature, and load current. Hence,
in the design of PV arrays, the PV array output to the
load/utility should not be adversely affected by the change
in temperature and solar irradiation levels. On the other
hand, improvement of the conversion efficiency of the PV
array is an issue worth exploring. Generally speaking, there
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are three means to improve the efficiency of photoelectric
conversion: (1) increasing the photoelectric conversion effi-
ciency of photovoltaic diode components, (2) increasing the
frequency of direct light, and (3) improving the maximum
power point tracking (MPPT) for the PV array. The first and
second methods are to improve the hardware devices, yet the
third one is to improve the conversion efficiency by utilizing
the internal software embedded in the PV array system,
which attractsmany attentions. Hence,manyMPPTmethods
have been proposed [1], like perturbation and observation
method [2–4], the open-circuit voltage method [5], the
swarm intelligence method [6], and so on.

In this paper, a reinforcement learning-based MPPT
(RLMPPT) method is proposed to solve the MPPT problem
for the PV array. In the RLMPPT, after observing the
environmental conditions of the PV array, the learning agent
of the RLMPPT determines the perturbation to the operating
voltage of the PV array, that is, the action, and receives a
reward by the rewarding function. By receiving rewards, the
RLMPPT is encouraged to select (state, action) pairs with
positive rewards. Hence, a series of actions with received
positive rewards is generated iteratively such that a (state,
action) pair selection strategy is gradually achieved in the
so-called “learning” process. Once the agent of the RLMPPT
learned the strategy, it is able to autonomously adjust the
perturbation to the operating voltage of the PV array to
obtain the maximum power for tracking theMPPT of the PV
array. Research contributions of this study are summarized as
follows:

(i) The proposed RLMPPT solves the MPPT problem of
PV array with reinforcement leaning method, which
is novel, to the best of our knowledge, to the area of
MPPT of a PV system.

(ii) Reward function constructed from the early MPP
knowledge of a PV array, experienced from past
weather data, is employed in the learning process
without predetermined parameters required by cer-
tain MPPT techniques.

(iii) Comprehensive experimental results exhibit the
advantage of the RLMPPT in self-learning and self-
adapting to varied weather conditions for tracking
the maximum power point of the PV array.

The rest of the paper is organized as follows. In Section 2,
we present the concept of MPPT for PV systems. Section 3
introduces the proposed RLMPPT for the PV array. The
experimental configurations are described in Section 4. In
Section 5, the results are illustrated with figures and tables.
Finally, Section 6 concludes the paper.

2. Concepts of MPPT for PV Systems

2.1. Review of Operating Characteristics of Solar Cell. Solar
cells are typically fabricated from semiconductor devices
which produce DC electrical power when they are exposed to
sunlight of adequate energy. When the cells are illuminated
by solar photons, the incident photons can break the bonds
of ground-state (valence-band, at a lower energy level)

electrons, so that the valence electrons can then be pumped
by those photons from the ground-state to the excited-state
(conduction-band, at a higher energy level). Therefore, the
free mobile electrons are driven to the external load, to
generate the electrical power via a wire, and then are returned
to the ground-state at a lower energy level. Basically, an ideal
solar cell can be modeled by a current source in parallel
with a diode; however, in practice, a real solar cell is more
complicated and contains a shunt and series resistances 𝑅sh
and 𝑅s. Figure 1(a) shows an equivalent circuit model of a
solar cell, including the parasitic shunt and series elements,
in which a typical characteristic of practical solar cell with
neglecting the 𝑅sh can be described by [7–10]

𝐼pv = 𝐼ph − 𝐼pvo {exp [
𝑞

𝐴𝑘𝑇
(𝑉pv + 𝐼pv𝑅s)] − 1} , (1)

𝑉pv =
𝑞

𝐴𝑘𝑇
ln(

𝐼ph − 𝐼pv + 𝐼pvo

𝐼pvo
) − 𝐼pv𝑅s, (2)

where 𝐼ph is the light-generated current, 𝐼pvo is the dark
saturation current, 𝐼pv is the PV electric current,𝑉pv is the PV
voltage, 𝑅s is the series resistance, 𝐴 is the nonideality factor,
𝑘 is the Boltzmann constant,𝑇 is the temperature, and 𝑞 is the
electron charge. The output power from PV cell can then be
given by

𝑃pv = 𝑉pv𝐼pv = 𝐼pv {
𝑞

𝐴𝑘𝑇
ln(

𝐼ph − 𝐼pv + 𝐼pvo

𝐼pvo
) − 𝐼pv𝑅s} .

