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ABSTRACT:

Photovoltaic (PV) panel produces electricity depending on a variety of characteristics, including the PV module model,
design specifications, and ambient circumstances such as temperature and sun irradiation. To analyze and model the
effect of these factors on PV performance, a PV model is significant to be studied and modeled in advance. It is desirable
to be compatible with the real-physical behavior of the PV panel. This paper presents mathematical modeling, design,
and simulation of the three-diode model (3DM) MPPT controller instead of using conventional single/double diode PV
models. The proposed PV model is analyzed, verified, and simulated at various temperature and irradiance levels.
Furthermore, Particle Swarm Optimization (PSO) as a multi-objective algorithm is used for the Maximum Power Point
Tracking MPPT controller to enhance the performance of the module and PV array system. A DC/DC hoost converter
is combined with the proposed 3DM model and connected through a resistive load. Results show that adopting PSO-
based MPPT improves the performance of the PV panel compared to the traditional MPPT and verified the theoretical
background.

KEYWORDS: Three Diode Model (3DM), Photovoltaic Panel, Particle Swarm Optimization (PSO), Maximum Power

Point Tracking (MPPT), Double Diode Model.

1. INTRODUCTION

Green or Renewable Energy Sources (RES) are
presently the world's most extensively used source of
power since they are clean, free, and ecologically
friendly. RES such as photovoltaic (PV) is widely
employed to supply the electrical power system [1]. The
solar PV array is the most cost-effective common power
generator in terms of mechanical installation expenses
and running costs [2]. A PV cell or module is equivalent
to a P-N junction semiconductor device that converts
sunlight energy to electricity [3].

Furthermore, a PV cell can only provide a little
amount of DC power; hence, these cells are combined in
series to produce a significant output power and are used
in conjunction with a PV panel or module [4, 5].
Depending on the production material and commercial
maturity, there are various types of PV cell technologies
available on the market today. PV cell technologies are
classified into  three  types:  polycrystalline,
monocrystalline, and thin-film [6]. Polycrystalline cells
are inefficient because of the random arrangement of the
crystals, and their color is a little blue, reflecting some
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of the sunlight. While the efficiency of monocrystalline
is relatively high [7] because of its uniform dark hue, this
technology absorbs a large amount of solar irradiance.
As a result, the efficiency of this type is greater than the
previous technology but it has certain disadvantages,
such as high wafer manufacture costs. Unlike the two
previous groups, the thin-film cell type is considered
more efficient because it is made from thin layers of
amorphous films which results in absorbing more solar
irradiance [6]. However, a PV cell or panel has non-
linear characteristics since the atmosphere conditions
influence the current-voltage (I-V) and power-voltage
(P-V) curves of a PV panel [8]. Consequently, a
Maximum Power Point Tracking (MPPT) controller is
designed to enhance PV output under fluctuating
irradiance and ambient temperature conditions [9, 10].
Many types of MPPT controllers were designed and
fabricated in recent years. Furthermore, these types may
be summarized based on a variety of criteria, including
speed response time, cost of implementation, and design
complexity [11, 12]. The low-cost perturb and observe
(P&O), and incremental conductance (INC) techniques
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are widely used in PV applications. Although the entire
of controllers can provide an acceptable tracking
efficiency for the PV module, they have some
disadvantages such as high oscillation around the MPP,
high power losses, and slow dynamic response [13, 14].
Therefore, an artificial intelligent based MPPT
controller like heuristic optimization techniques are
essential to enhance the performance and to improve the
PV efficiency [15]. A fuzzy logic (FL) based MPPT is
used in [15] because its algorithm is a broad approach to
express language rules, therefore it can offer a fast
answer with basic mathematical non-linear properties
and obtains a quick and stable response for the output
PV power controller. In addition, to track the MPP of the
PV module under various environmental circumstances,
a Neural Network (NN) approach is applied in [16].
Genetic algorithm (GA) and Particle Swarm
Optimization (PSO) are considered common algorithms
used to track and increase the PV module’s efficiency
[17]. Both algorithms have more advantages and give a
very fast dynamic response.

In this paper, PSO based MPPT controller is used as
a very fast and more efficient algorithm and applied to
control the MSX-60 PV modules in simulations. The
single, double, and three PV panel models are analyzed
mathematically and then the three-diode model (3DM)
for the PV panel is implemented. The proposed 3DM is
combined throughout a DC/DC boost converter, and the
entire design is simulated. Results are excellent and
consistent with the theoretical basics.

