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Abstract - In this paper, a new modified variable step P&0O maximum power point
tracking algorithm using Proportional-Integral-Derivative controller tuned by particle
swarm optimization is proposed. The classical fixed step P&O algorithm has good
performances due to its simplicity and easy implementation; however, failing and
inefficiency especially in case of rapidly changing atmospheric conditions, as well as
oscillation around the maximum power point decreasing by the way the convergence
speed are the main drawbacks. To solve these drawbacks, a new variable step
P&O algorithm using Particle Swarm Optimization based Proportional-Integral-
Derivative controller is presented. A theoretical analysis of the proposed algorithm has
been provided using a boost converter connected to a Solarex MSX-60 model. Analysis
and comparison between the classical fixed step P&O and that developed Particle
Swarm Optimization variable step are presented. The efficiency and improvements of the
proposed algorithm in transient, steady-state and dynamic responses, related to ripple,
overshoot and response time, especially under rapidly changing atmospheric
conditions have been demonstrated.

Résumé - Dans cet article, un nouvel algorithme MPPT modifié P&O & pas variable
utilisant un contréleur Proportionel-Integral-Dérivatif, 'PID' ajusté par optimisation a
essaim particulaire est proposé. L'algorithme P&O classique a pas constant possede de
bonnes performances en raison de sa simplicité et de son implémentation facile;
cependant, il présente des dysfonctionnements et des inefficiences particulierement dans
les cas ou les conditions atmosphériques changent rapidement, ainsi que lors des
oscillations autour du point de puissance maximum par la voie de la vitesse de
convergence. Pour résoudre ces inconvénients, un nouvel algorithme P&O a pas variable
utilisant un contréleur 'PID' basé sur une optimisation a essaim particulaire est présenteé.
Une analyse théorique de I'algorithme proposé a été réalisée en utilisant un convertisseur
boost relié a un modele Solarex MSX-60. Une analyse comparative entre la P&O
classique a pas constant et celle a pas variable développé par optimisation a essaim
particulaire est présentée. L'efficacité et les améliorations apportées par I'algorithme
proposé en régime transitoire, permanent et les réponses dynamiques liées aux
ondulations, dépassements, et temps de réponse, particulierement dans des conditions
atmosphériques qui changent rapidement ont été démontrées.

Keywords: Photovoltaic Cell modeling - MPPT Algorithm - P&O Algorithm - PID
Controller, Particle Swarm Optimization - Variable Step Size.

1. INTRODUCTION

The rapid development of modern life styles requires more and more efficient
energy sources, which a large part of global energy production comes the conventional
energy sources. However the use of these sources produces the greenhouse emissions
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and therefore an increase in the warming and pollution. The additional dilemma is that
excessive consumption of natural resources reduces the stock reserves of this type of
energy in a hazardous manner for future generations and has raised concerns over the
energy security. Hence the problem of energy is more and more aggravating.

For these reasons, many countries have reoriented their energy strategies to new
forms of green energy called "renewable energy" that are currently too expensive and
relatively inefficient. Renewable energy is the energy which comes from natural
resources such as sunlight, wind, rain, tides, geothermal heat and various forms of
biomass. These resources are renewable and can be naturally replenished continuously.

This energy cannot be exhausted and is constantly renewed. Among the renewable
energy sources, photovoltaic (PV) energy is an attractive source of energy and it is one
of the most important renewable energy sources that has been increasing worldwide
year by year, it has been continuously growing at a rapid race over the recent years[1-5].
The photovoltaic (PV) system technologies are rapidly expanding and have increasing
roles in electric power technology since it exhibits many merits such as cleanness,
simple in design requiring very little maintenance and no noise, abundant and available
almost everywhere unlike other types such as wind turbines, biomass, geothermal,
waves, etc... [1-3].