(3)

The above equations can be applied to simulate the char-
acteristics of a PV array provided that the parameters in
the equations are known to the user. Figure 1(b) illustrates
the current-voltage (𝐼-𝑉) characteristic of the open-circuit
voltage (𝑉oc), the short-circuit current (𝐼sc), and the power
operation of a typical silicon solar cell.

As can be seen in the figure, the parasitic element 𝑅sh
has no effect on the current 𝐼sc, but it decreases the voltage
𝑉oc; in turn, the parasitic element 𝑅s has no effect on the
voltage 𝑉oc, but it decreases the current 𝐼sc. According to
(1)–(3), a more accurate representation of a solar cell under
different irradiances, that is, the current-to-voltage (𝐼pv-𝑉pv)
and power-to-voltage (𝑃pv-𝑉pv) curves, can be described in
the same way with different levels as shown in Figure 2. The
maximum power point (MPP) in this manner occurs when
the derivative of the power 𝑃pv to voltage 𝑉pv is zero, where

𝑑𝑃pv

𝑑𝑉pv
= 0. (4)

The resulting 𝐼-𝑉 and 𝑃-𝑉 curves presented in such way are
shown in Figure 2.

2.2. Review of MPPT Methods. The well-known perturba-
tion and observation (P&O) method for PV MPP tracking
[2–4] has been extensively used in practical applications
because the idea and implementation are simple. However,
as reported by [11, 12], the P&O method is not able to track
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Figure 1: (a) Equivalent circuit model of a solar cell. (b) Solar cell 𝐼-𝑉 and power operation curve with the characteristic of 𝑉oc and 𝐼sc.
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Figure 2: The 𝐼pv-𝑉pv and 𝑃pv-𝑉pv characteristics of different irradi-
ance levels. The maximum power point (MPP) occurring when the
derivative dP/dV is zero.

peak power conditions during periods of varying insolation.
Basically, P&Omethod is amechanism tomove the operating
point toward themaximumpower point (MPP) by increasing
or decreasing the PV array voltage in a tracking period. How-
ever, the P&O control always deviates from the MPP during
the tracking, whose behavior results in oscillation around
MPP in case of constant or slowly varying atmospheric
conditions. Although this issue can be improved by further
decreasing the perturbation step, the tracking response will
become slower. Under rapidly changing atmospheric condi-
tions for PV array, the P&Omethodmay sometimesmake the
tracking point far from the MPP [13, 14].

2.3. Estimation of MPP by Using𝑉oc and 𝐼sc. The open-circuit
voltage 𝑉oc and short-circuit current 𝐼sc of the PV panel can
be measured, respectively, when the terminal of the PV panel
is open or short. In reality, both 𝑉oc and 𝐼sc are seriously
dependent on the solar insolation. However, the maximum
power point (MPP) is always located around the roll-off
portion of the 𝐼-𝑉 characteristic curve in any insolation.
Interestingly, there at MPP appears certain relation between
theMPP set (𝐼mpp, 𝑉mpp) and the set (𝐼sc, 𝑉oc), which is worthy
of studying. Further, the mentioned relation by empirical

estimation seems always to hold and not to be subject to
the insolation variation. It can be presumed, from commonly
knowledge of PV array, that, in open-circuit mode, the
relation of 𝑉mpp and 𝑉oc will be

𝑉mpp = 𝑘
1
𝑉oc, (5)

and, in the short-circuit mode, the relation of 𝐼mpp and 𝐼sc will
be

𝐼mpp = 𝑘
2
𝐼sc, (6)

where 𝑘
1
and 𝑘

2
are constant factors between 0 and 1. From

(5) and (6), we have the maximum power at MPP; that is,

𝑃mpp = 𝑉mpp𝐼mpp = 𝑘
1
𝑘
2
𝑉oc𝐼sc. (7)

Even the 𝑃mpp for learning is point estimation; it should be
given by satisfying the MPP criteria in (4). For learning, the
empirical result shows that the initial factor 𝑘

1
for 𝑉mpp is

around 0.8 and the 𝑘
2
for 𝐼mpp is around 0.9.

