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The first objective of this work is to determine some of the performance parameters characterizing the behavior of a particular
photovoltaic (PV) panels that are not normally provided in the manufacturers’ specifications. These provide the basis for
developing a simple model for the electrical behavior of the PV panel. Next, using this model, the effects of varying solar
irradiation, temperature, series and shunt resistances, and partial shading on the output of the PV panel are presented. In
addition, the PV panel model is used to configure a large photovoltaic array. Next, a boost converter for the PV panel is
designed. This converter is put between the panel and the load in order to control it by means of a maximum power point
tracking (MPPT) controller. The MPPT used is based on incremental conductance (INC), and it is demonstrated here that this
technique does not respond accurately when solar irradiation is increased. To investigate this, a modified incremental
conductance technique is presented in this paper. It is shown that this system does respond accurately and reduces the steady-
state oscillations when solar irradiation is increased. Finally, simulations of the conventional and modified algorithm are
compared, and the results show that the modified algorithm provides an accurate response to a sudden increase in solar irradiation.

1. Introduction

The energy generated by the PV systems depends on various
parameters, either environmental as temperature and irradi-
ance or internal parameters of the PV panel, namely, the
series and shunt resistors [1, 2]. Thus, the load imposes its
own characteristic on the output power [3]. Therefore, in
order to predict and analyze the effect of these parameters
on the PV power, the model of the PV panel should be
previously studied and achieved, and this model should be
in accordance with the real comportment of the PV panel.
Therefore, different models were proposed in the literature.
In [4], a single diode model is used; in [5], a two-diode model
is proposed to illustrate the influence of the recombination of
carriers; and in [6], a model of three diodes is used to present
the effects which are neglected by the two-diode model.
However, the single-diode model is the most adopted due
to its good simplicity and accuracy [7]. Moreover, manufac-
turers of PV panels offer only some characteristics. But other
characteristics required to model PV panel are missed in the

datasheet, as the photocurrent, the diode saturation current,
the series and shunt resistors, and the ideality factor [8].
Hence, in [7, 9, 10], researchers have proposed different
methods to extract the lacking characteristics based on the
datasheet values, but these methods require an implementa-
tion and this can increase the time spent in the development
of a PV application. Therefore, this paper aims firstly to
extract lacking parameters in the manufacturers’ datasheet
by using a simple tool provided by MathWorks [11] and then
model the PV panel. The single-diode model is used in this
work because it gives a high compromise between accuracy
and simplicity [12], and several researchers have used it in
their works [13, 14]. In addition, this work shows the effect
of parameters that may change the performance of the
PV panel. Then, this model will be a platform to design
a PV array.

On the other side, the maximization of the PV power
always remains a major challenge. Researchers have pro-
posed different MPPT algorithms to maximize PV power,
namely, FSCC, FOCV, fuzzy logic, neural network, P&O,
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and INC [15, 16]. FSCC and FOCV are the simplest MPPT
algorithms, which are based on the linearity of short-circuit
current or open-circuit voltage to the maximum power point
current or voltage. However, these techniques isolate the PV
panel to measure the short-circuit current or open-circuit
voltage. Therefore, the loss of energy is increased due to the
periodic isolation of the panel [17]. Alternatively, fuzzy logic
and neural network obtain a consistent MPPT technique due
to their ability to treat the nonlinearity of the PV panel. But
the main drawback of fuzzy logic is that the effectiveness of
this algorithm depends a lot on choosing the right error
computation and an appropriate rule base [18]. In addition,
neural network presents many disadvantages like the fact
that the data needed for the training process have to be spe-
cifically acquired for every PV array and location, and also,
the PV characteristics change with time, so the neural
network has to be periodically trained [18]. On the other
hand, P&0O and INC are mostly used. These techniques
use the (P-V) characteristic of the PV panel. For P&O,
steady-state oscillations occur after the MPP is found due
to the perturbation made by this technique to maintain the
MPP, which in turn increases the loss of power [19]. For
ING, it is founded in the fact that slope of P-V characteristic
is zero at the maximum power, and theoretically, there is no
perturbation after the MPP is found. Therefore, oscillations
are minimized. However, during implementation, the zero
value is hardly found on the slope of the P-V characteristic
due to the truncation error in digital processing. Thus, the
INC technique can make an inaccurate response when the
irradiation is suddenly increased [20]. Therefore, this work
aims also to propose and implement a modified INC algo-
rithm, which can overcome the wrong response made by
the conventional INC algorithm when the irradiance is
suddenly increased. Therefore, this work proposes a new
technique to detect the increase in solar irradiation. The var-
iation of voltage (AV) and current (AI) are used to identify
the increase in irradiation instead of the slope (AP/AV) of
the P-V characteristic. The modified algorithm detects the
increase of irradiance and makes a correct decision. More-
over, a mini error is accepted to admit that the slope is near
to zero and minimize the steady-state oscillations.

