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ABSTRACT/RESUMEN

In this article, a photovoltaic system is modeled and simulated in order to compare two different approaches of maximum
power point tracking control structures. First, the system uses a Perturb & Observe maximum power point tracking control
directly applied to the duty cycle, and its simulations results are compared with the experimental ones obtaining a good
agreement. Then, an average current-mode control structure is coupled to the maximum power point tracking controller and
simulations are performed for both systems. The system that incorporates current-mode control exhibits better response
when perturbations are present, improving the settling time and reducing the steady-state oscillations.

Keywords: Solar Energy, Piecewise Linear Analysis, Average Current Control Mode, DC/DC Power Converters, Maximum
Power Point Tracking.

En este articulo se modela y simula un sistema fotovoltaico con el objeto de comparar dos estructuras de control para el
seguimiento del punto de maxima potencia, lo cual se hace en dos partes. En la primera parte, el sistema se controla con
el algoritmo de seguimiento del punto de maxima potencia llamado Perturbe & Observe, el cual se aplica directamente al
ciclo atil. Asi mismo, se obtienen resultados de simulacién que se comparan con los resultados experimentales
presentdndose una alta concordancia. En la segunda parte, al algoritmo de seguimiento del punto de méxima potencia
se le acopla una estructura de control en modo de corriente promediada, y se comparan a través de simulaciones la
robustez de ambos sistemas ante perturbaciones. El sistema que incluye el control en modo de corriente presenta una
mejor respuesta tanto en el tiempo de establecimiento como en las oscilaciones de estado permanente.

Palabras Claves: Energia solar, analisis lineal suave a trozos, control en modo de corriente promediada, convertidores
de potencia DC/DC, seguimiento del punto de maxima potencia.

Modelado y simulacion orientada a eventos de un sistema fotovoltaico controlado con dos configuraciones de
seguimiento del punto de maxima potencia con Perturbe & Observe.

1.-INTRODUCTION

Photovoltaic (PV) energy is a locally available renewable resource with a lower carbon footprint which becomes essential to
counteract the environmental impacts caused by the growing use of the conventional fossil fuels. In addition, recent efforts
seek to make the use of this kind of energy more feasible improving the efficiency of the system and formulating
governmental policies to encourage its use. For instance, the solar PV global capacity has increased from 16 GW in 2008 to
227 GW in 2015 [1], and its study has become more attractive to researches of different fields.
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A PV system is mainly composed by the elements shown in Figure 1. The PV source transforms the sunlight into electricity,
it has a nonlinear behavior with a Maximum Power Point (MPP) described by the current-voltage curve (I-V) and the
power-voltage curve (P-V) [2-5]. The MPP is constantly changing according to the environmental conditions; hence it is
necessary to adopt an intermediate stage between the PV source and the load, known as a Maximum Power Point Tracking
(MPPT) system. MPPT guarantees the highest energy harvesting possible. The load may be represented by a resistance in
the case of a non-regulated DC bus, or it can also be represented by a constant voltage load, in the case of a regulated DC
bus or a battery, [6, 7].
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Figure 1

PV system control.

The MPPT system is composed mainly of a DC-DC converter [8], controlled by an MPPT algorithm [9-12] which is
capable of matching the electrical characteristics of the connected load to the MPP characteristics located in the P-V curve.
There are some works in the literature where the MPPT algorithm directly affects the duty cycle of the converter [13],
presenting an inadequate voltage or current regulation such that the converter presents an increased switching stress and
losses [14]. Other works in the literature present the MPPT systems accompanied by control structures that improve the
performance of its steady and transient states [14, 15]. For instance, the presence of a proportional and integral controller
can reduce losses and stress, and can improve the settling time of the converter and avoids oscillation and overshoot [16,
17].