3. The Proposed RLMPPT for PV Array

3.1. Reinforcement Learning (RL). RL [15–17] is a heuristic
learning method that has been widely used in many fields of
application. In the reinforcement learning, a learning agent
learns to achieve the predefined goal mainly by constantly
interactingwith the environment and exploring the appropri-
ate actions in the state the agent situates.The generalmodel of
reinforcement learning is shown in Figure 3, which includes
the agent, environment, state, action, and reward.

The reinforcement learning is modeled by the Markov
decision process (MDP), where a RL learner, referred to as
an agent, consistently and autonomously interacts with the
MDP environment by exercising its predefined behaviors. A
MDP environment consists of a predefined set of states, a
set of controllable actions, and a state transition model. In
general, the first order MDP is considered in the RL, where
the next state is only affected by the current state and action.
For the cases where all the parameters of a state transition
model are known, the optimal decision can be obtained by
using dynamic programming. However, in some real world
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Figure 3: Model of the reinforcement learning.

cases the model parameters are absent and unknown to the
users; hence, the agent of the RL explores the environment
and obtains reward from the environment by try-and-error
interaction. The agent then maintains the reward’s running
average value for a certain state-action pair. According to
the reward value, the next action can be decided by some
exploration-exploitation strategies, such as the 𝜀-greedy or
softmax [15, 16].

Q-learning is a useful and compact reinforcement learn-
ing method for handling andmaintaining running average of
reward [17]. Assume an action 𝑎 is applied to the environment
by the agent and the state goes to 𝑠

 from 𝑠 and receives a
reward 𝑟

; the Q-learning update rule is then given by

𝑄 (𝑠, 𝑎) ← 𝑄 (𝑠, 𝑎) + 𝜂Δ𝑄 (𝑠


, 𝑎) , (8)

where 𝜂 is the learning rate for weighting the update value to
assure the convergence of the learning, the𝑄(⋅) is the reward
function, and the delta-term, Δ𝑄(⋅), is represented by

Δ𝑄 (𝑠, 𝑎) = [𝑟


+ 𝛾𝑄
∗

(𝑠


)] − 𝑄 (𝑠, 𝑎) , (9)

where 𝑟 is the immediate reward; 𝛾 is the discount rate to
adjust the weight of current optimal value,𝑄∗(⋅), whose value
is computed by

𝑄
∗

(𝑠


) = max
∀𝑏∈A

𝑄(𝑠


, 𝑏) . (10)

In (10), A is the set of all candidate actions. The learning
parameters of 𝜂 and 𝛾, in (7), and (8), respectively, are usually
set with value ranges between 0 and 1. Once the RL agent
successfully reaches the new state 𝑠, it will receive a reward
𝑟
 and update the Q-value; then, the 𝑠 is substituted by the
next state, that is, 𝑠 ← 𝑠

, and the upcoming action is
then determined according to the predefined exploration-
exploitation strategy, such as the 𝜀-greedy of this study. And
the latest Q-value of the state is applied to the environment
from one state to the other.

3.2. State, Action, and Reward Definition of the RLMPPT. In
the RLMPPT, the agent receives the observable environmen-
tal signal pair of (𝑉pv(𝑖), 𝑃pv(𝑖)), whichwill be subtracted from
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Figure 4: Four states of the RLMPPT.

the previous signal pair in obtaining the (Δ𝑉pv(𝑖), Δ𝑃pv(𝑖))
pair. Δ𝑉pv(𝑖) and Δ𝑃pv(𝑖) each takes positive or negative signs
to constitute a state vector, S, with four states. The agent
then adaptively decides and executes the desired pertur-
bation ΔV(𝑖), characterized as action to the 𝑉pv. After the
selected action is executed, a reward signal, 𝑟(𝑖), is calculated
and granted to the agent; and, accordingly, the agent then
evaluates the performance of the state-action interaction.
By receiving the rewards, the agent is encouraged to select
the action with the best reward. This leads to a series of
actions with the best rewards being iteratively generated such
that MPPT tracking with better performance is gradually
achieved after the learning phase. The state, action, and
reward of the RLMPPT for the PV array are sequentially
defined in the following.

