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Abstract:

The growing awareness of the environmental issues has begun to change the traditional scheme of electric
energy production along the last years, where fossil fuels based systems are a major cause for this change.
For this reason, renewable energy sources are emerging as an ecologically way to produce energy. However,
associated with the renewables integration into power grids, new challenges and opportunities arises. Although
the crescent energy production, there are still 1.2 thousand million people without access to electricity, since
some places are difficult to reach or is expensive to extend the power grid. As a contribution to solve this
problem, this paper proposes a solution based on a Permanent Magnet Synchronous Generator (PMSG) micro
wind turbine and a Battery Energy Storage System (BESS) to create an islanded microgrid. The developed
and required power electronics hardware is presented and described in the paper, as well as the digital control
platform, where is implemented the control system, with algorithms such as the Maximum Power Point
Tracking (MPPT), used to extract the maximum power available at each instant in the micro wind turbine. A
detailed analysis based on simulation results is presented and, aiming to verify the feasibility of the proposed
solution, a laboratorial prototype was developed and experimental results in transient and steady state
operation are presented and discussed in the paper.
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1. Introduction

Electric energy has become an indispensable resource for humanity’s needs. With the advancement
in technology and population growth, it is predicted that the electric energy consumption continues
growing. As can be expected, the traditional way of generating electrical energy with fossil fuels is
no longer feasible, since the natural resources are limited and its usage has negative effects on the
environment. One of the negative effects of this source is the emission of greenhouse gases, which
25% of them are produced by the electrical sector [1]. To overcome the demand in electric energy
and mitigate the environment problems, renewables are emerging as promising sources of energy.
Renewable energy sources are an ecologically viable alternative to fossil fuels, since its availability
is large and its usage is cleaner. In this context, wind and solar energies are the ones that shows a
greater growing in the last years [1]. These reasons lead to an increasing investment in these types of
resources by some regions of the world, where the greater investment was in Europe, passing from
20.1% to 34.2% of electric power production based on renewable energy sources [1]. As example, in
2016, 55 GW of wind power capacity was added, making a global total wind power capacity of
487 GW [2][3], almost the double in relation to solar photovoltaic energy. Asia was responsible for
half of the additions done during such year, being China the country with the most capacity added,
reaching a total wind power capacity of 169 GW and representing one third of the global total wind




power capacity installed in 2016 [2][3]. Portugal is one of the European countries where is notorious
an increasing wind power capacity in the last 10 years, having approximately 5.3 GW at the end of
2016, representing a share of nearly 24% of wind in the total gross electricity generation [4][5].
Despite the annual increase in power, there are still 1.2 billion people without access to electricity
around the world. An example is India, where 24% of the population still does not have access to
electricity, which is equivalent to 304 million people. Additionally, in sub-Saharan Africa, there are
622.6 million who do not have access to electricity [2][6]. To solve this problem, India has committed
to give more emphasis to renewable energies and sub-Saharan Africa has committed to invest in
microgrids using renewable energies.

As a contribution to the technological advancement and to mitigate the aforementioned problem, this
paper presents a solution based on a Permanent Magnet Synchronous Generator (PMSG) micro wind
turbine and a Battery Energy Storage System (BESS) to create an islanded microgrid. Along the
paper, the development of the power electronic converters needed for the system is described, as well
as the digital control platform used to implement all the control algorithms. A simulation model was
implemented in PSIM software in order to obtain preliminary results for a better understanding of the
proposed system. Aiming to verify the feasibility of the proposed system, a laboratorial prototype
was developed and experimental results, in transient and steady state operation, are presented and
discussed in the paper.

2. Theoretical Fundaments

To produce energy from wind it is necessary to use a Wind Energy Conversion System (WECS)
known as wind turbine. Through the movement of its blades is produced mechanical energy which is
after converted in electric energy by the electric generator. Depending on the application pretended
for the system, the generated energy can be used to feed electrical appliances, stored in a BESS or
injected into the Power Grid (PG).

