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Abstract: Small wind turbines (SWTs) have been a common option for rural electrification during
recent decades. Recently, an application for connecting these devices to the grid was proposed.
This requires an AC-coupled configuration, which brings the need for a power converter necessary
for connection to the AC bus. This publication analyzes the requirements and commercial availa-
bility of such power converters, coming first to a conclusion on the lack of existing electronic power
converters for SWTs, mainly in the lowest power range (<1 kW). As a result of this need, PV power
converters were proposed, as they are both economically competitive and commercially available.
The use of PV power converters for SWT AC-coupled applications is therefore analyzed as well,
bringing a second conclusion: their use is possible but not straightforward, as some adaptations
have to be taken into account. Finally, a suggested adaptation is proposed, in terms of hardware
and software; the first field results of a prototype are presented, and they look very promising.

Keywords: small wind turbine; AC-coupled; electronic power converter; solar PV inverter; over-
voltage protection; prototype field test

1. Introduction

Whereas large-scale wind turbines are commonly connected to the AC grid, Small
Wind Turbines (SWTs) have traditionally been used in a DC connection configuration,
mainly in battery-charging applications for rural electrification [1]. However, through
the development of distributed generation, AC connection became necessary in order to
adapt SWTs to the AC grids, and even for stand-alone applications, as the majority of
mini-grids installed are AC mini-grids [2]. AC coupling is becoming a common practice
in mini-grids as it may have some advantages: it offers higher standardization, allows
greater distance (higher freedom) when choosing the site, does not need to communicate
directly with new storage technologies (such as Li-ion, as it is expected that the uptake of
lithium-ion batteries will continue in this decade [2]), and avoids changes in DC voltage
selections.

As a result, nowadays, AC coupling for SWTs looks attractive for both
grid-connected and rural electrification microgrid applications.

This work originated from the SWTOMP Project [3], where two different SWTs were
selected to be optimized: one in Argentina from the company Eolocal, and the other one
in Mexico from the company Aeroluz (see Figure 1). In the case under study in Mexico,
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all the components were specifically designed for small wind turbine applications (in-
cluding a commercial Aurora grid-tied wind inverter), while in Argentina, the proposal
was to redesign the electric generator so that it could connect to the grid using a solar
photovoltaic (PV) grid inverter. Both case studies led to the same conclusion: the need for
specific power electronics for low-power-range SWT AC connections.

(b)
Figure 1. Small wind turbines: 1000 W Eolocal (a) and 5 kW Aeroluz (b).

The purpose of this work is to review the current state of AC coupling for
small-capacity SWTs (<1 kW), in terms of the technical possibilities and need for power
converters. This capacity range was selected as the most critical for AC coupling options.
This effect is evidenced in Figure 2, which shows on/off-grid status as a function of SWT
size. All installed units in the power range of 11-100 kW are on-grid; the majority of
SWTs between 1-10 kW are on-grid but there are some off-grid turbines, and finally all
the small SWTs below 1 kW appear to be off-grid. Even though this distribution provides
data from one particular country in one particular year, it brings some intuitive
knowledge regarding the influence of the size range of SWTs on their AC grid connec-
tion.
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Figure 2. On- and off-grid capacity installed in the UK during 2012, as a function of SWT power
range [4].

This work is intended to support the need for power converters in the AC coupling
of SWTs, and opens a way to overcome them, analyzing the integration of solar PV in-
verters to connect SWTs to the AC grids. A proposal with experimental results is pre-
sented. The structure of the publication is as follows: first, the configuration of the SWT to
be analyzed is established in Section 1. Then, as the AC coupling may affect many com-
ponents of the SWT, a review of the effects of AC coupling on each electric component is
carried out in Section 2, along with the existing possibilities that are commercially
available for these components.

From this first review, two preliminary conclusions arise: solar PV inverters are a
promising solution for low-power SWT AC coupling applications, and there is a need for
overvoltage protection devices, which are mandatory for safe operation of SWTs—one of
the main differences from PV generation. Consequently, a second, deeper analysis of the
commercially available overvoltage protection devices is carried out in Section 3.