This paper is structured as follows. Following the intro-
duction, Section 2 presents the modeling of PV panel and
array and presents the impact of different environmental
and internal parameters. Section 3 presents the design of
the boost converter, the conventional algorithm, and the
proposed algorithm.

2. Modeling of PV Panel and Array

2.1. Model of PV Panel. As shown in Figure 1, the single-
diode model of PV panel can be presented by a photocurrent
source and a diode connected with series and shunt resis-
tances. The mathematical model of the PV panel can be
presented by the following equations [19]:

(V +1R,)
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FIGURE 1: PV panel equivalent circuit.

TaBLE 1: Characteristics of MSX-60 PV panel at STC.

PV panel parameters Values
Maximum power, P .. 60 W
Maximum power voltage, V,,, 171V
Maximum power current, I, , 35A
Short-circuit current, I 3.8A
Open-circuit voltage, Vo 211V
Voltage/temp. coefficient, Ky, -0.38%/°C
Current/temp. coefficient, K, 0.065%/°C
The number of cells, N, 36

Ly = (Ise + K,(T - 298.15)) — (2)

ph = (Isc + K;(T - 298. ))m’

Ise + K (T - 298.15)

IS = P (@(Voo + Ky(T —298.15))/akTNg)) = 1 3)

Hence, the physical behavior of the PV panel depends
on the shunt and series resistances, solar irradiation, and
temperature. Therefore, in this work, the impact of these
parameters on the output of the PV panel is investigated.

The panel used in this work is MSX-60 panel, and as
presented in Table 1, the datasheet of PV panel provides only
some characteristics of PV panel. Thus, other characteristics
required to model PV panel are missed in the datasheet, as
the photocurrent, the diode saturation current, the series
and shunt resistors, and the ideality factor. Hence,
researchers have proposed different methods to extract the
lacking characteristics based on the datasheet [7, 9, 10]. But
these methods require an implementation and this can
increase the time spent in the development of a PV system.
Therefore, this work aims firstly to extract these parameters
by using a simple tool provided by MathWorks which is
“PV array;” the latter is available in Simulink 2015 or later
[11]. Hence, as shown in Figure 2, we only have to set the
datasheet values and automatically it will generate the
lacking parameters.

Equations (1), (2), and (3) are modeled using PSIM
(software for power electronics simulation), and Figure 3
presents the PSIM model.

Figure 4 shows the I-V and P-V curves of experimental
and PSIM model under STC. The experimental data P(V)
and I(V) are taken from the manufactured datasheet [21].
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FIGURE 2: PV array tool.
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FIGURE 3: PV panel PSIM model.

And as presented, the model data are in accordance with the
experimental data both in the current and power curves.

2.2. Effect of Solar Irradiation Variation. Figure 3 contains
the model of the three equations: one of these equations
computes the photocurrent based on temperature and

irradiance (2). The model of this equation is presented
in Figure 5, and Figure 6 presents I-V and P-V curves
for different values of solar irradiation.