2.1 Wind Power Extraction

The wind has a stochastic behavior, so there will be times the wind is available and others not.
Furthermore, the production of energy by wind is affected by several factors, such as wind speed (vv),
air density (p), swept area of the rotor blades (4), generator electric efficiency (#.) and mechanical
efficiency (#7,) of components used [7]. The extraction of energy from the wind is done by the
movement of the rotor blades, which turns kinetic energy into mechanical energy. This process ends
lowering the wind speed that passes through the rotor blades. The more energy that is extracted, the
lower the wind speed after the blades. However, extracting the maximum energy of the wind means
nullifying its speed, but this is not possible, so another factor, known as power coefficient (C,), must
be considered to know the maximum energy that can be extracted with the wind turbine. As stated in
[7] this power coefficient can only attain a maximum value of 59%, which is depicted as the Betz
Limit. In practice, this value is situated between 40% and 50% for Horizontal Axis Wind Turbine
(HAWT) and in 40% for Vertical Axis Wind Turbine (VAWT) [8]. Regarding the above statement,
the power that can be extracted by the wind turbine from the wind follows (1). HAWT and VAWT
are classified depending on its axis and structure [9].
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The VAWT presents some advantages as, e.g., allowing the generator and gearbox to be placed at the
bottom of the tower, allowing an operation with every direction of the wind since a yaw system is not
needed and allowing the wind turbine to be placed where the wind is turbulent. Nevertheless, this
type of turbines presents lower efficiency relatively to HAWT since its Tip Speed Ratio (TSR) is
limited [8][10][11]. The HAWT, contrarily to VAWT, have a rotation axis parallel to the ground and
are noisier [7]. However, they operate at higher heights, allowing them to deal with less turbulent and
more constant winds. Furthermore, HAWT have high efficiency relatively to their installation and
maintenance costs [11]. Because of these features the market gained more interest in HAWT than in



VAWT, having in the last years a great development around HAWT leaving them with a share market
0f99% and VAWT with 1% [7].

2.2 Wind Turbine Systems

WECS can be divided into islanded, connected to the PG and hybrid configurations. According to the
application, the connection and components used are different, being necessary, in some cases, to add
a BESS (islanded or hybrid system) [12]. There are situations where the connection with the PG is
not possible or it is not the best choice, since its localization is difficult to reach or the costs are greater
than implementing an islanded system. So, in this case, it is preferred an islanded system over one
connected to the power grid. Fig. 1 shows a block diagram of an islanded system.
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Fig. 1. Block diagram of a wind energy based islanded system.

As the wind has an intermittent behaviour, it is necessary to have a way to store energy in order to be
able to feed the microgrid when the wind generator cannot produce energy due to the lack of wind.
For that, it is essential to use a BESS. The types of converters used in this system are very similar to
those used in power grid connected systems and in hybrid systems, consisting of a set of AC-DC,
DC-DC and DC-AC converters, where the DC-DC should consider the BESS integration [12].

2.3 Energy Storage System

To reduce the harmful effects of energy production, other sources of renewable energy have been
used. However, its intermittent nature introduces problems of stability, safety and electric power
quality in the PG [13]. One way to solve this problem is to store the extracted energy for later usage
through an Energy Storage System (ESS). There are several energy storage devices in the market
today, such as batteries, inertia flywheels, fuel cells, flow batteries, supercapacitors, among others.
The choice of an ESS for an application depends on several factors, such as the capacity, the power,
the response time, weight, volume and operating temperature. However, there are two factors that
characterize these energy storage technologies, which are the specific energy and specific power
[13][14]. The specific energy is expressed in Wh/kg and represents the amount of energy that can be
stored in the ESS, the specific power is expressed in W/kg and represents the rate at which the system
can supply or receive energy. In the case of a battery, the power and energy capacities are highly
dependent on the chemical used by the battery itself [14]. Among the various ESS, li-ion batteries
were selected for the application proposed in this paper, since they have a good storage capacity, do
not carry an environmental impact as high as lead-acid batteries and they have a low self-discharge.

2.4 MPPT Control Algorithms

As previously mentioned, the power extracted by the wind turbine is dependent of various factors,
being some of them impossible to control (e.g., air density and wind velocity), controllable but only
at manufacture (e.g., swept area of the rotor blades, mechanical and electric efficiencies) and
controllable (e.g., Power coefficient (C,)). The C, is, at maximum, 59% and varies according to the
pitch angle (f) and the Tip Speed Ratio (TSR) (1), as can be seen in (2) [8], [15].
Cp (4, B) = (044 = 0.0167R)sen (;7775=-) — 0018448 (2

By changing the pitch angle, the aerodynamic torque of the wind turbine is also changed. With that,
it is possible to adjust the angle of attack of the rotor blades, and consequently, adjust the rotor speed.