Finally, in Section 4, a case study of the development of an open-source overvoltage
protection device and its preliminary field results is presented. A case study in Argentina
was launched for the development of this proposed solution. Argentina is a special case
in terms of SWT deployment potential. In the existing market studies for Argentina [5],
approximately 5 MW of SWT capacity had been installed and up to 14 SWT manufac-
turers were identified; even though this number decreased during the last few years,
there are still local companies manufacturing and installing SWTs [5]. In global market
suitability assessment for SWTs [6], Argentina is identified as one of the most suitable
countries in the world in terms of using SWTs for rural electrification.

The evolution of SWTs in Argentina is migrating from traditional DC-coupled sys-
tems to modern AC-coupled systems, which, even for low-power SWTs, require specific
equipment for connection to an AC grid [7], and thus this country was chosen for the case
study. A recent legal framework [8] stimulated distributed generation from renewable
sources; therefore, Eolocal was interested in adapting the existing off-grid version of the
AG700 wind turbine into a grid-connected version, the AG1000 model, shown in Figure
1a. This was the main motivation for this work.

Configuration of the System under Review and Introduction to the Case Study

There is a great variety in terms of possible technologies when it comes to choosing a
SWT, both for rotors and for electric generators, even in terms of the method of control-
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ling the wind turbine. To limit the description of the electronics in SWTs, a type of wind
turbine was selected, and more specifically a type of generator, which is the element that
defines the type of control to be used.

Today’s SWT markets are primarily dominated by Permanent Magnet Synchronous
Generator (PMSG)-based technology, which ensures variable speed operation [9]. PMSGs
are, in grid-connected SWT conversion systems, completely decoupled from the grid;
that is why they are considered part of systems with full-scale power electronics [10].

There are several configurations for power conditioning in a PMSG-based system,
such as back-to-back converter, matrix converter, intermediate DC/DC converter, and
line commutated silicon-controlled rectifier. However, most SWTs connected to the grid
use the following configuration: rectifier, DC/DC converter, inverter [11], and chopper.
The main layout of this configuration, shown in Figure 3, integrates the conversion
modules, rectifier, filters, chopper and inverter to form a wind energy conversion unit,
which is more flexible and more commonly used in small-capacity SWTs.

DIODE
BRIDGE FILTER / LINK-DC + CHOPPER BOOST + INVERTER

ROTOR - PMSG

GRID

*_% ot || @ @

e ; Control

Figure 3. Grid-connected PMSG-based small wind turbine system.

In Figure 3, within the power conversion scheme the “generator side converter”, in
this case a boost converter, fulfills the functions of maximizing wind energy capture by
the rotor, controlling power flow to the load side and optimizing the rotational speed.

Figure 4 illustrates the concept of the Maximum Power Point Tracking (MPPT)
scheme, showing a family of aerodynamic power curves (function of the incident wind)
and the set-point that the control places on the mechanical power curve transmitted,
which is proportional to the cube of the rotational speed. The vertical axis is normalized
relative to the nominal power of the turbine; the horizontal axis is normalized relative to
the nominal rotational speed. Once the wind speed at which the nominal power is ob-
tained is exceeded, the power control system should start regulating the rotational speed
until reaching the set point. In SWTs, this is mainly through passive aerodynamic control
[12,13]. Along with the foregoing, the ability to connect to the grid, usually without a
battery system, causes the turbine to experience transient fluctuations due to gusts or
other conditions, which requires that power control involve an electronic converter ca-
pable of mitigating harmful electrical deviations that can cause failures in power con-
version. Therefore, the dynamic operating conditions of a SWT require the use of rapid
response power electronics, switching in a “chopper” PWM pattern, capable of increas-
ing the electromagnetic torque and controlling the variation.
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Figure 4. Mechanical power curves versus rotor rotational speed as a function of wind speed.

2. Requirements for Applying Grid Connection in Each Component of a SWT

As mentioned before, the first review in this work analyzes how the application of
grid connection affects each of the different components that are responsible for electrical
generation in a SWT. Electrical generation starts at the electrical generator, flowing to the
grid through two power converters: a generator-side electronic converter (a rectifier unit)
and a grid-side electronic converter (inverter unit). However, the analysis of the influence
of the grid connection will be performed the other way round, starting from the
grid-connected inverter back to the electrical generator, as the grid is precisely the ele-
ment that induces these effects.