As presented in Figure 6, the PV panel current depends
heavily on solar irradiation. However, the voltage increases
just by 1V once the irradiance is increased from 400 W/m?
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FiGURE 4: I-V and P-V characteristics of model and experimental data.

F1GURE 5: Model of (2).
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FIGURE 6: I-V and P-V curves for different values of irradiance.

to 1000 W/m?® Therefore, the irradiance change affects
heavily the PV panel current.

2.3. Effect of the Temperature Variation. Figure 3 contains
also the modeling of (3), which computes the diode satura-
tion current based on the temperature. The model of this
equation is shown in Figure 7, and Figure 8 shows the I-V
and P-V curves for different values of temperature.

Generally, as shown in Figure 8, for a fixed solar irradia-
tion and when the temperature increases, the open-circuit
voltage decreases and the short-circuit current increases with
a little value. Therefore, the temperature change affects
strongly the PV panel voltage.

2.4. Effect of Series Resistor Variation. The series resistor
value is very small, and it may be neglected in some cases.
Nevertheless, to make the appropriate model for any PV
panel, it is recommended to make a variation of this resistor

and show its effect on the PV panel output. As shown in
Figure 9, the change of the series resistor results on the devi-
ation of the MPP.

The simulation was made for three values of series
resistance (1 mQ, 4m(, and 8 mQ). Moreover, as shown in
Figure 9, the upper values of series resistance decrease the
output power. In addition, the fill factor presented by (4)
decreases as series resistance increases [22].

p
FE= _ mo (4)

VOCISC .

2.5. Effect of Shunt Resistor Variation. As presented in
Figure 10, R, should be quite large for a good fill factor.
In fact, when Ry is small, the current collapses more
strongly, then the loss of power is high, and the fill factor
is low. Therefore, Ry of any PV panel should be large
enough for a good efficiency.



International Journal of Photoenergy

FIGURE 7: Model of (3).
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FIGURE 8: I-V and P-V curves for different values of temperature.
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FIGURE 9: I-V and P-V curves for different values of R,.
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FIGURE 10: I-V and P-V curves for different values of Ry,.
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FIGURE 12: I-V and P-V characteristics of the PV panel under nonuniform irradiation.

2.6. Effect of Shading. Partial shading also presents a major
impact on PV output power. When the insolation received
by a part of the PV panel (shaded cells) is less than the
insolation received by another part (illuminated cells), the
current generated by the illuminated cells is greater than
the current produced by the shaded cells; this mismatch
makes the diode of shaded cells reverse biased; consequently,
the power will be lost in the shaded cells and that may cause a
hot spot problem which is the reason of permanent damage
to the PV panel [19]. Hence, in order to overcome this
problem, the bypass diodes can be connected in parallel with
PV cells [19].

To simulate the effect of shading, a bypass diode is
associated with each string of the panel, and it should be
mentioned that the panel used includes two strings and each
string is a set of 18 cells. Thus, as shown in Figure 11, the
first string is exposed by 1000 W/m?* and the second string
by 700 W/m®.

Under uniform irradiation, the bypass diodes have no
impact because they are reversely biased. But under shading,
the current flows through the bypass diode instead of the
shaded string because the bypass diode is directly biased,
and as a result, no power will be lost in the shaded cells and
only the illuminated cells generate power. Figure 12 shows
the effect of bypass diodes on the PV panel characteristics
and as presented, multiple peaks may occur on the P-V
curve; as in this case, there are two peaks, point A which is
the global peak and point B which is the local peak.

Therefore, conventional MPPT algorithms are unable to
track the global peak which is the real MPP [19].

2.7. Photovoltaic Array. To get benefit from the model
developed, a PV array of 18 PV panels has been built in order
to supply a solar pumping station, not studied in this paper.
Therefore, as shown in Figure 13, three strings of six PV
panels have been linked in parallel and each group is
composed of six panels in series.