(i) States. In RLMPPT, the state vector is denoted as

𝑆 = [𝑆
0
, 𝑆
1
, 𝑆
2
, 𝑆
3
] ⊆ S, (11)

where S is the space of all possible environmental state vectors
with elements transformed from the observable environment
variables, Δ𝑉pv(𝑖) and Δ𝑃pv(𝑖), where 𝑆

0
, 𝑆
1
, 𝑆
2
, and 𝑆

3
,

respectively, represent at any sensing time slot the state of
going toward theMPP from the left, the state of going toward
the MPP from the right, the state of leaving from the MPP to
the left, and the state of leaving from theMPP to the right.The
four states of the RLMPPT can be shown in Figure 4, where
𝑆
0
indicates that Δ𝑉pv(𝑖) and Δ𝑃pv(𝑖) have all the positive

sign, 𝑆
1
indicates that Δ𝑉pv(𝑖) is negative and the Δ𝑃pv(𝑖) is

positive sign, 𝑆
2
indicates that Δ𝑉pv(𝑖) is positive and Δ𝑃pv(𝑖)

is negative sign, and finally 𝑆
3
indicates that Δ𝑉pv(𝑖) and

Δ𝑃pv(𝑖) are all the negative sign.

(ii) Actions.The action of the RLMPPT agent is defined as the
controllable variable of the desired perturbation ΔV(𝑖) to the
𝑉pv(𝑖), and the state of the agent’s action, 𝐴per, is denoted by

𝐴per ∈ A = {𝑑
0
, 𝑑
1
, . . . , 𝑑

𝑁
} , (12)

where A is a set of all the agent’s controllable perturbations
ΔV(𝑖) for adding to the𝑉pv(𝑖) in obtaining the power from the
PV array.

(iii) Rewards. In RLMPPT, rewards are incorporated to
accomplish the goals of obtaining the MPP of the PV array.
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Figure 5: The flowchart of the proposed RLMPPT for the PV array.

Intuitively, the simplest but effective derivation of reward
could be a hit-or-miss type of function, that is, once the
observable signal pair (𝑉pv(𝑖), 𝑃pv(𝑖)) hits the sweetest spot,
that is, the true MPP of (𝑉mpp(𝑖), 𝑃mpp(𝑖)), a positive reward
is given to the RL agent; otherwise, zero reward is given to
the RL agent. The hit-or-miss type of reward function could
intuitively be defined as

𝑟
𝑖+1

= 𝛿 ((𝑉pv (𝑖) , 𝑃pv (𝑖)) , ℎ 𝑧 (𝑖)) , (13)

where 𝛿(⋅) represents the Kronecker delta function, and
ℎ 𝑧(𝑖) is the hitting spot defined for the 𝑖th sensing time
slot. In defining (13), a negative reward explicitly represents
punishment for the agent’s failure; that is, missing the hitting
spot could achieve better learning results in comparison with
a zero reward in the tracking of MPP of a PV array. In
reality, the possibility that the observable signal pair (𝑉pv(𝑖),
𝑃pv(𝑖)), leaded by the agent’s action of perturbation ΔV(𝑖) to
the 𝑉pv(𝑖), exactly hits the sweetest spot of MPP is very low
in any sensing time slot 𝑖. Besides, it is also very difficult for

the environment’s judge to define a hitting spot for every
sensing time slot. Hence, the hitting spot ℎ 𝑧(𝑖) in (13) can
be relaxed where a required hitting zone is defined on the
previous environmental knowledge on a diurnal basis and
where a positive/negative reward will be given if (𝑉pv(𝑖),
𝑃pv(𝑖)) falls into/outside the predefined hitting zone in any
time slot. Hence, the reward function can be formulated as

𝑟
𝑖+1

=
{

{

{

𝑐
1
, (𝑉pv (𝑖) , 𝑃pv (𝑖)) ∈ Hitting Zone

−𝑐
2
, otherwise,

(14)

where 𝑐
1
and 𝑐

2
are positive values, denoting weighting

factors in maximizing the difference between reward and
punishment for better learning effect. In this study, the 𝜀-
greedy algorithm is used in selecting the RLMPPT agent’s
actions to avoid repeatedly selection of the same action. The
flowchart of the proposed RLMPPT of this study is shown in
Figure 5.
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Figure 6: MPP distribution under simulated environment: (a) Gaussian distribution function generated environment data, (b) the set in (a)
added with sun occultation by clouds, and (c) MPP distribution obtained using real weather data.