2.1. The Inverter for the Grid Connection

This converter is in charge of maintaining (controlling) the electrical parameters of
the grid connection, whether it is to an isolated grid or to the main grid. The essential
function of this converter is to convert the DC output of the rectifier (or the DC/DC con-
verter) into an alternating current with the power quality required by the grid. In addi-
tion, it can incorporate other functions, such as MPPT and power generation monitoring
and management. Trends in the use of grid-side converters are reviewed below.

2.1.1. Inverters Designed Specifically for SWT Applications

Among the inverters designed specifically for the connection of SWTs to the grid, it
is necessary to differentiate between general-purpose and proprietary devices
(self-designed by SWT manufacturers).

Among inverters for general use, SMA’s Windy Boy was for a time an international
reference that, when it ceased to be manufactured, was replaced as a reference by Power
One’s inverters. After this company was acquired by ABB, it continued selling them, but
ABB stopped manufacturing these inverters, offering only technical support. The same is
true of other manufacturers such as Ginlong Technologies (Ningbo, Zhejiang, China) and
INGETEAM (Pamplona, Navarra, Spain), who stopped the production of their respective
SWT inverters. Therefore, the presence of general-purpose inverters at a commercial level
is becoming scarce.
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The trend in proprietary inverters from specific manufacturers is different: in recent
years, several manufacturers of SWTs that use their own inverter designs, such as the
Skystream (from the company XZERES, Wilsonville, Oregon, USA) or the Windera (from
the company ENNERA, Erreka, Guipuzkoa, Spain), emerged. This tendency towards the
use of self-designed converters could be caused by the mentioned shortage of gen-
eral-purpose inverters for SWTs and marks a completely different direction from what
happens in other sectors, such as PV, where the use of general-purpose converters is the
most common practice.

2.1.2. General Purpose Photovoltaic (PV) Inverters

Given the scarcity of proper wind inverters and the abundance of PV inverters on
the market, a highly desirable possibility is to adapt PV inverters in order to use them
with SWTs. The use of solar PV inverters has the advantage of providing equipment at a
relatively low cost, due to the scale of production of PV technology. However, their use in
SWT applications has some effects on the SWT itself, which are analyzed in this Section.

A PV inverter can be divided into two different converters: the grid-side converter
and the generator-side converter. Although the grid-side converter can be considered
similar for both technologies (PV and SWT), this is not the case for the generator-side
converter, where the control algorithms are different. The differences derive from the
different behavior of the two generation technologies. In particular, issues such as the
characteristic voltage—current curves and response times are different between both
technologies, which must be taken into account in the configuration of the equipment.
The variability of the corresponding resources (solar radiation and wind) is also different,
which can affect the inverter’s operating parameters.

It should not be forgotten either that, while a PV generator can remain in open cir-
cuit (no load) without suffering any damage, many SWTs will not allow this mode of
operation on a continuous basis, which also requires consideration of functional aspects
related to the safety of the SWT. Therefore, it would be necessary in these cases to in-
corporate an electronic protection system that prevents the SWT from operating un-
loaded, as described above.

As a result of this analysis, the following requirements can be identified for a gen-
erator-side converter within a PV inverter:

- Frequency drop—power requlation in AC-coupled microgrids: in the case of AC-coupled
microgrids, it is common to use frequency drop in order to regulate the power gen-
erated by the inverter [14]. Based on the frequency variation, the generator-side in-
verter will move the working point of the PV generator, changing the working
voltage so that the current is adjusted to the desired value. However, as this char-
acteristic is different for a SWT, this regulation might not work as expected.

- Maximum Power Point Tracking (MPPT): in the same way, the inverter will move the
working point of the PV generator to track for the maximum power point, changing
the working voltage according to the PV’s I-V curve. However, as this characteristic
is different for a SWT, this regulation might not work as expected either. The varia-
bility in wind speeds creates a challenge for turbine control, because the aerody-
namic efficiency of the turbine rotor is related to maintaining an optimal relation-
ship between current wind speed and rotational speed [12]. Sudden gusts of wind
can also cause an increase in the fatigue load on turbine components that might re-
duce the lifetime of the turbine.

