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Abstract

The non-linearity of the Power-Voltage characteristics of a
photovoltaic (PV) array that depends on the panel temperature
and irradiance condition tends to inevitability of using
Maximum Power Point Tracking (MPPT) technique for
continuously tracking the maximum power at each ambient
condition. PV MPPT can be considered as event driven
problem. In addition to that, State-Flow is commonly used as
a graphical design and development tool which can be
utilized in logic problems’ solving and complex control
systems. This paper presents an enhanced performance PV
MPPT technique based on State-Flow design. A detailed
analysis along with simulation and experimental results
confirm the feasibility of the proposed technique in
comparison with conventional Perturb and Observe (P&O)
MPPT technique.

1 Introduction

As people are much concerned with environmental problems
caused by conventional power generation, renewable energy
usage appears to be a good solution for reducing green house
gas emission and fossil fuel consumption [1-2].

Despite the advantages of photovoltaic (PV) systems, it
exhibits non-linear Power-Voltage characteristics, which
mainly depend on the sun irradiation level and ambient
temperature. Consequently, maximum power point tracking
(MPPT) techniques are commonly adopted to deliver the
maximum available power under varying environmental
conditions [3-4].

Several algorithms have been developed for tracking
maximum power point for PV system, which vary in
complexity, effectiveness, number of sensors required and
cost [5-6]. These algorithms include but are not limited to
Fuzzy Logic [7-8], Incremental Conductance (IncCon) [9-10],
Perturb & Observe (P&O) [11-14], Fractional Open-Circuit
Voltage [9], and Neural Network [15]. Among those entire
algorithms, P&O algorithm is most commonly used due to its
simplicity despite of its known moderate power-oscillating
performance.

State-Flow is a graphical design and development tool that
can be used in logic problems and complex control. It can
easily create varies scenarios, and then iterates until it models
the desired behavior. In addition, it brings system

specifications and design close together. State flow has
different applications such as embedded systems, man
machine interface and hybrid systems [16-17].

As PV MPPT can be considered as an event driven system,
Stat-Flow is proposed as competitive MPPT technique
featuring simplified implementation, more degree-of-
freedom, and controllable event timing. Those features are
expected to enhance State-Flow based MPPT tracking by
minimizing the steady-state power oscillations and improve
the transient performance.

State-Flow is widely utilized in renewable energy
applications. The authors of [18] focuses on power balancing,
with load shedding and PV constrained production, and takes
into account the grid availability and grid vulnerability by
smart grid messages. The system behavior modeling by
Matlab/State-Flow enhance control strategy design, which
concerns the power balancing and imposed power limits by
the utility grid, while providing interface for energy
management. While in [19], the application of
Matlab/Simulink-State-Flow is developed for simulating,
learning and analyzing of power electronic systems
effectively. A coordinated control method that regulates the
operation of power generation units according to the state of
energy storage unit is presented in [20]. The hybrid
simulation studies, which are based on Matlab/State-Flow, are
carried out due to the coexistence of continuous and discrete
system feature in independent wind-solar hybrid power
system. As authors of [21] propose a methodology to design a
fuzzy logic controller coupling with State-Flow to improve its
performances, where State-Flow allows representing the
system through state-transitions diagrams, the state is
reserved for DG (output) to manage its sequence of on/off and
the transition is reserved for three inputs: state of charge of
battery, reference power of DG comes from fuzzy logic
controller and difference power.

In this paper a State-Flow based PV MPPT technique is
proposed. Simulations in addition to experimental verification
are utilized to proof the proposed technique effectiveness by
comparing the proposed technique with conventional P&O
under various operating conditions.

The presented paper is organized in six sections, following
the introduction in the first section, section two presents the
PV module mathematical model and the associated DC/DC
buck converter. The proposed State-Flow based MPPT
approach is presented in section three. Simulation and
experimental results comparing both techniques are
investigated in sections four and five respectively. A
conclusion is given in section six.



2 PV System under investigation

Stand-alone photovoltaic system is a combination of several
elements such as PV array, DC/DC converter, load and most
important a control algorithm to track the maximum power
continuously as shown in figure 1 [22].
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Figure 1: PV system

2.1 PV array model

The basic block of PV module is the solar cell which is
simply described as a p-n semi-conductor junction that
directly converts solar radiation into DC current using the
photovoltaic effect. The electrical equivalent circuit of solar
cell is shown in figure 2.
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Figure 2: Single Diode Equivalent Circuit of PV Module
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where | and V denotes the output current (A) and voltage (V)
of a solar array, Ipn is the generated light current (A) at certain
insulation, ls; denotes a diode reverse saturation current (A),
q is the electronic charge =1,6x10'°C, n refers to a
dimensionless deviation factor from the ideal p—n junction
diode, k is Boltzmann’s constant =1.3807x10% JK?1, T
denotes a solar cell temperature (K), Rs is the series resistance
(Q) that represents the internal losses, while R, is a shunt
resistance (Q) corresponds to the leakage current to ground.

(1)

The output characteristics of PV module are non-linear as it is
dependent on the irradiance intensity and cell temperature as
shown in figure 3. Hence it is necessary to continuously track
the MPP in order to maximize the output power from the PV
system. In the current design, a buck type DC/DC converter is
used to match the load to the PV system in order to extract the
maximum power.
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Figure 3: PV Characteristic (a) I-V and (b) P-V for varying temp, S = 1000
W/m?2, Characteristic (c) I-V and (d) P-V for varying irradiance, T = 25 °C
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2.2 Buck type DC/DC converter

The buck converter is known to be a step-down converter
where the ratio between its input voltage (vi) and the output
voltage (Vo) is controlled by the duty cycle (d) of the switch.
The schematic of Buck DC/DC converter is shown in figure 4
[22].
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Figure 4: Buck DC/DC converter.