4. Configurations of Experiments

Experiments of MPPT of PV array utilizing the RLMPPT
are conducted by simulation on computer and the results are
compared with existing MPPT methods for PV array.

4.1. Environment Simulation and Configuration for PV Array.
In this study, the PV array used for simulation is SY-
175M,manufactured by Tangshan Shaiyang Solar Technology
Co., Ltd., China. The power rating of the simulated PV
array was 175W with open-circuit voltage 44V and short-
circuit current 5.2 A. Validation of RLMPPT’s effectiveness
in MPPT was conducted via three experiments using two
simulated and one real weather data sets. A basic experiment
was first performed to determine whether the RLMPPT
could achieve the task of MPPT by using a set of Gaussian
distribution function generated temperature and irradiance.
And the effect of sun occultation by clouds is added on the
Gaussian distribution function generated set of temperature
and irradiance as the second experiment. Real weather data
for PV array, recorded in April, 2014, at Loyola Marymount
University, California, USA, obtained fromNational Renewal
Energy Laboratory (NREL) database provided an empirical
data set to test the RLMPPT under real weather condition.
Configurations of the experiments are described in the
following.

Assume the PV array is located at the Subtropics area
(Chiayi City, in the south of Taiwan) during 10:00 and
14:00 in summertime where the temperature and irradiance,

respectively, are simulated using Gaussian distribution func-
tion with mean value of 30∘C and 800W/m2 and standard
deviation of 4∘C and 50W/m2. According to (1), the simu-
lated set of temperature and irradiance produces the MPP
voltage (𝑉mpp) and the calculated MPP (𝑃mpp), as shown in
Figure 6(a), where the 𝑉mpp and the 𝑃mpp, respectively, lay at
𝑥-axis and 𝑦-axis. Figures 6(b) and 6(c), respectively, show
the (𝑉mpp, 𝑃mpp) plots of the Gaussian generated temperature
and irradiance with sun occultation effect and the real
weather data recorded on April 1, 2014, at LoyolaMarymount
University.

4.2. Reward Function and State, Action Arrangement. In
applying the RLMPPT to solve the problem of the MPPT
for PV array, the reward function plays an important role,
because not only a good reward function definition could
achieve the right feedback on every execution of learning
and tracking, but also it could enhance the efficiency of
the learning algorithm. In this study, a hitting zone with
elliptical shape for (𝑉mpp, 𝑃mpp) is defined such that a positive
reward value is given to the agent whenever it obtained
(𝑉mpp, 𝑃mpp) falls into the hitting zone in the sensing time
slot. Figure 7 shows the different size of elliptical hitting
zone superimposed on the plot of simulated (𝑉mpp, 𝑃mpp)
of Figure 6(a). The red elliptical circle in Figures 7(a), 7(b),
and 7(c), respectively, represents that the hitting zone covers
37.2%, 68.5%, and 85.5% of the total (𝑉mpp, 𝑃mpp) points,
obtained from the simulated data of the previous day.

In realizing the RLMPPT, the state vector is defined as
𝑆 = [𝑆

0
, 𝑆
1
, 𝑆
2
, 𝑆
3
] ⊆ S, while the meaning of each state is
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Figure 7: Different size of elliptical hitting zone superimposed on the plot of simulated (𝑉mpp, 𝑃mpp) for the first set of simulated environment
data: (a) 37.2% of the MPPs involved, (b) 68.5% of the MPPs involved, and (c) 85.5% of the MPPs involved.

explained in the previous section and shown in Figure 5. Six
perturbations of ΔV(𝑖) to the 𝑉pv(𝑖) are defined as the set of
action as follows:

A = {𝑎
𝑖
| 𝑎
0
= −5V, 𝑎

1
= −2V, 𝑎

2
= −0.5V,

𝑎
3
= +0.5V, 𝑎

4
= +2V, 𝑎

5
= +5V} .