- Time response: PV generation has no inertia, whereas SWT generation does. This
means that the two methods will have different time responses, which might affect
the correct functioning of the converter.

- Waiting time: the time until the inverter starts producing, usually in the tens of sec-
onds (during which the generator is unloaded). The inverter control routines may
cause periods of disconnection from the grid, which are allowable for PV applica-
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tions, but which might result in conditions that compromise the integrity of the SWT
due to situations where there might be high voltage and overspeed in the wind tur-
bine, requiring an overvoltage device.

- High DC voltages: in Figure 5 it is shown that inverters for grid-connected power
generation usually work with voltages higher than 100 V, up to hundreds of volts
[15]. SWTs designed for battery charging applications usually use 12, 24 or 48 V as
nominal voltages, which are far from the voltage range used for grid connection.
This effect means that some adaptation will be needed for voltage matching, either
at the SWT’s generator or at the power converter, or both.

A
1
Medium PV |
Medium/large : Grid
_ Storage :
z 8 :
et 1
§ 50 o s s LR T R
é’; Small PV : Inverters
Small Wind . Motor control
Small battery | Pumps
:
: 10 1 30 |
L 1 1 »
100 350 800
Voltage (V)

Figure 5. Common voltage ranges on power converters, depending on usage and size [15].

- Outages:_in grid-connected systems, outages have to be considered. In IEC 61400-2
standard [16], it is stated that “Electrical network outages shall be assumed to occur
20 times per year. An outage of up to 24 h shall be considered a normal condition”.
This fact equally necessitates overvoltage protection for the SWT, and adds the need
for it to be able to work in continuous mode.

2.1.3. The Inverter in the Case Study

The inverter used in the case study was a commercial single-phase inverter origi-
nally designed for solar power applications. It was manufactured by Omnik New Ener-
gy, model Omniksol 1K-TL2-M, with a nominal power of 1000 W, nominal input voltage
of 360 V DC with a maximum of 500 V, and single-phase AC output of 220 V, 50 Hz.
Omniksol inverters offer a wide voltage range for the input DC voltage, making them
interesting for wind power applications. The device is powered from the AC side, al-
lowing it to stay powered also during low wind conditions. The inverter uses a
MPPT-based control scheme with an input DC voltage range of 60—400 VDC, 155-400
VDC at nominal power [17].

The control algorithm settings are fixed and cannot be adjusted by the user. The
Omniksol inverters also include a set of protections, both on the DC side and on the grid
side: overvoltage, current protection and ground fault monitoring.

This inverter is no longer manufactured, and the company has retired from the solar
industry [18]. There are some monitoring features on the device that require access to a
cloud service that no longer exists [19]. The inverter was usable without these features,
using the factory settings for the purpose of this case study.

2.2. The Power Controller

This presents the necessary electronic converters that are required to adapt and
control the power output of the electrical generator before connecting it to the inverter.
As stated in previous sections, SWTs will normally generate power using a three-phase
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AC generator, whose output is then rectified into DC [12]. At minimum, a rectifier is
needed to convert the AC output of the generator into a DC input for the inverter. Recti-
fied DC power is often referred to as “wild direct current” and is what is typically regu-
lated by the electronic control and protection equipment described in this section. Op-
tionally, there might be a DC/DC converter to adapt voltage ranges, and it is compulsory
in the case of SWTs for there to be an overvoltage protection device [20]. The effects of
grid connection on both the overvoltage protection device and the rectifier are briefly
assessed below.

2.2.1. Overvoltage Protection

Rotational speed has a direct relationship with DC voltage in a SWT, and sudden
bursts of speed can cause voltage spikes that can also damage the electrical components.
For this reason, in [16] it is stated that “the SWT shall be designed in order to keep all
parameters within their design limits under all design load cases. This shall be achieved
through an active and/or passive protection system included in the design. In particular,
there shall be means to prevent the rotational speed design limit nmax from being ex-
ceeded”.