2. PHOTOVOLTAIC PANEL MODELS

A PV module is basically a semiconductor diode
with a light-exposed P-N junction. In several studies, a
single diode circuit model as seen in Fig. (1-A) is used,
which is a simple, adequate, and realistic manner of
representing the physical behavior of the PV model [18].
In the single diode model, the recombination loss in the
depletion zone is neglected. Moreover, the significant
losses cannot be precisely predicted. As a result, the
physics of a photovoltaic cell is represented by the
double-diode model as seen in Fig. (1-B) [19].
Accounting for recombination losses resulted in a more
precise model. In this context, the three diode PV model
which has three diodes in the PV equivalent circuit seen
in Fig. (1-C) can improve the accuracy and make the PV
panel’s behavior near the reality [20]. Therefore, in this
paper, a three-diode PV model is designed and simulated
with MPPT controller.

The mathematical equation of the output current for
the 3DM (I_pv) can be written as follows [21]:
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The items of Eq. (1) can be defined as follows:
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L, represents the photocurrent source.

Iy, oz, and I,; are the saturation diode
currents.

V,, is the terminal output voltage of a PV
model.

R, R, are the series and parallel resistance.
ny, Ny, and ng represent the diodes ideality
factors.

V;p, is the thermal voltage V,;,, = NgK T/q.

N represents the number of cells ina PV panel.
K is the Boltzmann constant
(1.3806503x10723 ] /K).

T represents the temperature in Kelvin.

q is the electron charge (1.60217646 X
1071°C).
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The saturation and the reverse saturation currents

for each diode can be expressed in the equations (2-7)
[19, 22].
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Where E, represents the energy of the bandgap
(Eg = 1.12), T, is the temperature at STC (T, =
298.15 °K or 25 °C), V,. is the open-circuit voltage and
I, represents the short-circuit current. The photocurrent
source is molded using the following equation [18, 23]:

G
Iph = (Isc + K; AT) G_ (8)

n

Where, K; is the coefficient’s temperature of the PV
current, G represents irradiance and G, is the irradiance
at STC (G,, = 1000W /m?).

3. THREE DIODE PV MODULE USING
MATLAB/ SIMULINK TOOL

The primary goal of this paper as mentioned is to use
a 3DM to represent a PV module for further accuracy
and performance enhancement. The PV panel
parameters are extracted from the datasheet at standard
test conditions (STC). Table 1 shows the electrical
parameters of the used MSX-60W PV panel at STC
conditions, and the rest of the parameters for the
model R;, R,, ny, np, and n; are obtained from [20] as
seen in Table 2.
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Table 1. Datasheet parameters of MSX60W PV panel
at STC conditions.

Parameter Value
Maximum power, P, 60 W
Maximum voltage, V,,,, 171V
Maximum current, I,,,,, 354

Open-circuit voltage, V. 211V
Short-circuit current, I, 3.84
temperature coefficient at —-0.8mV/°C
Voor Ky
temperature coefficient at 0.65mA/°C
[sc , K;
Cells of panel N 36

Table 2. The rest of MSX-60W PV panel parameters

[20].
Parameter Value
ny 1.219762
n, 1.091667
ns 1.499321
R, 0.1109557Q
R, 349.8458 Q

Fig. 2 presents the overall PV panel model using
3DM in Matlab/Simulink. The voltage of the PV panel
is simulated using ramp function where it is limited
as (0 <V <V,.). Various temperature and irradiance
levels are applied to evaluate and test the proposed 3DM.
The currents of the 3DM are molded based on their
mathematical relations, and the total output current is
modeled based on Eg. (1) as shown in the sub-system of
Fig. 3.
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Fig. 3. MATLAB model of the Sub-system for the total PV current using 3DM.
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The effectiveness and pertinence of the proposed
3DM PV design are confirmed throughout the
simulation steps under various levels of weather
conditions. First, the design simulates various irradiance
and a fixed temperature T = 25°C. The I-V and P-V
graphs for the MSX-60W PV are shown in Fig. 4, and
the irradiance is varied from 200W/m2 to 1000W/m2,
The curves of the characteristics at 2000W/m2 represent
the maximum power behavior, while the lower power
characteristics are achieved at low irradiances especially
at 200W/mz. In fact, these variations in curves are occur
due to the effect of irradiance on the photocurrent source
as indicated in Eq. (8), as the irradiance value decreases,
the total current decreases as well, while the change in
the temperature is zero (AT = 0).

FNVALY Carve ol MSX 60 MY Panel

Curvemt (A)

Veluge V)

Fig. 4. 1-V and P-V graph of 3DM PV model for
various irradiance levels and constant temperature.

It is obtained that, the PV panel current is
significantly dependent on solar irradiation, as seen in
Fig. 4. However, when the level of irradiance is raised
from 200W/m2 to 1000W/m?, the PV panel voltage only
increases by 1.5V. Hence, changes in irradiance have a
significant impact on the PV panel current.