In this work, a PV System was modeled and simulated in order to compare two different approaches of MPPT control
structures (Figure 2). First, the system was controlled with Perturb & Observe MPPT which is directly applied to the duty
cycle and the simulations results were performed and compared with the experimental results. Then, an average current-
mode control structure was coupled to the MPPT, improving the settling time and reducing the steady-state oscillations. For
these tests, an event driven simulation based on hybrid systems that includes the complete PV source dynamics is proposed.
The hybrid systems combine the structures of differential equation systems with discrete maps [18]. This kind of approach
may present sliding dynamics that introduces simulation issues [19, 20]. In order to solve this problem, the equations that
describe the sliding zones are found and considered in the modeling.
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Figure 2
PV system with two MPPT control configurations: a) P&O, b) P&O coupled with an average current-mode control.

This paper is organized as follows. In section 2, a brief description of Perturb & Observe MPPT, the modeling and
identification of the panel, and the hybrid model of the whole system for each control configuration are presented. In section
3, the numerical and experimental results and the comparison between the two control configurations are studied. In section
4, the corresponding conclusions and future work are discussed.

58



Guillermo Gallo, Juan Ruiz, Mario Bolafios, Gustavo Osorio, Fabiola Angulo
RIELAC, Vol. XXXVIII 1/2017 p. 57-67 Enero - Abril ISSN: 1815-5928

2.-PERTURB & OBSERVE MAXIMUM POWER POINT TRACKING

Solar panels are formed by arrays of solar cells, which convert radiation from the sun into useful electricity. Each cell has
only one MPP, and it depends on external factors such as temperature and radiation. The MPPT is done by varying the
operating point of the panel in such a way that the solar system can deliver the maximum possible power. One way to
change the operating point of the panel is by varying the load that is connected to its terminals. Load variations are
controlled by a DC-DC power converter, which has the characteristic of increasing or reducing the resistance sustained at
the panel terminals, by modifying the duty cycle.

To track the MPP means a breakthrough in improving the efficiency of photovoltaic systems. Although several methods
exist in the literature, one of the most widely used algorithms is the Perturb and Observe (P & O), thanks to its performance
and simplicity. This algorithm is based on perturbing a control parameter by small steps and observing the changes of the
power, forcing the system to iterate around the MPP.

The fundamental principle of the control strategy is to obtain the digital PWM signal through continuous iteration of the
duty cycle around an operation point. The algorithm starts by taking note of voltage Vpy and current Ipy at the terminals of
the PV panel in order to calculate the power delivered by the source. After perturbing the duty cycle, it is necessary to
measure the power again. If the system power increases, the MPPT algorithm perturbs the duty cycle in the same direction,
otherwise, the perturbation is in the opposite direction.

The systems considered in this work are shown in Figure 2. They consist of two photovoltaic MPPT systems based on a
boost converter structure that feeds a resistive load. The PV system exhibits a high nonlinear complexity due to the
characteristics of the PV source and the nonlinear elements such as the semiconductors in the DC-DC converter. Therefore,
its modeling and simulation may result in a challenging problem. For instance, different approaches have been proposed in
the literature such as the linearization of the PV system and the simplification of the PV module in a constant voltage or a
constant current source, [14, 21-23]. However, in order to have a deeper understanding of the system, a modeling approach
that includes not only the complete dynamics of the PV source, but also the high frequency components of the DC-DC
converter should be taken into account.

2.1.-POTOVOLTAIC SOURCE MODELING

A photovoltaic panel can be mathematically modeled by theoretical equations based on an equivalent circuit, leading to
different models that vary in complexity and precision. In order to describe the electrical behavior of the PV source, the five
parameters model of Figure 3 is used. This model is the most widely used in the literature [24, 25], where a current source is
used to model the incident radiation, the diode models the polarization phenomenon and the resistances Rs and Rp represent
the power losses by connections in series and in parallel.
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Figure 3
Five parameters model.
The mathematical equation that describes the model of the 5 parameters is given by the equation 1:

Vpy +1py Rg
IPV :|ph_|s[e Ngavy _1J_VPV_IPVRS (1)
RP
where:
Ipy: Current at the terminals of the panel.
loh: Photo-generated current.
Vpy: Voltage at the terminals of the panel.
Rs: Equivalent series resistance.
Rp: Equivalent parallel resistance.
I Saturation current of the diode.
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a: Diode ideality factor.
Ns: Number of cells connected in series.
Vi Thermal diode voltage.