In low-power turbines, given the cost and complexity compared to an active pitch
system, the control action is performed in most cases by a mechanical passive system
called Furling, analyzed in several studies and widely applied in most SWTs [12,13].
Furling has the disadvantage of not being able to counteract the electrical consequences
(overvoltages) of sudden increases in rotational speed due to changes in wind speed in a
completely effective way due to its dynamics, especially in extreme conditions, which is
more problematic if combined with a “loss” of load or in the electrical grid.

For this reason, a redundant electronic active system is commonly used for over-
voltage protection in SWT. It is composed of a power converter (chopper) and a resistive
load (dump load), which are used to maintain the voltage (rotational speed) within a
specified range, preventing the SWT from exceeding the rotational speed design limit. A
dump load is an extra resistive load that is connected to the generator when the voltage
reaches too high a level [21,22]. In grid-connected devices, the dump load can act as a
protection mechanism if the grid is lost [20].

In the case of SWTs under 1 kW, this device is commonly the only one [23].

The identified effects of grid connection on the overvoltage protection device are:

. It is mandatory: as derived from analysis of the effects on the PV inverter (2.1.2), it is
mandatory to have an overvoltage protection device for the times when there is no
load connected to the SWT, such as an outage in a grid-connected SWT.

e It has to be able to work in a continuous mode: also derived from the referred anal-
ysis; grid power outages may last up to 24 h in normal conditions, which can be
considered continuous mode operation for the overvoltage device.

e These electronic overvoltage protection devices are common for SWT bat-
tery-charging applications, where there is a stable voltage reference from the battery
and the voltage variations are slow and small, as the battery maintains voltage sta-
bility. This is not the case in grid-connected turbines: in the case of an inverter
waiting time, for example, the SWT will be open-loaded and the DC voltage might
change abruptly if the wind is high enough at that moment. In that case, it is possible
that the control algorithm of the electronic overvoltage protection device will try to
diminish the rotational speed sharply, delivering a (relatively) large amount of
power to the resistive load. This action will produce a sudden brake in the SWT,
with corresponding fatigue loads. This might be thought of as an emergency system,
but will certainly highly decrease the lifetime of the SWT if it is used as a normal
condition.

2.2.2. Controllers for Wind Turbines: Rectifiers
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The signal could be rectified using different approaches, such as a bridge rectifier,
six-switch controlled rectifier, or others (such as a multilevel converter, matrix convert-
ers, a back-to-back device, etc.) [10]. The most common option for SWTs is the bridge
rectifier [24], due to its simplicity and affordability [25]. However, in this option, control
is not available, which would require the addition of a DC/DC converter before the
grid-side inverter [25]. This may result in high losses if the DC voltage is low [24]. The
power extraction scheme is typically incorporated into the control strategy, either the
DC/DC converter or the inverter, to achieve high efficiency of conversion [11]. The bridge
rectifier is often followed by a filter [10].

No special effects were identified for the rectifier, other than the higher voltage
needed in the DC bus for the inverter (see Figure 5).

2.2.3. The Power Control in the Case Study

The rectifier used in the case study was a standard diode-bridge rectifier, depicted in
Figure 6.

Rectifiers:
KBFC3510

To DC BUS
—

F-\

Thermo-magnet Breaker

Figure 6. Power control scheme in the case study, including a rectifier and a crowbar (ther-
mo-magnet breaker).

2.3. The Generator

Even though large-scale wind turbines can be found using both Doubly-Fed Induc-
tion Generators (DFIGs) [26], and Permanent Magnet Synchronous Generators (PMSGs),
SWTs are usually composed of a 3-phase PMSG [27]. This is because PMSGs are
low-speed machines with no gearboxes, which are easy to control using a full converter
[28]. DFIGs are capable of operating at variable speeds with active/reactive power con-
trollability [29], and their power converter capacity is between 25% and 30% of the
nominal system capacity. However, a gearbox is needed to increase the rotational speed
in the DFIG shaft.

The Generator in the Case Study

The Eolocal electric generator was redesigned using a solar PV grid inverter to
produce higher voltage output, in order to be able to connect the AG700 wind turbine to
the grid. This redesign was given the model number AG1000.
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Eolocal’s 1000 W electric generator is based on a Hugh Piggott design [30]. The
generator structure is an axial flux machine, which is easy to build and is less costly [31]
compared with radial flux generators. This generator consists of a stator disk between
two permanent magnet rotors. The generator was tested in the INTI laboratory and
modeled at INEEL. Figure 7 shows the generator prototype in a test bench at INTI, where
the electrical parameters of the generator were measured, and its 3D model.