Although the large number of aforementioned Photovoltaic advantages, it still
presents some drawbacks comparing to conventional energy resources especially its low
conversion efficiency which is only in the range of 9 - 17 %, high fabrication cost, and
nonlinear characteristics. Therefore, the energy harvesting at maximum efficiency is not
simple enough [1,3].

To overcome these problems, maximum power point tracking control algorithm is
required to adjust continuously the power interfaces to obtain the maximum power
available from a PV array at any given time under variable conditions (insolation,
shading, temperature, load). There is a unique operating point on the array’s power -
voltage (P-V) curve called the maximum power point (MPP), where the power
generation is maximum. MPPT controllers operates by sensing the current and voltage
of the PV array; the power is calculated and accordingly the duty cycle of the converter
is adjusted to match the maximum power point (MPP) [5-10].

In the last decade, enormous number of MPPT techniques have been proposed and
improved continuously. These methods include perturbation and observation (P&O)
algorithm [2, 9-11], Incremental Conductance (IC) method [12-14] and Hill Climbing
(HC) [15-17], neural network, fuzzy logic, particle swarm optimization (PSO) based
MPPT and genetic algorithms have been proposed [5, 18-19]. Fractional Open-Circuit
Voltage (FOCV), Fractional Short-Circuit Current (FSCC) [20-22].

In addition, Many combined or hybrid methods have been developed such as genetic
algorithm-neural networks (GA-ANN) [23], and genetic algorithm- fuzzy logic
controller (GA-FLC) [24]. Among all the previous MPPT strategies, the P&O, IC and
Hill climbing algorithms are widely employed due to easy implementation and high
tracking accuracy.

However the performance depends essentially to the fixed step size, a faster
dynamics with large oscillations around the MPP is obtained using a large step size, a
slow tracking speed and less oscillations around the MPP is obtained using a small step
size.

Hence, the trade off between the dynamics and steady state accuracy must be
established by the corresponding design. To overcome this problem, variable step-size
MPPT methods have been proposed [1, 5, 12, 14, 25].
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In this paper, a new modified variable step P&O maximum power point tracking
algorithm using Proportional-Integral-Derivative controller tuned by particle swarm
optimization is proposed. The classical fixed step P&O algorithm has good
performances due to its simplicity and easy implementation; however, failing and in
efficiency especially in case of rapidly changing atmospheric conditions, as well as
oscillation around the maximum power point decreasing by the way the convergence
speed are the main drawbacks.

To solve these drawbacks, a new variable step P&O algorithm using Particle Swarm
Optimization [26] based Proportional-Integral-Derivative controller is presented. A
theoretical analysis of the proposed algorithm has been provided using a boost converter
connected to a Solarex MSX-60 model.

Analysis and comparison between the classical fixed step P&O and that developed
Particle Swarm Optimization variable step are presented. The efficiency and
improvements of the proposed algorithm in transient, steady-state and dynamic
responses, related to ripple, overshoot and response time, especially under rapidly
changing atmospheric conditions have been demonstrated.

2. SYSTEM DESIGN AND CHARACTERISTICS

Photovoltaic systems are designed around the photovoltaic cell. Since a typical
photovoltaic cell produces less than 3 watts at approximately 0.5 volt DC, cells must be
connected in series-parallel configurations to produce enough power for high-power
applications. Typically the cells are connected in series to form PV modules.

Modules are then connected in series to form strings in order to reach a voltage level
that meets the input requirements of the power processing system. The desired power
level of the PV plant is reached by connecting a number of strings in parallel leading to
an increase of the current level of the PV field [27].

Fig. 1: Equivalent Single-diode model of solar cell [28]

| is the PV array output current, I, is the cell photocurrent that is proportional to

solar irradiation, 1y is the current through the diode, R and R are the series and
parallel resistors of the cell, respectively.

Based on single-diode model presented in figure 1, the output current of the solar
cell can be expressed as [29]:
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where, 1 is the cell reverse saturation current respectively; K is the Boltzmann’s
constant (1.3806503x1022)/K); q is the electron charge (1.60217646x10° °C); T is
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the temperature in K; V is the cell output voltage; A is the diode ideality constant; N
is the number of PV cells connected in series; Np is the number of PV cells connected
parallel.

