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This paper deals with the development of the stateflow perturb and observe (P&O) and incremental conductance (IC) maximum
power point tracking (MPPT) controllers. The photovoltaic (PV) power system is composed of PV module BP-SX150S powering
a resistive load via a dc-dc boost converter controlled using the proposed stateflow models. The proposed stateflow MPPT
controllers have been tested and validated in simulation and experimental mode using different test scenarios, including PV
characteristics, variation in insolation, variation in temperature, and variation in duty cycle step. Simulation results show that
both proposed stateflow P&O and IC MPPT models effectively track the maximum output power regarding all considered
scenarios tests with the best performance for the variable step size versions. Experimental results obtained using the STM32F4
board in the processor in the loop mode confirm the simulation results.

1. INTRODUCTION

During the last decades, distributed generation (DG)
systems based on renewable energy sources, such as wind
turbines, fuel cells, and photovoltaics, have been proposed
to overcome the challenges of integrating renewable energy
sources into the existing microgrid. Dc/ac power electronics
converter has been widely used to interface the DGs-based
renewable energy sources and energy storage system. The
penetration of power electronic converters into the existing
utility grid has increased at the same time as renewable
energy, Consequently, the rotating inertia of the power
system is reduced, which could cause a stability problem. In
recent years, many researchers have focused on developing
inverter-based DG control strategies to facilitate the
integration of renewable energy into the main grid [1-4].

Due to environmental climate change impacts and global
warming problems caused by the large consumption of fossil
fuels, we cannot continue the same energy model based
mainly on the consumption of finite energy resources
indefinitely. In this context, in the last decade, we have
observed the emergence of a new energy model based on
renewable energies, the reason for this transition is simple
and imperative: there is no other way, no alternative [1].
Because of environmental and climate alarms, as well as
awareness and government support, boosted by the drop in
systems costs and the increase in energy demand, the
transition to the green energy model is growing rapidly.
Among renewable energies, PV is the second-most deployed
renewable technology in terms of global installed capacity,
after wind with 44 %, 33 %, and 18 %, respectively. The PV
capacity is expected to reach 970 GW in 2025 [2-3].

Apart from the problem of module performance on which
research continues, and the price that can be considered as a
solved problem this last decade, the PV offers enormous
advantages among them: i) PV fuel is free; ii) PV produces no
noise, harmful emissions or polluting gases which contributes in
reducing global warming; iii) PV modules lifetime is about 30
years showing their safety and high reliability; iv) PV modules

require virtually no maintenance and can be recycled; v) PV will
be a key component of future positive energy buildings; and vi)
PV is able to bring electricity to remote rural areas [5].

Conversely, the PV systems suffer from the energy
source irregularity and nonlinearity of output characteristics
which vary heavily with atmospheric conditions such as
temperature and irradiance. As a results, the PV systems
need the use of power conversion stage to adapt the transfer
of the available power to the load via the use of maximum
power point tracking controller [6-8].
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Fig. 1 — World’s PV installed capacity.

Accordingly, the last two decades have seen the
development of several MPPT controllers. Most of them use
the classical perturb and observation based [9, 10], hill
climbing [11], and incremental conductance [12, 13]
algorithms. Other authors propose controllers based on the
fraction of short circuit current [14] or open circuit voltage
[15]. Soon many researchers propose intelligent MPPT
controllers based on fuzzy logic [16], artificial neural
networks [17, 18], genetic algorithms [19], particle swarm
optimization [20], and ant colony optimization [21] methods.

In this work, we propose the hardware-in-the-loop (HIL)
assessment of the P&O and IC PV MPPT controllers
developed previously using stateflow models [22]. The
proposed models have been implemented and validated
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using a PV system composed of PV module BP-SX150S
powering a resistive load via a dc-dc boost converter
controlled using the proposed stateflow models. Simulation
results obtained under different test scenarios, including
variable insolation, temperature, and duty cycle step, show
that both proposed stateflow P&O and IC MPPT models
effectively track the maximum output power regarding all
considered scenarios tests. In addition, experimental results
obtained using the STM32F4 board in the processor in the
loop mode confirm the good tracking capability of both
developed Stateflow models.

The rest of this paper is organized as follows: section 2
gives the material and methods used in this study, including
the PV cell modeling, the classical as well as the proposed
stateflow MPPT controllers’ description. Section 3 presents
the results and discussions, while section 4 states the main
conclusions of this work.