The model of the PV array has been achieved on PSIM,
and simulation result obtained is presented in Figure 14.

As presented in Figure 14, the panels connected in
parallel increase the current and the panels connected in
series increase the voltage. However, as discussed in the
previous section, this connection between panels can lead
to hot spot problem when the insolation received by a part
of the PV array (shaded panels) is less than the insolation
received by another part (illuminated panels).

3. Modified INC Algorithm with
Boost Converter

PV panel provides I-V and P-V curves presented in
Figure 15; these curves highlight one point where the power
is maximum. As presented above, this point depends on solar
irradiation and temperature. Moreover, as presented in
Figure 15, in general, load’s characteristic is different from
the MPP. Therefore, the boost converter controlled by a duty
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cycle () generated by the MPPT controller is put between
the panel and the load [23]. The interest of this addition is
to remove the mismatch between the panel and the load,
and then the PV panel can operate at MPP.

3.1. Boost Converter Design. Figure 16 presents the circuit of
the boost converter; this converter is used as an adapter
between the source and the load [24].

The operation principle of this converter is described by
the following equations [25]:

- (1-a) (5)

Io=1(1-a).

By using (5), (6) is obtained, which is the relationship
between the resistance seen by the PV panel (R,,) and the
load resistance (R). Hence, based on this equation, the
MPPT controller can find the optimum « to remove the
mismatch between the load and MPP. Therefore, The boost
converter is required to get maximum power available from
the panel.

R =

eq =7 :R(l_“)z‘ (6)

V. Vo(l-a)
I I,
3.1.1. Selection of the Inductor. The choice of the inductor can
directly influence the performance of the boost converter.
Moreover, the selection of the inductance is a trade-off
between its cost, its size, and the inductor current ripple. A
higher inductance value results in a minor inductance
current ripple; however, that results in a higher cost and
larger inductor’s size, which means a larger PCB surface.
By the way, the inductance value can be given as follows:
During T state,

V=L —Ltop=_"_ (7)

where AI, can be computed as below, and r is the induc-
tor current ripple ratio, which is optimal in the range
[0.3, 0.5] [26]:

Al =rxI. (8)

Therefore, the optimum inductor value can be computed
by using

Va
>

L>—.
rlIF

9)

Based on Figure 17, in order to guarantee the perfor-
mance of boost converter in the continuous conduction
mode, the following equation must be verified:

(10)

Al
I> =LAl <ol
2

Therefore,

70‘(1;‘) R (11)

3.1.2. Selection of the Output Capacitor. The choice of the
output capacitor is made by using output voltage ripple
as follows:

During Ty,

L>

AV al,
Io=Co—2=Co= —2.
OO 9 AVLF

(12)

Therefore, the output capacitor value can be calculated

as below, where the desired AV, equals to 2% of output
voltage [24]:

Co 2 S S

0.02x FXR

(13)
3.1.3. Selection of the Input Capacitor. An input capacitor is
used to decrease the input voltage ripple and to deliver an
alternative current to the inductor. The input voltage ripple



International Journal of Photoenergy

Area

ICIN

Al T

TAIL/Z

topp/2 ton/2.
K —>

Charge Discharge

loFr | lon

FIGURE 18: Current waveforms of the input capacitor in CCM.

matches to the charge voltage during the charge phase of the
capacitor, and during this phase, I, is greater than zero,
so this phase is illustrated by the blue area in Figure 18;
therefore, this area is used to calculate the input capacitor
as follows:

AV IguAt

I, =C,—=AV 14
Cin in At ( )

Based on Figure 18, and by using (14):

Al Al Va

AV = =C. = = .
8FC ™ 8FAV  8F2LAV

(15)

in

Therefore, the input capacitor can be calculated by (16),
where the desired AV equals to 1% of input voltage [27]:

(16)

The design of the used boost is presented in Table 2.