The generated photocurrent Iph is related to the solar irradiation by the following
equation:

lon = [1sc + ke (T = T,)]. $/1000 )
where, lg. is the cell short-circuit current at reference temperature; kK; is the short-

circuit current temperature coefficient; T, is the cell reference temperature; S is the
solar irradiation in W/m?2.

The cell's saturation current is varies with temperature according to the following
equation:

3
T 9Es| 1 1
Irs _Irr|:Tr:| exp[ k_A |:Tr T:|J (3)

where, |, is the reverse saturation at T,; Eg is the band-gap energy of the semi
conductor used in the cell.

The electrical characteristics of a PV panel working in uniform conditions are
plotted in figures 2 to 5 in normalized units. T, and S, can be assumed as the

values used for testing the panel in standard conditions. The characteristics depend on
the type of cells, materials, and technical solutions adopted for manufacturing the panel.

Fig 2: Current vs. voltage characteristic of a PV panel: effect of temperature T

Fig 3: Current vs. voltage characteristic of a PV panel: effect of irradiation S
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Fig 4: Power vs. voltage characteristic of a PV panel: effect of temperature T

Fig. 5: Power vs. voltage characteristic of a PV panel: effect of irradiation S

The characteristics put into evidence the presence of a maximum power point (MPP)
and show that the curves exhibit three particular points:

» The short-circuit (SC) condition, characterized by a zero voltage at the PV module
terminals and by a short-circuit current I,

 The open-circuit (OC) condition, characterized by a zero current in the PV panel
terminals and by an open-circuit voltage V. ,

» The MPP, at which the current value is Iy;pp , the voltage value is Vypp , and the
power Pypp = Viypp x lypp 1S the maximum the PV panel is able to deliver in the
temporary operating conditions.

From figures 2 to 5, we can see the strong dependence of the panel performances on
the temperature and the irradiance level. The temperature has a significant effect on the
open-circuit voltage value. On the contrary, the temperature has a negligible effect on
the short-circuit current value.

While the irradiance variation has dual effects on the electrical characteristics with
respect to the temperature. The PV module open-circuit voltage is almost independent
of the irradiation: in literature it is stated that such a dependence is logarithmic. On the
contrary, the short-circuit current is linearly dependent on the irradiance.

As a consequence of this dependence, it is mandatory to adopt an intermediate
conversion stage, interfacing the PV array and the power system that processes or uses
the electrical power produced thereof, which must be capable of adapting its input
voltage and current levels to the instantaneous PV source MPP, while keeping its output
voltage and current levels compliant with the load requirement.
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Such a stage, known as Maximum Power Point Tracking controller, MPPT, must be
able to perform this adaptation in the presence of time-varying operating conditions
affecting the PV generator.

3.PSO-PID-PO MPPT

As well known the photovoltaic energy is a very interesting renewable energy
source. However nonlinear characteristics of solar cells and low energy conversion
efficiency are the main drawbacks.

To maximize the use of solar energy, maximum power tracking is necessary. The
optimal operating point of the photovoltaic array is determined by driving the converter
through the changing of the duty cycle of the DC-DC converter.

The most commonly used algorithms for the MPPT in PV systems are based on
fixed step size which are easy to implement but the oscillation and accuracy problems
are unavoidable. To overcome these drawbacks, a new PSO-based variable step size
P&O algorithm is proposed. The P&O variable step size is optimized driving PID

controller tuned by particle swarm optimization. The PSO selects the Kp, K; and

Ky PID parameters values that optimizes the power transfer through the DC-DC
converter. The system structure block is shown in figure 6.

Fig. 6: The block diagram of proposed PSO based variable step size P&O MPPT

3.1 PO MPPT

Recently, many MPPT techniques have been developed and improved continuously,
perturb and observe P&O method is widely applied in the MPPT controllers due to their
simplicity and easy implementation.