(15)

The 𝜀-greedy is used in choosing agent’s actions in the
RLMPPT such that agent repeatedly selects the same action
is prevented.The rewarding policy of the hitting zone reward
function is to give a reward value of 10 and 0, respectively,
to the agent whenever it obtained (𝑉mpp, 𝑃mpp) in any sensing
time slot falls-in and falls-out the hitting zone.

5. Experimental Results

5.1. Results of the Gaussian Distribution Function Generated
Environment Data. In this study, experiments of RLMPPT
in testing the Gaussian generated and real environment data
are conducted and the results are compared with those of the
P&O method and the open-circuit voltage method.

For the Gaussian distribution function generated envi-
ronment simulation, the percentages of each RL agent choos-
ing actions in early phase (0∼25 minutes), middle phase
(100∼125 minutes), and final phase (215∼240 minutes) of the
RLMPPT are shown in the second, third, and fourth row,
respectively, of Table 1 within two-hour period. It can be seen
that, in the early phase of the simulation, the RL agent is
in fast learning stage such that the action chosen by agent
is concentrated on the ±5V and ±2V actions. However, in
the middle and final phase of the simulation, the learning

Table 1: The percentage of choosing action in different phase.

Interval (minutes) Action (V)
+5 +2 +0.5 −0.5 −2 −5

Early 0∼25 16% 20% 8% 12% 24% 20%
Middle 100∼125 4% 28% 24% 16% 20% 8%
Final 215∼240 4% 8% 36% 40% 8% 4%

is completed and the agent exploited what it has learned;
hence, the percentage of choosing fine tuning actions, that is,
±0.5 V, is increased from 20% of the early phase to 40% and
76%, respectively, for the middle and final phase. It can be
concluded that the learning agent fast learned the strategy in
selecting the appropriate action toward reaching the MPPT,
and hence the goal of tracking the MPP is achieved by the RL
agent.

Experimental results of the offsets between the calculated
and the tracking MPP by the RLMPPT and comparing
methods at the sensing time are shown in Figure 8. Figures
8(a), 8(b), and 8(c), respectively, show the offsets between the
calculated MPP and the tracking MPP by the P&O method,
the open-circuit voltagemethod, and the RLMPPTmethod at
the sensing time. One can see that, among the experimental
results of the three comparingmethods, the open-circuit volt-
age method obtained the largest offset, which is concentrated
around 15W. Even though the offsets obtained by the P&O
method fall largely below 10W, however, large portion of
offset obtained by the P&O method also randomly scattered
between 1 and 10W. On the other hand, the proposed
RLMPPT method achieves the least and condenses offsets
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Figure 8: The maximum power point minus the predicted current power point corresponds to the same sensing time: (a) P&O method,
(b) open-circuit voltage method, and (c) RLMPPT method.
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Figure 9:Thedefinition of hitting zone for the 2nd set of experiment
data.

below 5W and only small portions fall outside of 5W even
in the early learning phase.

5.2. Results of the Gaussian Distribution Function Generated
Environment Data with Sun Occultation by Clouds. In this
experiment, the simulated data are obtained by adding a 30%
chance of sun occultation by clouds to the test data in the
first experiment such that the temperature will fall down
0 to 3∘C and the irradiance will decrease 0 to 300W/m2.
The experiment is conducted to illustrate the capability of
RLMPPT in tracking the MPP of PV array under varied
weather condition. Figure 9 shows the hitting zone definition

Table 2: The percentage of choosing action in different phase.

Interval (minutes) Action (V)
+5 +2 +0.5 −0.5 −2 −5

Early 0∼25 28% 8% 12% 8% 12% 32%
Middle 100∼125 8% 16% 24% 20% 20% 12%
Final 215∼240 4% 12% 40% 32% 8% 4%

for the simulated data with added sun occultation by clouds
to the Gaussian distribution function generated environment
data. The red elliptical shape in Figure 9 covers the 90.2% of
the total (𝑉mpp, 𝑃mpp) points, obtained from simulated data of
the previous day. Table 2 shows the percentage of selecting
action, that is, the perturbation ΔV(𝑖) to the 𝑉pv(𝑖), by the
RLMPPT. The percentages of each RL agent choosing action
in early phase, middle phase, and final phase of the RLMPPT
method are shown in the second, third, and fourth row,
respectively, of Table 2.