2. MATERIAL AND METHODS

2.1. PV CELL MODELLING

A model that is widely used and based on the well-known
Shockley diode equation is presented below in Fig. 2 [23].
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Fig. 2 — Solar cell single-diode model.
The output current | can be expressed by:
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where: V is the cell output voltage; q is the electron charge
(1.60217646x107"° C); k is the Boltzmann’s constant
(1.3806503x107%3 J/K); T is the temperature in Kelvin; Iys is
the cell reverse saturation current; A is the diode ideality
constant; Np and Ns are the numbers of PV cells connected
parallel and in series, respectively.

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

Iph:[lsc+ki(T _Tr)]ﬁi 2
where: k; is the short-circuit current temperature coefficient;
s is the solar irradiation in W/m?; T, is the cell reference
temperature; lsc is the cell short-circuit current at a
reference temperature.

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

3
[T 9Ec[1 _1
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where Eg is the band-gap energy of the semiconductor and
I is the reverse saturation at T;.

2.2. PV MPPT

The maximum power point tracker plays a considerable
role in the performance improvement of the PV system.
Among cited MPPT algorithms and considering simplicity
and easiness of implementation, the P&O and the IC
MPPTs are the most used [23].

2.2.1. P&O MPPT

According to the P-V characteristics, the maximum
power point corresponds to the point given by (dP/dV = 0).
To reach this point, the perturb and observe MPPT
algorithm seeks the maximum power point through the
voltage perturbation based on the results of the comparison
of the output power (dP) as well as the voltage (dV)
acquired during two successive samples (k) and (k — 1). If
dP is positive, the voltage is increased if dV is positive,
otherwise, the voltage is decreased. If dP is negative, the
voltage is increased if dV is negative, otherwise, the voltage
is increased [24].

2.2.2. 1C MPPT

The incremental conductance algorithm uses each time
the acquired — current and voltage to compute the
conductance and the incremental conductance based on the
following equations [25]:

d—ID=M=I+VO|—I:O, (4)
dv dv dv
d—I:—L at MPP, , (5)
dv \%
dl I
— > —— at the left of MPP,, (6)
dv V
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2.3. PROPOSED STATEFLOW MPPT MODELS

Stateflow allows us to simulate the behavior of hybrid
systems of discrete and continuous events. It models the
behavior of systems that move from one state to another
(called state machine with a finite number of states) in
response to actions (called discrete events). Stateflow
model allows to draw of state and flow charts in the same
model. It provides seamless integration of state machines
into a block diagram formalism. Figures 3 and 4 show the
implemented P&O and the IC MPPTs stateflow models.

3. RESULTS AND DISCUSSION

3.1. SIMULATION TESTS

The proposed stateflow MPPT controllers have been
investigated using Matlab/Simulink PV system model. This
later includes a BP-SX150S fed by the implemented
stateflow MPPTs driving the boost dc-dc converter and
powering a resistive load, as shown in Fig. 3.
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Fig. 3 — Implemented Stateflow MPPTs: P&O (above) and IC (below).

Table 1 gives the BP-SX150S electrical characteristics,
while Table 2 summarizes the dc-dc boost converter
parameters.

Table 1
Electrical Characteristics of BP-SX150S (1 kW/mz, 25 °C)
Description BP-SX150S
Maximum Power (Pwep) [W] 150
Voltage Pmax (Vwer) [V] 34.5
Current at Prax (Ivep) [A] 4.35
Short Circuit current (I) [A] 4.75
Open Circuit voltage (Vo) [V] 435
Temperature coeff. of V,. [mV/°C] -0.38
Temperature coeff. of Iy [% °C] 0.065
Temperature coeff. of power [% °C] -0.50
NOCT (°C) 47
Table 2
Boost dc-dc converter parameters
Parameters Value
L (uH) 220
Cy (UF) 95
Ca (UF) 217.5
R.(Q) 20
Fs (kHz) 50

The evaluation of the proposed stateflow MPPT models has
been carried out using MATLAB / Simulink environment
considering different test scenarios: Test scenario 1. P-V
characteristics, Test scenario 2: Irradiation change, Test scenario
3: Temperature change, and Test scenario 4: Step Size change.

3.1.1. Test scenario 1 — P-V characteristics

This test scenario permits validating the PV
characteristics (P-V and 1-V) generated by both
implemented P&O and IC stateflow MPPTs. Figure 4.
shows the obtained PV characteristics using P&O and IC
stateflow MPPT models, respectively.
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Fig. 4 — P-V and |-V characteristics using stateflow MPPTSs:
P&O (left) and IC (right).