Fig. 7: Basic flowchart of the P&O method
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The P&O MPPT algorithm is based on the disturbance of the output voltage V (k)
of the PV panel and the corresponding output power P (k) , which is compared with the
previous perturbing cycle P(k+1): if the power increases, keep the next voltage

change in the same direction as the previous change. Otherwise, change the voltage in
the opposite direction as the previous one; when the stable condition is reached the
algorithm oscillates around the peak power point. Figure 7 shows the flowchart of the
P&O method.

This method has several drawbacks such as slow tracking speed and oscillations
about MPP, making it less favorable for rapidly changing environmental conditions.

Using a larger perturbation steps, the maximum power point is reached quickly, but,
the power loss caused by perturbation in the steady state will also increase. With a
smaller perturbation step can reduce the power loss caused by perturbation in the steady
state but will slow down the tracking speed.

3.2 PSO Overview

Particle swarm optimization is a population-based swarm intelligence algorithm. It
was originally proposed by Kennedy et al. [29] as a simulation of the social behavior of
social organisms such as bird flocking and fish schooling

PSO uses the physical movements of the individuals in the swarm and has a flexible
and well-balanced mechanism to enhance and adapt to the global and local exploration
abilities. Because of its easy implementation and inexpensive computation, its
simplicity in coding and consistency in performance, PSO has proved to be an effective
and competitive algorithm for the optimization problem in continuous spaces.

Most applications of PSO have concentrated on the optimization in continuous
spaces while recently some work has been done to the discrete optimization problem.

The PSO algorithm first randomly initializes a swarm of particles. The position of
each individual (called particle) is represented by a d-dimensional vector in problem
space  S; =(Si1,Si0,-Siy) 1=L2,..,N (Nis the population size), and its
performance is evaluated on the predefined fitness function.

Thus, each particle is randomly placed in the d-dimensional space as a candidate
solution. The velocity of the i particle V; = (Vi1,Vii2 .-y Viq) is defined as

the change of its position. The flying direction of each particle is the dynamical
interaction of individual and social flying experience.

The algorithm completes the optimization through following the personal best
solution of each particle and the global best value of the whole swarm. Figure 8 shows
PSO optimization process.

Each particle adjusts its trajectory toward its own previous best position and the
previous best position attained by any particle of the swarm, namely p; and Pg- In

each iteration, the swarm is updated by the following equations:
Ui (t+1) = v;(t) + ¢ rand; (p; —s; () + ¢ rand, (pg —si (1)) (10)
Si(t+1) =s;(t) +vi(t+1) (11)
where, p; = (Piz,Piz,-- Pin) is the best position encountered by i particle so-far; py
represents the best position found by any member in the whole swarm population; 1 is
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iteration counter. ¢; and c, are acceleration coefficients; rand,; and rand, are two
uniform random numbers in [0,1].

Fig. 8: Simple PSO Algorithm

The acceleration coefficients control how far a particle will move in a single
iteration. Low values allow particles to roam far from target regions before being tugged
back, while high values result in abrupt movement towards, or past, target regions.

In this study, we use PSO algorithm to find the optimal PID controller parameters
using a fitness function based on variable step size P&O MPPT performances.
3.3 PSO-PID-PO MPPT implementation

The PID controller gains are optimized using PSO algorithm. The process of PSO
optimization is described by figure 9. As objective function, we use the Integrated
Absolute Error (IAE) measure defined by:

IAE = [|e]dt (12)

Fig. 9: PID controller gains PSO optimization process

The system operates in two modes:

1) the offline mode required for testing different set of PID controller gains to find
optimum values;
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2) the online mode that uses the optimum PID controller gains to track the MPP
point driving the variation of the step size of the P&0O MPPT algorithm.