o
Cinzz—.
8x F*xLx0.01

3.2. Problem with the Conventional INC Algorithm. A good
MPPT algorithm balances between the tracking speed
and steady-state performance. In accordance with these
requirements, the INC algorithm can be used even if it
can fail in some cases [20] and in this study, it will be
modified in order to improve its performance. INC algorithm
is founded in the fact that slope of P-V characteristic is zero
at the MPP [28]. Therefore, this algorithm can be modeled as
follows:

P
— =0 at MPP,
av
dP
v >0 left to MPP, (17)
P
;l_V <0 right to MPP.
Since
dp _d(v) _ dl (18)
dv = dv ~ dv 7
then,
dI I
—=—— t MPP, 19
ey A (19)
dl 1
25— left to MPP, (20)
v \%

9
TaBLE 2: Design of the boost converter.

Parameters Values
L 12mH
Cin 75 uF
Co 75 uF
F 10 kHz
R 50 Q)
Ayrpp 0.69

dl I

~— <—— right to MPP. (21)

v v '8

The flowchart of the INC algorithm is presented in
Figure 19 [28]. This algorithm measures the current and
voltage of the panel. If (21) is met, the duty cycle is increased,
and vice versa if (20) is met. Then, there is nothing to do if
(19) is met. Therefore, theoretically, if MPP is reached, there
is no more perturbation of a; consequently, steady-state
oscillations are decreased, and that is the main advantage of
INC algorithm.

However, the conventional INC algorithm fails to make
a good decision when the irradiance is suddenly increased
[20]. As presented in Figure 20, once the solar irradiance
is at 500 W/m? and the PV system operates at load_2, the
INC technique controls the PV system in order to reach
the MPP (point B). When the irradiance is increased to
1000 W/m?, load_2 will lead the system to point G in I-V
characteristic, which matches to point C in P-V character-
istic. The INC technique calculates the slope between point
C and point B which is positive. Therefore, the INC algo-
rithm will decrease the duty cycle and consequently, the
PV panel voltage will be increased. But since the MPP of
1000 W/m? is at point A, and the slope between point A
and C is negative, then the PV panel voltage should have
been decreased in order to reach point A, instead of increase
voltage and recede from point A as made by the conventional
INC algorithm. In addition, as presented in Figure 6, gener-
ally when the solar irradiance increases, the MPP moves to
the right and consequently, the same problem will occur.

Conversely, this weakness does not happen if the solar
irradiation is decreased. Because as shown in Figure 20, the
slope is positive between point A and D, and also between
point B and D.

3.3. Modified INC Algorithm. Based on the above analysis, it
is noted that when the solar irradiance increases, both the
voltage and the current are increased. Therefore, the sudden
increase in solar irradiation can be detected, by checking if
the MPP was reached and both the voltage and current are
increased. Therefore, a permitted error is accepted (22) to
detect that the MPP is reached.

a1
- 4+ —
Vv

o <0.07. (22)

The proposed algorithm is presented in Figure 21. So as
shown, the addition is the check if the MPP was reached by
using (22), then set Var to one. After that, when (22) is
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FIGURE 20: P-V and I-V curves for solar irradiation 500 W/m?>
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not met and Var is one, the proposed technique checks if
both voltage and current are increased; in this case, the
duty cycle is increased instead of decreased as made by
the conventional algorithm. Hence, the INC algorithm is
modified to overcome the incorrect decision made by the
conventional algorithm when the irradiance is increased.

4. Results and Discussions

The test was made for the conventional and the proposed
techniques. At first, the solar irradiance is suddenly increased
from 500 W/m®> to 1000 W/m* at t=0.11s, and then it
is decreased from 1000 W/m> to 500 W/m® at t=0.23s.
Figure 22 shows the test result of the conventional tech-
nique, and Figure 23 shows the test result of the proposed
technique. Therefore, as shown in these figures, the steady-
state oscillations are minimized by using the proposed
algorithm and admit an error equals to 0.07. Contrary to

Flowchart of INC algorithm.

the conventional algorithm, the power oscillates between
(28.5-29.8 W), and this can generate a loss in PV energy.