From Fig. 4, we can notice that the proposed stateflow MPPT
models reproduce the P-V characteristics with good fidelity.

3.1.2. Test scenario 2 — irradiation change

In this scenario, we use an irradiation change defined as
follows: 600 W/m? from 0 s to 3 s, 800 W/m? from 3 s to
6s, and 1000 W/m? from 6s to 9 s. Figure 5 shows the
output power variation under irradiation change using the
proposed stateflow P&O and IC MPPTSs, respectively.

Fig. 5 — P-V output power, voltage and current under variant irradiation
conditions using stateflow MPPTs: P&O (left) and IC (right).

From Fig. 5, we can see that stateflow MPPT models
effectively track the maximum output power. The
maximum output power corresponds to the expected
theoretical value of 90 W for 600 W/m?, 120 W for
800 W/m? and 150 W for 1000 W/m?, respectively.

3.1.3. Test scenario 3 — temperature change

For this scenario, we use a temperature change: 25 °C
from 0 sto3s,50°C from3sto6sand75°Cfrom6sto
9 s. Figure 6 shows the output power variation under
temperature change using the proposed stateflow P&O and
IC MPPTs, respectively.
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Fig. 6 — P-V output power, voltage and current under variant
temperature using stateflow MPPTS: P&O (left) and IC (right).

3.1.4. Test scenario 4 — step size change

In this scenario, we evaluate the proposed stateflow models
considering the two developed versions (fixed step size and
variable step size). Firstly, the fixed step size was evaluated
using 0.001 s, 0.005 s, and 0.1 s as step sizes. Secondly, the
fixed step size version has been compared to the variable step
size one, which uses a step size equal to 0.001 s scaled by a
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scaling factor between 0.1 and 10 which corresponds to a
variation of the step size between 0.0001 s (close to the MPP)
and 0.01 s (far from the MPP). Figure 7 shows the output
power using the fixed step size state flow MPPTSs.
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Fig. 7 — Output power under varying step size using stateflow MPPTs:
P&O (left) and IC (right).

In Fig. 7, the proposed stateflow models track the
maximum output power using the corresponding step size
value. We can see the effect of the step size on the
maximum output power profile with fewer oscillations and
long response time with a small step size and more
oscillations and fast response time with a large step size.

To evaluate the developed two versions of the stateflow
MPPTs (fixed and variable step size versions), we consider the
response time for the dynamic performance and the
oscillations around the MPP point for the static performances.
Figure 8 shows the dynamic performance of both fixed and
variable step size stateflow MPPTSs for both algorithms.

In Fig. 8, we can see that the proposed variable stateflow
MPPTs rapidly track the maximum output power compared
to the fixed step-size ones. The variable step size response
time is around 1/3 (~0.3 s for the variable version instead of
0.75 s for the fixed step size version).
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Fig. 8 — Response time of output power using stateflow MPPTs:
P&O (left) and IC (right).

Figure 9 shows the static performance of both fixed and
variable step size stateflow MPPTs for both algorithms.

Fig. 9 — Output power oscillations using stateflow MPPTs:
P&O (left) and IC (right).

In Fig. 9, the proposed variable stateflow MPPTs
outperform the fixed step size version regarding the static
performance. The variable step size oscillation is around
0.1 W for both algorithms, while the corresponding fixed
step size oscillation is between 4.4 W for the IC MPPT and
5.7 W for the P&O MPPT. From different scenarios tested
and obtained results, the main contributions of this work
are: i) the stateflow implementation of P&O as well as IC
MPPTs; ii) comparative study between the fixed step size
and variable step size implemented stateflow MPPT
versions, to our knowledge, and unless we are mistaken, the

variable step size MPPT P&O and IC stateflow
implementations are a pioneering work; and iii) the ability
of the proposed stateflow MPPTSs to track effectively the
maximum power point with good accuracy and
performances in static and dynamic states considering
different scenario tests including insolation, temperature
and step size variation.

3.2. EXPERIMENTAL TESTS

In this part, we use a HIL testing technique where real
signals from a controller are connected to a test system that
simulates reality, tricking the controller into thinking it is in
the assembled product. Test and design iteration takes place
as though the real-world system is being used. The
experimental validation of the proposed stateflow MPPTSs has
been carried out using the STM32F4 Discovery board via the
hardware in the loop mode. Figure 10 presents the illustrated
and real hardware in the loop process using the STM32F4
Discovery board. The inputs are the current and voltage; the
output is the PWM ratio computed using the generated and
transferred code of the proposed stateflow MPPTSs.