Fig. 10: Proposed system operating modes

4. SIMULATION, RESULTS AND DISCUSSION

To illustrate the effectiveness of proposed PSO-PID-PO MPPT algorithm, the model
of the whole system described by figure 11 designed using Matlab/Simulink software is
considered.

It is composed of PV panel operating at variable temperature and irradiation, PID
controller tuned by PSO algorithm driving the variable step size needed by P&O MPPT
algorithm that controls the duty cycle of DC-DC converter.

Fig. 11: Matlab/Simulink Model of the proposed PSO-PID-PO MPPT

The simulated PSO algorithm parameters used to initialize the PSO algorithm
parameters and generating an initial random population of individuals representing the

PID controller gains (K, , K; and K ) are defined in Table 1.

Table 1: PSO parameters

Description Parameters
Population size 20
Maximum iteration 50
¢, and ¢, 2and 2

The optimum PID controller gains are given in Table 2.
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Table 2: PSO parameters

Gain Value
Kp 1.0230
K; 11216
Ky 0.5695

Once the PID controller optimum gains fixed in offline mode, we use this controller
in online mode to drive the variable step size of the P&O MPPT algorithm. The results
are divided in two parts:

« Standard tests: representing different schemes simulating different atmospheric
conditions;

* Robustness tests: illustrating the effectiveness of the proposed algorithm in case
of: a) insolation variation with fixed temperature; b) temperature variation with fixed
insolation; and c) variation of both insolation and temperature which is considered as
the hardest test for all MPPT controllers.

4.1 Standard tests

Figure 12 shows maximum power point tracking at the output of the DC/DC boost
converter corresponding to the input irradiation scheme.

Fig. 12: MPP tracking

Point A

From figure 13, the overshoot due to irradiation changing from 1000 W/m? to 800
W/m? (Point A) is 0.16 W (0.33 %) for the proposed variable step size algorithm instead
of 3.3W (6.88 %) for the fixed step size version.

The proposed algorithm shows a significant improvement in the time interval
corresponding to the period of rapidly changing atmospheric conditions (30 ms instead
of 60 ms).

In addition, the proposed algorithm shows a good performance in steady state (no
ripple in steady state) keeping a low steady state error 0.03 W (0.06 %) instead of the
ripple and oscillations around MPP for the fixed step size P&O algorithm 0.17 W
(0.36%).
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Fig. 13: Point A: insolation varying from 1000 W/m? to 800 W/m?

Point B

From figure 14, the overshoot due to hard irradiation changing from 800 W/m? to
400W/m? (Point B) is more important 0.29 W (1.21 %) for the proposed variable step
size algorithm instead of 8.18 W (34.08 %) for the fixed step size version.

The improvement of the response time corresponding to the period of rapidly
changing atmospheric conditions is undeniably clear (43 ms instead of 180 ms).

The performance of the proposed algorithm regarding the steady state response (no
ripple in steady state) keeping a low steady state error 0.06 W (0.25 %) instead of the
ripple and oscillations around MPP for the fixed step size P&O algorithm 0.27 W
(1.13%).

Fig. 14: Point B: insolation varying from 800 W/m? to 400 W/m?

Point C

Figure 15 corresponding to an increase of the irradiation level from 400 W/m? to
600 W/m? (Point C) have the same behavior. The overshoot is 0.16 W (0.44 %) for the
proposed variable step size algorithm instead of 4.10 W (11.39 %) for the fixed step size
P&O algorithm.
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The improvement of the response time corresponding to the period of rapidly
changing atmospheric conditions is confirmed (36 ms instead of 90 ms).

The performance of the proposed algorithm regarding the steady state response (no
ripple in steady state) keeping always a low steady state error 0.01 (0.03 %) instead of
the ripple and oscillations around MPP for the fixed step size P&O algorithm 0.15 W
(0.42 %).

Fig. 15: Point C: insolation varying from 400 W/m? to 600 W/m?