It can be seen from Table 2 that the percentages of
selecting fine tuning actions, that is, the perturbation ΔV(𝑖)
is ±0.5 V, increase from 20% to 44%, and finally to 72%,
respectively, for the early phase, middle phase, and final
phase of MPP tracking via the RL agent. This table again
illustrated the fact that the learning agent fast learned the
strategy in selecting the appropriate action toward reaching
the MPPT, and hence the goal of tracking the MPP of the
PV array is achieved by the RL agent. However, due to
the varied weather condition on sun occultation by clouds,
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Figure 10: The maximum power point minus the predicted current power point corresponds to the same sensing time: (a) P&O method,
(b) open-circuit voltage method, and (c) RLMPPT method.

the percentage of selecting fine-tuning actions is somewhat
varied a little bit in comparison with the results obtained
in Table 1, whose simulated data are generated by Gaussian
distribution function without sun occultation effect.

Experimental results of the offsets between the calculated
and the tracking MPP by the comparing methods of P&O,
the open-circuit voltage, and the RLMPPT at the same
sensing time are shown in Figures 10(a), 10(b), and 10(c),
respectively. Experiment data from Figure 11 again exhibited
that, among the three comparing methods, the open-circuit
voltage method obtained the largest and sparsely distributed
offsets data, which are concentrated around 15W. Even
though the offsets obtained by the P&O method fall largely
between 0 and 5W, however, large portion of offset obtained
by the P&Omethod scattered around 1 to 40W before the 50
minutes of the experiment. On the other hand, the proposed
RLMPPT method achieves the least and condensed offsets
below 5W andmostly close to 3W in the final tracking phase
after 200 minutes.

5.3. Results of the Real Environment Data. Real weather data
for PV array, recorded in April, 2014, at Loyola Marymount
University, California, USA, is obtained online fromNational
Renewal Energy Laboratory (NREL) database for testing the
RLMPPTmethod under real environment data.The database
is selected because the geographical location of the sensing

Table 3:The percentage of choosing action in different phase for the
experiment with real weather data.

Interval (minutes) Action (V)
+5 +2 +0.5 −0.5 −2 −5

Early 0∼25 24% 16% 8% 12% 12% 28%
Middle 100∼125 16% 16% 12% 24% 24% 8%
Final 215∼240 4% 16% 32% 32% 12% 4%

station is also located in the subtropical area. A period of
recorded data from 10:00 to 14:00 for 5 consecutive days is
shown in Figure 6(c) and the hitting zone reward function
for the data from earlier days is shown in Figure 11(a). The
red elliptical shape in Figure 11(a) covers the 93.4%of the total
(𝑉mpp, 𝑃mpp) points, obtained from the previous 5 consecutive
days of the NREL real weather data for testing. Figures
11(b) and 11(c), respectively, show the real temperature and
irradiance data recorded at 04/01/2014 for generating the test
data.

Table 3 shows the percentage of selecting action by
the RLMPPT. The percentages of each RL agent choosing
action in early phase (0∼25 minutes), middle phase (100∼125
minutes), and final phase (215∼240 minutes) of the RLMPPT
method are shown in the second, third, and fourth rows,
respectively, of Table 3.
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Figure 11: (a) The definition of hitting zone for the experiment using real weather data, (b) the real temperature data recorded in 04/01/2014
and used for generating the test data, and (c) the real irradiance data recorded at 04/01/2014 and used for generating the test data.