The STM32F4 Discovery offers the following features:

+ STM32F407VGT6 microcontroller featuring 32-bit
Arm®(a) Cortex®-M4 with FPU core, 1-Mbyte Flash
memory, 192-Kbyte RAM in an LQFP100 package;

+ USBOTGFS;

» ST MEMS 3-axis accelerometer;

+ User and reset push-buttons;

» Eight LEDs;

- Board connectors;

« Flexible power-supply options: ST-LINK, USB VBUS,
or external sources;

+ External application power supply: 3V and 5 V;

» Comprehensive free software including a variety of
examples, part of STM32CubeF4 MCU Package, or
STSW-STM32068 for using legacy standard libraries;

* On-board ST-LINK/V2-A debugger/programmer with
USB re-enumeration capability: mass storage, Virtual
COM port, and debug port.

To assess experimentally the proposed stateflow P&O and
IC MPPTs, the implemented controllers have been validated
considering the same test scenarios used in the simulation
tests: Test scenario 1: P-V characteristics, Test scenario 2:
Irradiation change, Test scenario 3: Temperature change and
Test scenario 4: Step size change.
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Fig. 10 — Hardware in the loop experimental mode.
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3.2.1. Test scenario 1 — P-V characteristics

As in simulation tests, this test scenario permits the
experimental validation of the PV characteristics (P-V)
generated by both implemented P&O and IC stateflow MPPTSs.
Figure 11 shows the obtained PV characteristics using P&O and
IC stateflow MPPT models.
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Fig. 11 — P-V characteristic using HIL stateflow MPPTs:
P&O (left) and IC (right).

3.2.2. Test scenario 2 — irradiation change

In this scenario, we use the same irradiation change used in
simulation tests: 600 W/m? from Os to 3 s, 800W/m? from 3 s
to 6 s and 1000 W/m? from 6 sto 9 s.

Figure 12 shows the output power variation under
irradiation change using the proposed stateflow P&O and IC
MPPTSs, respectively. In Fig. 12, as noticed in simulation tests,
we can see that proposed stateflow MPPTs effectively track
the maximum output power in case of irradiation change.

Fig. 12 — The output power variation using under different irradiation
changes using stateflow MPPTs: P&O (left) and IC (right).

3.2.3. Test scenario 3 — temperature change

For this scenario, we use a temperature change: 25 °C from 0
sto 35, 50°C from3sto6s and 75 °C from 6 sto 9 s.
Figure 13 shows the output power variation under temperature
change using the proposed stateflow P&O and IC MPPTSs.
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Fig. 13 — The output power variation using under varying temperature
using stateflow MPPTs: P&O (left) and IC (right).

3.2.4 Test scenario 4 — step size change

In this scenario, we evaluate the proposed stateflow
models using different step sizes: 0.001 s, 0.005 s, and 0.1 s.
Figuire 14 shows the output power using the fixed step size
state flow P&O and IC MPPTSs.
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Fig. 14 — Output power using fixed step size stateflow P&O MPPT
under varying step size.

In Fig. 14, the proposed stateflow models track the
maximum output power using the corresponding step size
value. As noticed for the simulation tests, we can see the
effect of the step size on the maximum output power profile
with fewer oscillations and long response time with a small
step size (blue line for the P&O and red line for the IC and
more oscillations and fast response time with large step size
(brown line for P&O as well as for IC).

4. CONCLUSIONS

The assessment of the two well-known perturb and
observation and the incremental conductance maximum
power point tracking algorithms have been investigated using
the implemented stateflow controller models under Matlab /
Simulink environment. The simulation obtained results using
a photovoltaic system composed of a BP-SX150S
photovoltaic module fed by the implemented stateflow
models controlling a dc-dc boost converter powering a
resistive load under different test scenarios, including
photovoltaic characteristics, irradiation change, temperature
change, and step size change prove that the proposed models
can effectively track the maximum power in all considered
test cases. In addition, a comparative study between the
proposed fixed step size stateflow models and the variable
step size models has been carried out, showing that the
varying step size versions outperform the fixed step size one.
Experimental results obtained using the STM32F4 board in
the hardware in the loop mode validate the simulation results.
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