The equation 1 is an implicit one and it is usually solved using numerical methods, such as Newton Raphson. However,
from a simulation point of view, this approach may lead to longer simulation times and convergence problems. Therefore, it
is necessary to express the equation 1 in an explicit way, using the Lambert W approach [26].

On the other hand, the PV arrays do not exhibit a linear relationship V-1, and parameters such as parasitic resistances Rp and
Rs need to be adjusted with experimental data or with special devices because most commercial panels do not provide this
information. In [24] the parameters of Rp and Rs are calculated from an iterative process that adjusts the V-I curve with the
basic data provided by the manufacturer, such as short circuit current, open circuit voltage, current and voltage at the MPP
and maximum power. In this way, it is possible to estimate the parameters for a reliable model of the solar panel without
resorting to specialized measuring devices. We used the solar panel SYK50-18M. Table 1 shows its characteristic data at
standard test conditions; temperature of 25°C and radiation of 1000 W/m?,

Behavior under standard conditions STD
Power at the MPP (Pyax) 50W
Open circuit voltage (Vo) 22.24V

Voltage at MPP (Vinpp) 18V
Short circuit current (l.) 3.06A
Current at MPP (Impp) 2.78A
TC Iy 0.034 %/ °K
TC U, -0.34 %/ °K
Cell number N 36
Diode ideality factor a 1.3
Parallel resistance Rp 454.9310 Q
Series resistance Rg 0.2660 Q

Table 1
Parameters for a solar panel SYK50-18M.

The graphs in Figure 4 were simulated with parameters Rp and Rs obtained as is shown in [24]. In Figure 4(a) and 4(b) show
the V-1 and V-P curves, respectively, for a variant radiation. Figures 4(c) and 4(d) show the behavior of the source under
temperature variations.
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Figure 4
Voltage vs. current and voltage vs. power delivered by a PV panel. Variation in (a), (b) radiation and (c), (d) temperature.
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2.2.-HYBRID SYSTEM MODELING

Both systems of Figure 2 present three configurations or states depending on the values (ON, OFF) of the diode and the
transistor (Table 2).

State T D
S1 ON | OFF

S, OFF | ON
S3 OFF | OFF
Table 2

State transition table.

Figure 5 depicts the three circuit configurations of both solar systems.
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Circuit configurations: a) State 1: T=ON, D=0OFF, b) State 2: T=OFF, D=0N, c) State 3: T=OFF, D=OFF.

The whole system can be expressed as:
x=A;x+B 2)

where x: =[x, x» xs] " and i € {1,2,3}. x is the inductor current, X, is the voltage at the terminal of C;, and x5 is the
voltage at the terminals of C,,;.. The matrices A and B are different for each control structure.

2.2.1.-FIRST CONTROL STRUCTURE

This system is third order and its matrices A; and B are defined as follows:
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where f(x,) is the explicit solution of the equation 1 using the Lambert W approximation, [26]. f(x,) gives the value of the
panel current (Ipy) for an input voltage, x,. The whole system may be represented by the hybrid automaton shown in Figure
6. In this automaton, the states s; are associated to the matrices A; and B. The conditions of transition are defined as:
CiiU=0;Co1:U=1; Cp3 Xg = 0; C31: U= 1. The variable u is defined as follows:

{1 if v, 2V,

"o it v, <v

®)

ramp

v, is the control signal with which the duty cycle is calculated.

Figure 6
Hybrid Automaton.

2.2.2.-SECOND CONTROL STRUCTURE

In this case, we add a new state variable x, corresponding to the integral of the error. A; and B matrices are defined as

follows:

R, 1 R 1 1
AR AT
L L L L L 00 0 0
L9 0 o —Ci O 0 0 co o 0 A
A= in . A = 1in . A= 00 - 1 0 ®)
0 0 - 0 < 0 - 0 RCou
RCout Cout RCoul 0 1 0 O
o 1 o o |o 1 o o
P
f(x,)
B= Cin (7)
0
__Vref |
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Ve IS calculated by the MPPT algorithm. This system can be represented by the hybrid automaton shown in Figure 6. The
states s; are associated to the matrices A; and B. The conditions of transition are the same as the previous system.
Furthermore, the variable u is defined by the equation 5. v, is defined as:

vC=kp(xz—V,ef)+kpkix4—Mx1 (8)