The TSR is defined by the division of the tip speed of the rotor blades (v/) by the wind speed (vv). As
can be seen in (3), the tip speed of the rotor blades depends on the rotation speed of the rotor (wm)
and the radius of the rotor blades (R).
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Changing the v,, or v; induces other changes on the TSR, which varies the power coefficient. So, to
maximize the power coefficient for each wind speed, the rotation speed of the wind turbine must be
placed in a certain value. This can be seen in Fig. 2, where are identified the values of the rotation
speed that maximizes the power extracted by the wind turbine for each wind speed.
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Fig. 2. Relationship between the rotation speed of rotor and
mechanical power extracted (adapted from [15]).

During wind turbines operation to extract the maximum power available of the wind, is imperative to
put some attention in some features of the wind turbine, such as the maximum rotation speed and the
rated power of the wind turbine. So, when the rotor speed is below the rated speed, the turbine is
controlled in order to operate with optimum TSR (Aopsimum). Conversely, when is superior, is controlled
in order to maintain the rotor speed equal to its rated speed. Relatively to the rated power, when the
wind turbine reaches this level, it is operated so the system continues to extract at maximum the rated
power [15].

The control algorithms used to maximize the power extracted by the wind turbines are denominated
as Maximum Power Point Tracking (MPPT) algorithms, and their effectiveness depends on the
precision which they can monitor the maximum power point peaks [16]. Nowadays, there are a lot of
MPPT algorithms and, most of them, can be divided in three categories: TSR control, Power Signal
Feedback (PSF) and Perturbation and Observation (P&QO) [16][17]. Between the three types of MPPT
algorithms, the P&O is the cheapest, since it only needs to measure the current and voltage to calculate
the electric power being extracted by the generator. On the other hand, the TSR control and PSF
algorithms need additional sensors, like anemometers and tachometers. The P&O algorithm, also
known as Hill-Climb Search, tries to put the system working near the maximum power point (MPP),
oscillating around this point. Depending on the step size, this oscillation can be higher or smaller.
With a small step the ripple is smaller, but the system takes more time to reach the MPP. With a larger
step the ripple is higher, but the system reaches the MPP sooner. To mitigate both problems, a P&O
algorithm with two modes was implemented: The fixed step mode and the adaptive step mode. At the
beginning, the fixed step mode is enabled, allowing the system to reach more quickly the MPP. Once
this point is reached, the P&O changes to the adaptive step mode in order to get more sensibility and
to get closer to the MPP. Whenever the system detects a sudden variation, the fixed step mode is
enabled again, repeating the process. In Fig. 3 is presented the flow chart of the implemented
algorithm.
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Fig. 3. Flow chart of the P&O algorithm with fixed and adaptive step modes [18].

3. Proposed Topology

The selected topology to interface the wind turbine generator and the islanded microgrid is shown in
Fig. 4. The generator is a PMSG, composed by 6 pairs of poles produced by SilentWind. This
generator has a nominal power of 450 W for a wind speed of 14.5 m/s and a nominal voltage of 24 V.
Besides that, it has the versatility to operate at speeds ranging from 500 rpm. to 1700 rpm. and the
minimum wind speed for the turbine to start operating is 2.2 m/s [19]. In order to adjust the alternating
voltage from the PMSG into a DC voltage for the purpose of charging the BESS, an AC-DC followed
by a DC-DC converter was implemented. At the AC-DC stage was chosen a non-controlled
three-phase AC-DC converter due to its simplicity. The rectified output voltage from the AC-DC is
used as input voltage for the DC-DC converter, where is interfaced the BESS. The BESS has a
nominal voltage of 60 V, who is higher than the nominal voltage from the PMSG, therefore, a
non-isolated boost DC-DC converter topology was chosen. Additionally, with the MPPT algorithm,
the DC-DC converter is also responsible to extract the maximum power available from the wind
turbine. Since the 60 V of the BESS is not enough to power-up the DC-AC converter used to create
the microgrid, an additional DC-DC converter should be used between the DC-DC and the DC-AC.

The rated power of the wind turbine is 450 W, but the system has been designed to feed loads up to
1 kVA, so the use of non-isolated DC-DC converters is not adequate for this application. In terms of
isolated topologies, there are some variants, such as forward converters (single-switch and dual-
switch), push-pull, half-bridge, and full-bridge. Among all these derivations, the full-bridge is the one
that has greater capacity to deal with high powers, being for this reason, used extensively in
applications of medium and high power conversion [20]. In addition, the ripple of the output voltage
is smaller, since the resulting wave of rectification on the secondary side of the transformer becomes
double the frequency, which ends up reducing significantly the harmonic content. This has the
advantage of allowing a smaller passive filter to be used at the output. For these reasons, the
full-bridge DC-DC bridge converter was chosen to provide a 400 V DC bus, capable of powering the
DC-AC converter and enabling it to create a 230 V single-phase grid.