Point D

Figure 16 corresponding to an increase of the irradiation level from 600 W/m? to
800 W/m? (Point D) have the same behavior. The overshoot is 0.10 W (0.21 %) for the
proposed variable step size algorithm instead of 3.35W (6.98 %) for the fixed step size
P&O algorithm.

The improvement of the response time corresponding to the period of rapidly
changing atmospheric conditions is always confirmed (28 ms instead of 72 ms).

The proposed algorithm regarding the steady state response, outperforms the fixed
step size algorithm with no ripple or oscillations in steady state keeping always a low
steady state error 0.04 W (0.08 %) instead of the ripple and oscillations around MPP for
the fixed step size P&O algorithm 0.12 W (0.25 %).

Fig. 16: Point D: insolation varying from 600 W/m? to 800 W/m?
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The simulation results demonstrating the main contribution of this study are
summarized in Table 3.
Table 3: Results summary

From Table 3, we can see clearly that the proposed PSO-based PID variable step
P&O algorithm outperforms the fixed step size P&O algorithm in all test cases
regarding the considered performance measure in dynamic and steady state responses

5.2 Robustness tests

To validate the robustness and reliability of the proposed PSO-PID-PO MPPT
algorithm, we test its ability to track the MPP point in case of fast and hazardous
changing atmospheric conditions making several robustness tests:

» Random insolation with fixed temperature 25°C (figure 17);

« Random temperature with fixed insolation 800 W/m? (figure 18);

» Random variation of both insolation and temperature (figure 19).

Figures 17 and 18 show the results obtained using the proposed algorithm for tests
with one environmental parameter fixed and the other one random. Regarding the
circled parts in figure, we can rapidly see that the proposed algorithm shows a

significant improvement in the time interval corresponding to the period of rapidly
changing atmospheric conditions.

Compared to conventional fixed step P&O tracking algorithm, the proposed PSO-
PID variable step size P&O avoid oscillation around the maximum power with an
accurate tracking of the MPP point. This last point has a direct impact on lost energy.

Fig. 17: Random insolation with fixed temperature (25°C).
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For the third robustness test considering both insolation and temperature variation,
the results obtained using the proposed PSO-PID variable step size P&O MPPT, the
obtained output power is twice using this algorithm compared to the output power
obtained using the fixed step size P&O algorithm which fails to track the MPP point
especially in case of both variation of insolation and temperature.

The robustness tests prove the reliability and the effectiveness of the proposed PSO-
PID variable step size P&O MPPT compared to the fixed step size P&O MPPT. These
results show the improvement provided by the proposed algorithm in dynamic and
steady state which have a direct impact on reducing the wasting power.

Fig. 18: Random temperature with fixed insolation 800 W/m?)

Fig. 19: Random insolation and random temperature
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5. CONCLUSION

In this paper, the bio-inspired particle swarm optimization is used to find optimum
gains of PID controller used to drive the variable step size of the perturbation and
observe maximum power point algorithm according to index measure function
combining transient and steady state performances.

The PID controllers gains are calculated firstly offline using PSO optimization. The
set of optimum PID controller gains have been tested online. The proposed PSO-PID
variable step-size P&O MPPT algorithmic simulated using Matlab/Simulink model,
where the different aspects of the system and parameters have been implemented.

The simulation results demonstrate the effectiveness of the proposed PSO-PID
variable step algorithm at the aspect of improving the accuracy, rapidity, ripple and
overshoot. The robustness of the proposed PSO-PID variable step P&O algorithm is
demonstrated using scheme with random irradiation.

The simulation results of the proposed PSO-PID MPPT algorithm exhibit a faster
converging speed, less overshoot, no oscillation around the MPP under steady-state
conditions, and no divergence from the MPP under fast varying atmospheric conditions.

In addition, the robustness tests of the proposed PSO-PID variable step size P&O
MPPT under random both insolation and temperature which is considered as the hardest
test for all MPPT controllers have been proved high performances and a good
effectiveness.
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