Where k;, ki and M are control constants. In this system, a sliding dynamic appears. This dynamic is defined by the states s;
and s,. The transition between these states is defined by the control variable v, and the ramp signal v,am,. When the control
signal is over the ramp signal, the DC-DC converter works in the state 1 (s;). In other case, the DC-DC converter works in
the state 2 (s,). There are some parameters values that force the v, signal to slide on the ramp signal, which can block an
event-driven simulation [18]. To overcome this drawback, a Filippov method is used to formulate a new field that flows
onto the ramp, [19].

3.-NUMERICAL AND EXPERIMENTAL RESULTS

This section shows the simulation results and their comparison to the ones obtained experimentally for the first control
structure. It also compares the system response to perturbations when both control structures are used.

Two main tests show the validity of the operation of the method P&O. The first is a sweep by varying the duty cycle of the
PWM (0% - 100%), in order to observe what percentage of the cycle is at the MPP. The second test verifies that the
algorithm finds the MPP and stays near to this point.

Cin 100uF
Cout 220uF
L 20mH

Sampling frecuency, Fs | 1kHz
Perturbation A in P&O | 0.1
Table 3
Desing parameters.

Simulations and experimental results were obtained using radiation 550W/m?, load of 25Q and the parameters shown in
Table 3. In Figure 7(a) and 7(b) a duty cycle sweep is performed from 0 % - 100 %, the signal is represented by
Referencepyy Which moves of 0-10, being 10 the 100 % of D. A very good relationship between the simulated data and the
data acquired experimentally is observed.
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Figure 7
PWM sweep: a) simulated, b) experimental.
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Figures 8(a) and 8(b) show how the MPPT algorithm achieves the MPP in simulation and also experimentally. The arrival

times at MPP are very close and the differences lie in the impossibility to maintain constant radiation and temperature
because the test took place under atmospheric conditions.

P&O algorithm Simulink simulation (550 Wm 2ana’ 25 Ohm). P&O algorithm experimental (S50 Wim Zand 25 Ohm).
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Figure 8

Perturb and observe algorithm: a) simulated, b) experimental.

Figure 9 shows a zoom of the duty cycle signal. The values vary periodically around the MPP, even though the graphics
vary somewhat, there is concordance between the numerical and experimental results.

Duty C. experimental variation Duty C. simulated variation
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Zoom in PWM signal: a) experimental, b) simulated.

Tests with other radiation levels are also depicted, for example in Figure 10 a MPPT for a radiation of 390W/m? and a load
of 50Q are shown.

To compare the response to perturbation in power reference of both control structures a set of simulations were performed,
using the parameters of the Table 3. The parameters of the PI controller are: k,=0.5, ki=100, and M=2. Figure 11 shows the
response to perturbations in the two control structures when the power reference changes from 50W to 15W at time 0.2s and
from 15W to 40W at time 0.4s. It can be seen that the second control structure presents better settling times and lower
steady-state oscillations.
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P&O experimental (~390 W/m 2and 50 Ohmy). P&O simulation (~390 W/m 2and 50 Ohm).
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Results (a) experimental and (b) simulation for a radiation of 390W/m? and 50€).
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Comparison between the two control techniques: a) response to disturbances, b) zoom.

4.-CONCLUSIONS

In this work, simulation and experimental results of a photovoltaic system conformed by a solar source, a boost power
converter, a Perturb and Observe algorithm and a purely resistive load are presented. The system was controlled with two
MPPT structures. The first structure acts directly on the duty cycle of the converter. In the second structure, the MPPT
control is coupled with an average current-mode control structure. The last structure improves the settling time and the
steady-state oscillations of the converter; however, a sliding dynamic can appear. This kind of dynamics can rapidly
deteriorate the semiconductors due to high switching frequencies. For this reason, it is necessary to tune the current-mode
controller properly. Another alternative is to implement a peak current mode controller, which ensures a switching per ramp
cycle.
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