The influence of temperature fluctuations on the
properties of PV panels is seen in Fig. 5. In this case, the
suggested model is proven for various temperature
levels and constant irradiance (G = 1000W /m?). As
shown, with a constant solar irradiation and increasing
temperature, the open-circuit voltage drops as the short-
circuit current rises with a small amount. As a result,
temperature changes have a significant impact on PV
panel voltage.
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Fig. 5. I-V and P-V graph of 3DM PV panel for various
temperature levels and fixed irradiance.
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4. MAXIMUM POWER POINT TRACKING
CONTROLLER

The purpose of MPPT controllers is to track the PV
module's operational point. The MPPT controller is
combined with a boost DC/DC converter to modify the
duty cycle and match input and output impedances. The
accuracy of designing a DC/DC boost converter is
considerable and a challenge to implement. The
schematic diagram of the MPPT controller for the PV
panel and the boost converter used in this paper are
presented in Fig. 6. The switching frequency of the
converter is set to 5000 Hz and it is designed according
to the following parameters:

Cin= 452.5862 uF, Cout= 385.7143 uF, and L=
0.05971mH.

The PSO-based is adopted to the MPPT controller to
add further improvements to the design in term of
efficiency and the performance.

Boost corwerter
- !
- ’M :
{ S 8 Sr9
& } _E,_

PV Pane!

Fig. 6. Schematic diagram of MPPT controller with
the PV panel used in this paper.

The Direct control of PSO is used to obtain MPP
from the PV system based on the duty ratio with number
of particles NP particles in the swarm. The velocity and
position updates in PSO are shown in equations (9-10)
[24]:

V™ = wx V™41 Xop X (P — Xi™) +1, X ¢y
X (Gpi — Xi™) €)]

X, =x"+ ™ (10)

Where the parameters of the above equation are
defined as follows:

i is the optimization vector’s variable.

m represents the no. of iterations.

w represents the factor of inertia.

¢, and ¢, are the coefficients of the

AN
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acceleration.
v rnandr, €U (0,1).
X;™ and V;™ are the position and velocity of i" variable.
The best position for a particle P,; is obtained when the
equation (11) is satisfied as follows:

Py = X;™ If F(X;"™) = F(Py;) (11)
The PSO based optimal MPP is achieved when the
fitness evaluator F is reached. The PSO based MPPT

flowchart is given in Fig. 7. noticeably, when equation
(12) is reached, the PSO algorithm has to be initiated.

AP (12)

START |

Initsaliestion of the parsicles in the senrch space
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o
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satisfied?
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Fig. 7. Algorithm of the PSO based MPPT controller.

5. SIMULATION RESULTS AND TEST THE
PERFORMANCE

In order to validate the proposed 3DM PV panel
based on PSO MPPT controller, firstly the system is
simulated under constant  weather  conditions
(G=1000W/m2 and T=25°C), and then at a step change
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in irradiation while keeping the temperature constant
throughout the simulation.

Furthermore, the most used conventional P&O, and
INC MPPT techniques are applied on the proposed
model. The obtained results are reported in Fig. 8. As
depicted, the P&O method presents good speed response
and some oscillation around the MPP. This issue repeats
in the IC method which produces some power losses.
From the comparison, the proposed PSO based MPPT
controller added improvements to the system
performance with acceptable speed response. As a
result, the proposed design improves the system
dynamic and the efficiency as well. Fig. 9 shows the
simulation results of the PV panel at STC conditions.
These results include the PV current, PV voltage and PV
power using PSO based MPPT controller. It is clear that,
during simulation time t=0.25 second, the obtained
curves are sufficient in terms of ripple content, speed
dynamic, and oscillation around the MPP at a very short
time period at t=0.05 seconds . As shown below, the PV
panel’s power is near to the maximum power of 60W,
which is extracted using the proposed 3DM. Because
this model has three current branches, this process
causes some recombination losses in the depletion
region of the PV panel.

0 ——PA0 busied 30 —NC bawnd J0 — 750 based 10

PV Power (W)

L) s [ A) 015 02 i2

Time {seconds)

Fig. 8. PV power curve of 3DM PV panel using

P&O, INC, and PSO based MPPT techniques at STC
condition.

wne N

"o

.