Under the assumption that the buck converter is working in
continuous current mode, the converter input—-output voltage
relationship can be represented by the following (averaged)
relation in equation 2.
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The selection of capacitor and inductor size is a major part in
designing a buck converter that is mainly affected by the
selection of the switching frequency (f5). At higher switching
frequency, the value of inductor will be lower in order to
produce continuous current and smaller capacitor size to limit
output ripple].

The minimum inductor value (Lmin) is determined as quoted in
equation 3.
L. = vo(vi - vo) (3)
T AL X fy X v
Where Ai, the inductor ripple current calculated as in equation
4 while i, is the maximum output current.

Aip = 0.2 X i, 4)

For the buck converter to operate at CCM, the inductance
value has to be 25% greater than Lmin [23] as in equation 5.

L =1.25X Lyn (5

The pulsating current produced by the switching action is
smoothed by the capacitive filter at the input/output where the
capacitance value is determined by equation 6, as v, is the
ripple voltage [24].

Ai,

C=c—F7"—
8 X fs X v,

(6)

3 Proposed State-Flow based MPPT

The chosen of appropriate converter with highly efficient
design is important with proposing a MPP tracker, same as
the applied algorithm that adjust the duty ratio automatically
on the event of any atmospheric changes. In this paper, PV
MPPT technique based on State-Flow is proposed.
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In searching for the MPP and tracking this point in order to
minimize the spread between the operating power and the
optimal power in the event of change of the weather
conditions, the control circuit of the buck converter
intelligently perturbs periodically the operating point of the
PV module [25-26]. Conventional P&O method, also known
as Hill Climbing, has been widely used because its simple
feedback structure and fewer required measured parameters It
operates by applying a small active voltage perturbation in the
array terminal voltage and comparing with the observed
power output, under the condition of output power increasing
the perturbation will continue in the same direction; otherwise
the direction of perturbation will be reversed. Figure 5
represents Conventional P&O method diagram [26].

This method has two major drawbacks:
e Repeating the perturbation process periodically causes
the system to oscillate around its MPP in steady state.
e Under rapidly changing atmospheric condition the
algorithm may moves the operating point far from the
MPP.

Stat-Flow is proposed as competitive MPPT technique
featuring simplified implementation as shown in figure 6,
more degree-of-freedom, and controllable event timing.
Those features are expected to enhance MPPT tracking by
minimizing the steady-state power oscillations and improve
the transient performance. The MPPT implementation in
State-Flow diagram incorporates four conditions, states, and
two actions as shown in figure 6. The proposed algorithm has
been simulated using Matlab/Simulink and validated
experimentally.

4 Simulation Results

The PV model with its controlled DC/DC buck converter are
simulated using MATLAB/Simulink software as shown in
figure 7 to demonstrate the features of the proposed MPPT
algorithm based State-Flow in comparison with the

Conventional P&0O MPPT method. Two scenarios were
denoted; the first shows the start-up and steady state
performance at irradiance of 800W/m? and temperature of
25°C as shown in figures 8 and 9 while the second scenario
represents the system transient response to step-change in
insulation level. Figures 10 and 11 present the result of
changing in insulation from 800W/m? to 400W/m? at t= 0.3s
and back to 800W/m? at t=0.6s and constant temperature of
25°C.
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Figure 7: Simulation Diagram
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The proposed technique shows reduced steady-state power
oscillation in addition to better transient performance when
compared to conventional P&O MPPT technique.

5 Experimental Results

A prototype of the PV system under investigation is
developed as shown in figure 12. The system configuration
and control strategy were kept same for both simulation and
experimental setup for accurate validation of the proposed
algorithm.

Current and
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Figure 12: Experimental set-up

The prototype of the system features Solara 130W PV panel
and a DC/DC buck converter.

Table 1: PV array specifications

Table 2: Parameters of DC/DC Buck Converter

Switching Frequency 3 kHz
Capacitor (C) 1000 pF
Inductor (L) 2.5 mH
Inductor resistance 0.022 Q
IGBT STGP35HF60W

The proposed control strategy is discretized and coded into
Digital Signal Processor TMS320F28335 32-bit controller.
PV sensed voltages and currents are acquired using Hall-
Effect voltage sensors (LV-25), current sensors (LA-55P).
Signal conditioning circuits for scaling and filtering purposes
are developed. Experimental results are obtained for various
operating conditions to confirm the effectiveness of the
proposed algorithm. Figures 13 and 14 compare the system
steady-state operation under two different algorithms at 800
W/m?, Figures 15 and 16 illustrate the transient operation at
two different irradiance levels between 400 and 800 W/m?
using emulation.

The experimental results, whether steady-state or transient,
show the superiority of the proposed State-Flow based MPPT

in reducing the PV power oscillations in various operating

conditions.
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Figure 13: Proposed State-Flow MPPT practical results
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Figure 14: Conventional P&O practical results
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Figure 15: Proposed State-Flow MPPT Transient practical results
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Flgure 16: Conventional P&O Transient practical results
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6 Conclusion

An enhanced performance State-Flow based PV MPPT
technique is proposed. A comparative study between
Conventional P&O MPPT and the proposed technique has
been presented in this paper. The PV system under
investigation was simulated under various conditions. In
addition, the system performance has been verified
experimentally showing the effectiveness of the proposed
algorithm under varying conditions. The presented technique
offers minimized steady-state power oscillations, enhanced
transient performance, and faster start-up operation when
compared to conventional P&O.
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