Finally, for the microgrid implementation, a single-phase full-bridge converter was selected, since it
is a simple topology to control and implement. In conjunction with this converter, a LC low-pass
passive filter was adopted, which is capable of attenuating the high-frequency harmonics present in
the output waveform of the DC-AC converter. This single-phase full-bridge converter must be
capable of generating an output voltage with a fixed amplitude and frequency, as well as a low



harmonic distortion, regardless of the type of load to be supplied (linear or non-linear). For this, the
control technique to be implemented is based on a PI controller.
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Fig. 4. Topology chosen to interface a micro wind turbine with an islanded microgrid.

4. Simulation Results

Considering the selected topology, an analysis was performed through a dedicated simulation
software for power electronics (PSIM). The more relevant simulation results are presented in detail
along this section.

4.1 Micro Wind Turbine

The element that feeds the entire system from the wind is the micro wind turbine, so this element is
essential for understanding and designing the entire system. As previously mentioned, the micro wind
turbine extracts the energy available in the wind by moving the rotor and the electric generator. This
whole process can be modelled in a simulation environment, allowing to change the parameters in a
simple way and presenting a robust interface. Fig. 5 shows the power curve obtained with the
simulation model. The wind turbine modelled was the 24 V design made by SilentWind, and, as can
be seen, the simulation model slightly exceeds the power 0of450 W, being close to 460.5 W. However,
reaching this value with a rotor speed of 1696 rpm. and with a generator output voltage of 56.2 V
(similar to the specified in the 24 V, 1700 rpm., 57 V model).
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Fig. 5. Power curve of the modelled wind turbine in PSIM.

4.2 MPPT Algorithm

The DC-DC converter used between the PMSG and the BESS is responsible of implementing the
MPPT algorithm. During the tests of the micro wind turbine model provided by PSIM it was noted
that, due to the moment of inertia of the turbine being relatively high, its response to wind variations
was not instantaneous. For this reason, the sampling of the extracted power was done at a frequency
of 10 Hz, since with a higher frequency the readings obtained no longer corresponded to the result of
the actuation. The measured power, sampled at 10 Hz, results from the multiplication between the
current in the inductance and the input voltage of the boost DC-DC converter. These two values
(current and voltage) are sampled at 50 kHz and the result of the multiplication is used as input for a
low-pass digital filter. In this way, power peaks that may occur due to noise in the sensor readings
are attenuated.

In Fig. 6 is shown the operation of the MPPT algorithm for different wind speeds. Initially the wind
(vw) has a value of 14.5 m/s and as the generator is still starting it takes approximately 2.3 s to reach



the maximum power point (Pnax). After that, the power variations are smaller, since the increment
becomes adaptive. Therefore, it can be concluded that the algorithm can reach, in a short time, the
maximum power and maintain a minimum variation over the time. After 4 s, the wind begins to slow
down to 8 m/s. At this point, the maximum power is approximately 87 W and the algorithm takes less
time (about 1.8 s) to put the generator extracting that power. At 6.2 s, the wind speed increases to
10 m/s and the maximum power reaches 165 W. As the speed difference is not so great, the controller
took only 1.2 s to reach the point of maximum power. Finally, at 9.5 s, the wind speed returns to
14.5 m/s, now taking 1.2 s to starts extracting 460.5 W.
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Fig. 6. Extracted power and maximum power available according to wind speed.

4.3 DC Bus Voltage Control

To maintain a regulated 400 V on the DC bus, a PI controller was implemented in the full-bridge
converter. The modulation used in such converter was the phase-shift modulation, where both legs
(leading leg and lagging leg) are controlled with a duty-cycle of 50% and with a phase change
between them [20]. The value of the leading or lagging phase determines how much power is
transferred from the BESS to the DC bus of the DC-AC converter. In order to test the full-bridge
DC-DC converter, a 550 W load was placed in parallel with the 400 V DC bus and the BESS voltage
was changed. As can be seen in Fig. 7, the PI controller applied in the converter can regulate the DC
bus of the DC-AC converter at 400 V. At the beginning, the controller applied the maximum phase
angle (approximately 81°) and the voltage of the DC bus increased almost instantaneously to 400 V.
After that, the phase angle varied and then stabilized in the angle needed to maintain the voltage at
400 V, which in this case was near 75°. However, at 400 ms the BESS voltage started falling, and to
keep the DC bus at 400 V, the phase angle had to be greater, keeping that way the power that was
delivered to the DC bus. At 800 ms, the BESS voltage reaches 60 V and the phase angle stabilized at
80°, maintaining the DC bus voltage at 400 V.The DC bus of the DC-AC converter reached 400 V in
less than 300 ms, but the initial current required for that was too high, reaching 166 A (Fig. 8(a)).
Considering this high value of current, the components used would end being destroyed. To prevent
that, the initially power transferred needs to be lower, therefore, the phase angle should be lower.
When the DC bus reaches a certain voltage, the PI controller is activated and from there on, the DC
bus is regulated at 400 V, but without needing a high current. Due to this, the converter takes more
time to reach 400 V, since the energy transferred initially is less than before.
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Fig. 7. Phase angle variation to regulate the DC bus due to BESS voltage chances