PRl )

PY Poww )

Fig. 9. Simulation results of the proposed 3DM PV
model under PSO based MPPT controller at STC
condition.
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Various irradiance levels are applied to prove the
effeteness of the proposed MPPT design. Fig. 10 shows
the proposed irradiance profile. Fig. 11 shows the
obtained results of PV power using P&O, INC, and PSO
methods. As seen in Fig. 11, the PSO method for the
MPPT controller offers excellent power oscillation, less
ripple content, good dynamic response, and higher
efficiency when compared to the other techniques. Also,
the INC method suffers when the irradiance increases
from low to high and verse versa as this algorithm is
based on the idea that the slop of its PV curve is zero at
MPP, positive at the left of MPP and negative at the right
of MPP, therefore this algorithm is confused when
detecting MPP during transient stage, while, the P&O
technique is less effect for this manner. The current,
voltage, and power of the PV model using PSO based
MPPT controller are given in Fig. 12. Consequently,
accurate results are obtained using PSO method which
proves more stable PV voltage with lower ripple content
in case of fast variations of irradiance. The solar
irradiance reduces from1000 W/m? to 750 W/m? at 0.225
s at constant temperature at T = 25°C, the PV power
reduces from 56.6 W 38.5 W and the current reduces
from 3.5 Ato 2.6 A, while the voltage reduces from 16.7
V to 14.6 V. Hence, PSO algorithm provides a fast
response and settled to the new MPP in short time period
when there is a rapid change in irradiation by comparing
it to the other methods in terms of both dynamic and
steady state response.
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Fig. 10. The irradiance profile.
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Fig. 11. Output power of the proposed 3DM PV model
under P&O, INC, and PSO methods.
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Fig. 12. Simulation results of the PV panel using PSO
based MPPT controller.

Table 3 summarizes the simulation results of
maximum power in (W) for the three MPPT techniques
at a step change of irradiance level from 1000-200 W/m?
and a fixed temperature as depicted in Fig. 13. It is clear
that the maximum power point of PSO method is less
than P&O and INC power at low irradiance level.
However, PSO method shows less ripple, good speed
response, and less oscillation around MPP in comparison
with P&O and INC methods as shown in Fig. 8.

Table 3. Simulation Results of MPPT methods at
different level of Irradiance.

Irradiance(G) Power

W/m? PSO P&O INC
1000 56.58 56.58 56.58
800 4457 4457 4457
600 26.5 32.68 32.68
400 11.54 20.98 20.98
200 4.38 9.66 9.66

60

40

20

0 l [ |
1000 800 600 400 200
M PSO P&O INC

Fig. 13. Comparison of MPPT Methods,

To verify the effectiveness of the three MPPT
algorithms in terms of tracking time and power
fluctuations, the proposed system is simulated under two
different irradiance conditions with a constant
temperature (T = 25°C) as indicated in Table 4. First,
the system is simulated under standard test condition
(G =1000W /m? and T = 25°C), and then under
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partially shading condition with the irradiance pattern
shown in Fig. 14.

It can be observed from the simulation results that
the tracking time for PSO is 0.056 sec when the
irradiance is 1000W /m?, while it is 0.167 sec and 0.151
sec for P&O and INC respectively at the same irradiance
level. In the second case when the system is partially
shaded, the tracking time for PSO is also less than the
other two algorithms. Furthermore, PSO presents less
amount of steady state oscillation compared to P&O and
INC algorithms in both irradiance conditions.

Table 4. Comparative Study of MPPT Algorithms.

Irradiance W/m?| MPPT Technique | MPP Power (W) | Tracking Time (Sec) | Steady State Oscillation
viomas |12 8 |05 |
1000W/m? : - eclum
INC 56.58 0.151 Large
PSO 43.71 0.05 small
Partial Shadding P&O 44.57 0.132 Medium
INC 44.57 0.126 Large
L
myr—s
L)
»
3t e
i 3 < - - ,
a oy LA ' 0 L Fi}
Tiroe (o)

Fig. 14. Irradiance Signal.

6. CONCLUSION

In this paper, the PSO based MPPT controller is
imposed on a DC-DC boost converter of a solar PV
system under various environmental conditions. The
mathematical model of a three-diode model (3DM) for a
PV  model is presented and simulated under
MATLAB/Simulink. The proposed system with PSO
based MPPT controller is simulated and compared with
P&O and IC algorithms under two different irradiance
conditions. Simulation results prove that the PSO based
MPPT technique performs better in terms of faster
tracking and reduction in output power oscillation which
reduces the losses thus increasing the efficiency and
improving the performance of the entire system.

It is concluded that, at various weather conditions,
the proposed controller is effectively able to track the
maximum power faster as compared to the conventional
MPPT controller. It is obtained that, using PSO
optimization technique has advantages of high precision,
high convergence speed, and can effectively track the
real maximum power in a photovoltaic system compared
to the traditional method.
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