In addition, as presented in Figure 22, by using the
conventional algorithm, when solar irradiation is suddenly
increased, the power diverges with a value greater than
62W and after that, the conventional INC reverses the
direction and the power diverges with a value lower than
56 W; and like that, the system takes a long time to converge
around MPP that is due to the wrong decision made by the
conventional technique. Also, even if the MPP is reached,
the power oscillates between (59-61 W). On the other side,
as presented in Figure 23, the proposed technique detects
the fast increase of irradiance and makes a correct decision
in duty cycle. As a result, the power converges to the new
MPP from the first step and it is maintained at it (60 W). In
addition, it only needs 0.001 s to reach the MPP. Hence, by
using the proposed INC, the power converges faster
compared with the conventional algorithm which needs
more time to reach the MPP.

Table 3 summarizes a comparison of the proposed
technique to other improved INC techniques proposed in
the scientific literature in term of the oscillation level,
tracking efficiency, the response time during sudden increase
in irradiation, and if the technique makes an incorrect
decision under sudden increase of irradiation. As presented,
the proposed technique shows a very fast tracking speed, a
higher efficiency, and neglected oscillations around the
MPP compared to other techniques. Thus, only the proposed
algorithm and that proposed in [29] make a correct decision
under sudden increase of irradiation, contrary to the conven-
tional technique and those proposed in [30, 31] which make
an incorrect decision.

5. Conclusion

In this paper, PV panel’s parameters are found using Math-
Works tool (PV array); hence, by using these parameters, a
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TaBLE 3: Comparison of the proposed algorithm with other improved incremental conductance algorithms proposed in scientific literature.

Response time during sudden

Incorrect decision under sudden

Technique Oscillation level Efficiency (%) increase in irradiation increase of irradiation
Conventional 25W 96 Slow Yes
[29] 1w 96.40 Fast No
[30] 15W 98.5 Fast Yes
[31] 1w 97.5 Medium Yes
Proposed Neglected 98.8 Very fast No

PV panel and a PV array are modeled, and the results show
that the model is in accordance with experimental data of
the used panel (MSX-60). In addition, a modified INC algo-
rithm which can overcome the confusion faced by the con-
ventional INC technique is proposed in this paper. As a
result, the tests show that the modified technique detects
the fast increase of irradiation and makes a correct decision,
contrary to the conventional technique. Moreover, by using
the modified algorithm, steady-state oscillations are almost
neglected. Hence, the loss of energy is minimized; conse-
quently, the efficiency is equal to 98.8% instead of 96%
obtained by the conventional technique.

As a perspective, the modified INC algorithm can be
more improved and then implemented in an embedded
hardware device.

Nomenclature

Diode’s ideality factor

Output current of the panel (A)

Diode saturation current (A)

Panel photocurrent (A)

Solar irradiation (W/m?)

Boltzmann constant (J- K1)

Electron charge (C)

The load (Q)

The resistance seen by the panel (Q)

Series resistance (Q))

Shunt resistance (Q)

Junction temperature (K)

Output voltage of the panel (V)

Output voltage of the boost converter (V)
Output current of the boost converter (A)
Switching frequency (Hz)

AV:  Input voltage ripple of the boost converter (V)
AV4: Output voltage ripple of the boost converter (V)
Al;:  Inductor current ripple (A).

=,

R AN Qg

o
Al

@

e
z.

esPal
TG S

Greek Letters
a: Duty cycle.
Abbreviations

CCM: Continuous conduction mode
FSCC: Fractional short-circuit current
FOCV: Fractional open-circuit voltage
INC: Incremental conductance
MPP: Maximum power point

MPPT: Maximum power point tracking
P&O: Perturb and observe

PV: Photovoltaic

STC: Standard test conditions.
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