As can be seen in Fig. 8(b), applying a pre-charge strategy, the converters takes 5.8 s to charge the
DC bus with 400 V. Regarding this, the converter is initially operated with a phase angle of 9° until
the DC bus assumes a voltage of 100 V. Then, the phase angle is changed to 36°, letting the DC bus
charge faster than before. At 390 V, the PI controller is activated and, since the DC bus is closer to
400 V, the converter takes a few milliseconds to regulate the DC bus at 400 V.
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Fig. 8. Maximum current needed to regulate the DC bus: (a) With pre-charge; (b) Without
pre-charge.

4.4 DC-AC Converter

As aforementioned, the DC-AC converter should be controlled to generate a sinusoidal waveform
with nominal values of 230 V RMS voltage and frequency of 50 Hz. Moreover, it should present a
Total Harmonic Distortion (THD) lower than 5% to accomplish the IEEE Standard 519-2014 [21].
Regarding that, a simulation model was developed, consisting of two stages: a DC-AC converter and
a low-pass filter. The power converter is responsible of generating the signals needed to establish the
single-phase power grid voltage with the required frequency, while the filter is responsible of
attenuating the high-frequency harmonics resulting from the semiconductor switching. Taking into
account that the linear and non-linear loads can be connected to the DC-AC converter, a set of
simulation tests were carried out, aiming to analyse the DC-AC converter behaviour. As initial test,
a linear load of 600 W (consisting in a resistance of 88 ) was used. Since this is a linear load, the
current THD is equal to the THD of the voltage produced by the DC-AC converter. Therefore, if the
produced voltage has a low value of THD, then, the current also has a low value of THD. As can be
seen in Fig. 9(a), the results obtained are quite satisfactory with a voltage THD 0f0.48%. As expected,
the produced voltage has a RMS voltage value 0f229 V and a frequency of 50 Hz. With a non-linear
load, the distortion of the current no longer depends on the applied voltage, so even if the load voltage
has a low value of THD, the current value of THD still exists. For this reason, the current passing



through the inductance of the low-pass filter will cause a voltage drop that will distort the voltage in
the load, therefore, the algorithm will have to be able to compensate this effect. By compensating
these distortions, caused by the voltage drop in the inductance, the load is supplied with an acceptable
sinusoidal voltage, although it consumes a rather distorted current. As shown in Fig. 9(b), for a
non-linear load, the produced voltage has a THD value of 0.48% and the current consumed by the
non-linear load has a THD value of 158%.
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Fig. 9. Voltage and current delivered by the DC-AC converter when supplying:
(a) Linear load; (b) Non-linear load.

5. Implementation and Results

Aiming to verify the feasibility of the proposed solution, a laboratorial prototype was developed and
several experimental results were obtained, some of them are presented and discussed in this section.
The developed system consists of two main parts, the test bench and the laboratory prototype. The
test bench has the purpose of emulating the wind behaviour and is composed by a three-phase squirrel
cage induction motor, controlled by a variable speed drive, coupled to the PMSG. On the other hand,
the laboratorial prototype is composed by the control circuit (including control boards and a digital
signal processor where the control algorithms are implemented), by the power circuit (including the
different power converters), and by the BESS. Fig. 10 shows the workbench used to obtain the
experimental results.

Motor + Variable Speed Driver
PMSG

Batteries

Power Circuit

Control Circuit

Fig. 10. Laboratory workbench used to test the prototype of the proposed solution.