In Table 3, one can see that the percentage of selecting
fine tuning actions, that is, the perturbation ΔV(𝑖) is ±0.5 V,
increase from 20% to 36% and finally to 64%, respectively,
for the early phase, middle phase, and final phase of MPP
tracking via the RL agent. Even though the percentage of
selecting fine tuning actions in this real data experiment has
the least value among the three experiments, it exhibits that
the RLMPPT learns to exercise the appropriate action of the
perturbationΔV(𝑖) in tracking theMPP of the PV array under
real weather data. This table again illustrated the fact that
the learning agent fast learned the strategy in selecting the
appropriate action toward reaching the MPP, and hence the
goal of tracking the MPP of the PV array is achieved by the
RL agent.

Experimental results of the offsets between the MPPT
and the predicted MPPT by the comparing methods at the
sensing time for the simulation data generated by the real
weather data are shown in Figure 12. Figures 12(a), 12(b), and
12(c), respectively, show the offsets between the calculated
MPPT and the tracking MPPT by the P&O method, the
open-circuit voltage method, and the RLMPPT method.
Experiment data from Figure 12 again shows that, among the
three comparing methods, the open-circuit voltage method
obtained the largest and sparsely distributed offsets data,
whose distributions are concentrated within a band cover by
twoGaussian distribution functionswith themaximumoffset

value of 19.7W. The offsets obtained by the P&O method
fall largely around 5 and 2.5W; however, large portion of
offset obtained by the P&O method sharply decreased from
1 to 40W in the early 70 minutes of the experiment. By the
observation of Figure 12(c), the proposed RLMPPT method
achieves the least and condenses offsets near 1 or 2W and
none of the offsets is higher than 5W after 5 simulation
minutes from the beginning.

5.4. Performance Comparison with Efficiency Factor. In order
to validate whether the RLMPPTmethod is effective or not in
tracking MPP of a PV array, the efficiency factor 𝜂 is used to
compare the performance of other existing methods for the
three experiments. The 𝜂 is defined as follows:

𝜂mppt =
∫
𝑡

0

𝑃actual (𝑡) 𝑑𝑡

∫
𝑡

0

𝑃max (𝑡) 𝑑𝑡
, (16)

where 𝑃actual(𝑡) and 𝑃max(𝑡), respectively, represent the track-
ing MPP of the MPPT method and the calculated MPP.
Table 4 shows that, for the three test data sets, the open-
circuit voltage method has the least efficiency factor among
the three comparing methods, and the RLMPPT method has
the best efficiency factor which is slightly better than that of
P&O method. The advantage of the RLMPPT method over
the P&Omethod is shown in Figures 10 and 12where not only
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Figure 12: The maximum power point minus the predicted current power point corresponds to the same sensing time: (a) P&O method,
(b) open-circuit voltage method, and (c) RLMPPT method.

Table 4: Comparison of efficiency factor for the three comparing
methods.

Learning phase (min) Methods
Open-circuit voltage P&O RLMPPT

Early 10:00∼10:25 86.9% 83.5% 89.2%
Middle 11:40∼12:05 87.5% 97.8% 99.4%
Final 13:35∼14:00 87.8% 97.7% 99.3%
Overall 10:00∼14:00 87.6% 95.4% 98.5%

the RLMPPT method significantly improves the efficiency
factor in comparing that of the P&O, but also the learning
agent of the RLMPPT fast learned the strategy in selecting the
appropriate action toward reaching theMPPTwhich is much
faster than the P&O method in exhibiting a slow adaptive
phase. Hence, the RLMPPT not only improves the efficiency
factor in tracking the MPP of the PV array, but also has the
fast learning capability in achieving the task of MPPT of the
PV array.

6. Conclusions

In this study, a reinforcement learning-based maximum
power point tracking (RLMPPT) method is proposed for
PV array.The RLMPPTmethod monitors the environmental

state of the PV array and adjusts the perturbation to the
operating voltage of the PV array in achieving the best MPP.
Simulations of the proposed RLMPPT for a PV array are
conducted on three kinds of data set, which are simulated
Gaussian weather data, simulated Gaussian weather data
added with sun occultation effect, and real weather data from
NREL database. Experimental results demonstrate that, in
comparison to the existing P&O method, the RLMPPT not
only achieves better efficiency factor for both simulated and
real weather data sets but also adapts to the environment
much fast with very short learning time. Further, the rein-
forcement learning-basedMPPTmethodwould be employed
in the real PV array to validate the effectiveness of the
proposed novel MPPT method.
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