As aforementioned, with the addition of BESS, the developed system can operate as an islanded
microgrid. For the safety of the equipment used, the system was tested with a RMS voltage of 115 V.
To verify the correct operation of the two power converters after the DC bus of the BESS, the
full-bridge DC-DC converter was controlled to regulate the DC bus of the DC-AC converter at 220 V
and the output of the DC-AC converter coupled to a resistive load of 78 Q. Fig. 11 (a) shows the
experimental results obtained with a linear load (resistance of 78 Q). As can be seen, not only the DC
bus is regulated at 220 V, but also the load was supplied with a RMS voltage of 115 V and with a
THD value of 1.1%. In this case, the measured current has a value of 1.41 A and the BESS voltage
has a value of 37 V. On the other hand, Fig. 11(b) shows the experimental results obtained with a



non-linear load (composed by a rectifier with an AC inductor of 5.17 mH and with a DC shunt
association of'a capacitor of 470 uF with a resistor of 130 Q). As can be seen, the DC bus is regulated
at 220 V, the produced voltage has a nominal value of 115 V and a frequency of 50 Hz, and the
consumed current has a value 0f2.32 A. In this case, the THD of the produced voltage raised to 1.5%,
but within the IEEE standards is acceptable.
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Fig. 11. Experimental results obtained when the DC bus is regulated at 220 V and the DC-AC
converter is establishing a microgrid with a RMS voltage of 115 V: (a) Feeding a resistive load of
78 Q; (b) Feeding a non-linear load composed of a rectifier type with capacitive filter.

Regarding the validation of the MPPT algorithm implemented, the boost DC-DC converter was
controlled to extract continuously a current of 1 A from the generator of the wind turbine. As shown
in Fig. 12, the DC-AC converter could supply a resistive load of 130 Q with 115 V even when the
BESS is receiving energy from the Boost DC-DC converter. Therefore, it was possible to verify that
the prototype can establish an adequate voltage for linear or non-linear loads, even when the BESS is
receiving energy from the generator of the wind turbine.
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Fig. 12. Experimental results obtained when the DC bus is regulated at 220 V, the DC-AC
converter is establishing a microgrid with a RMS voltage of 115 V and the Boost DC-DC converter
extracts continuously 1 A from the generator.

In order to verify the operation of the MPPT algorithm a system composed by a rheostat in series
with a DC power supply was used. According to the maximum power transfer theorem [22], in a
resistive circuit, for the algorithm to be able to extract the maximum power available from the DC
source, the DC-DC converter should be able to equal the resistance imposed by the rheostat. So, with
a DC source of 20 V, the voltage of the converter and the voltage of the rheostat should be equal to
10 V to prove that the MPPT algorithm implemented is extracting the maximum power available.
Observing Fig. 13(a), it is verified that the MPPT algorithm took 2 s to reach the MPP. After that, the
algorithm changes to adaptive step mode and started getting gradually closer to the MPP with a
smaller ripple. When the steady-state was reached, the voltages of the power converter and the
rheostat were practically the same, so it was proven that the MPPT algorithm was working as
expected. For this test, the resistance of the rheostat was fixed at 17 Q, but for Fig. 13 (b), the
resistance was changed from 10 Q to 7 Q and then to 13.5 Q. Analysing the obtained results, it is
verified that after 2.5 s, the algorithm was activated and after a short time the system could reach the



MPP, drawing a power near to 37 W. After 10 s, the resistance of the rheostat was set at 7 Q and the
MPPT algorithm responded immediately to that variation, putting the converter extracting about
52 W. Finally, at 17.5 s, the load of the rheostat was changed again, being now 13.5 Q and the system
almost immediately reached the maximum power point and started extracting, approximately, 30 W.
With this, it is possible to conclude that the MPPT algorithm worked properly and that its response
time to variations was quite fast.
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Fig. 13. Experimental results obtained during the tests of the MPPT algorithm:
(a) Fixed resistance; (b) Variable resistance.

6. Conclusions

This paper proposes a solution based on a Permanent Magnet Synchronous Generator (PMSG) micro
wind turbine and a Battery Energy Storage System (BESS) to create an islanded microgrid. The
proposed system should be able to extract the maximum power available at any instant from the wind
turbine and store it in the BESS. Besides, it should be able of supplying linear and non-linear electrical
loads. A laboratorial prototype was developed and the obtained results shows that the proposed
system operates as expected, i.e., the boost DC-DC converter is able of putting the prototype working
at the MPP, the full-bridge DC-DC converter is able to regulate the DC bus voltage of the DC-AC
converter, and the DC-AC converter is suitable to generate a voltage with the desired frequency and
amplitude with low value of total harmonic distortion.
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