Structural steel

Figure 7. PMSG axial flux double rotor: (a) prototype, (b) 3D model front, and (c) 3D model lateral.

The performance parameters were obtained and mutually verified via testing and
modeling. Table 1 shows the generator’s characteristics.

Table 1. Characteristics of the PMSG.

Parameter Value Parameter Value
Phases 3 Voltage THD 7.1%
Poles 12 Power 1kW
Phase Inductance 0.0407 H Phase Voltage 75 Vims
Phase Resistance 11.6 ohm Torque 23.21 Nm
PM Flux 1.2 T (neodymium) Angular speed 400 rpm
Turns per coil 355 Efficiency 73%

Figure 8 shows the voltage waveform of the generator. The black line represents the
simulated line-to-line voltage; the red line corresponds to the experimentally tested
voltage.
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Figure 8. Voltage signals under simulation and test conditions.

The average error in RMS voltage between the simulation and test values, for a
speed range from 114.6 rpm to 423 rpm, was 1.36%. The simulation model was run under
a set of load scenarios, which consisted of a resistive array in “Y”. The results, in a speed
range from 50 rpm to 400 rpm, are shown in Figure 9.

Voltage vs Power

1,000.0 400 rpm

5.00 25.00 45.00 65.00 85.00 105.00
Voltage (V)
—A—16.6 ohm —%—21.6 ohm —e—28.57 ohm —+—37.50hm —m—750ohm

Figure 9. Simulation results under load conditions.

2.4. A Short List of SWTs Below 5 kW and Their Main Characteristics for Grid Connection
Capacity

A short list of SWT grid-connected models was selected within the low-power range
(less than 5 kW). For these models, the main characteristics relevant to this study were
identified, when available. The results are shown in Table 2.
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Table 2. Short list of grid-connected SWTs in the low power range and their main features.

Overvoltage/Overspeed

SWT Generator Mechanic Electronic Braking System Controller
Rated Number Voltage Chopper + MPPT Electro Passive Website
Manufacturer Model Power ofPole Type (Nominal, Furling Centrifugal Dump @ erid) Electronic Mechanic magnetic MPPT Mechanical Stall
(W) Pairs V) Load 8 Brake Pitch Control

ST Charger ST1100 600 3 Asynch. autofurl X X [32]

EBH Wintec1500 1800 7 PMG autofurl X [33]

XZERES Skystream3.7 2400 21 PMG X X X X X [34]

SD wind energy SD3 3000 PMG X X [35]

ENNERA Windera S 3200 PMG X X X X X [36]

Fortis Montana 3400 9 PMG 48-500 X X [37]

SONKYO WINDSPOT 3500 PMG X X X X X [38]

Enair 70 PRO 4000 15 PMG 225 X X X X [39]

INVAP 1VS54500 4500 8 PMG 450 autofurl X X X X [40]
Potencia Hummingbird 5

. kW (Colibri 5 5000 PMG  0-450 Vbc X X [41]

Industrial

kW)
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Some of the conclusions that can be derived from Table 2 are:

e  Generator: PMSG technology dominates. The number of pole pairs is quite high to
avoid the need for a gearbox. The output voltage of the generator is higher than 200
V.

e Overvoltage protection device: the chopper plus dump load is always present; other
devices (either mechanical or electronic) are also present in some models.

¢  Braking system: usually, the overvoltage protection device is also used as a braking
system.

e  Controller: some of the models include a MPPT controller.

These results ratify the main conclusions derived from the first review, in terms of
the high voltage needed in the DC bus for grid connection, along with the requirement
for an electronic solution for the overvoltage protection device.

3. A Review of Existing Options for Overvoltage Protection

From the review in Section 2, it follows that the electronic overvoltage protection
device is the paramount necessity for the grid-connected application of SWTs, particu-
larly when using a PV inverter. The following is a review of the existing electronic
equipment for this purpose in SWTs. The review includes:

- Proprietary products, i.e., manufactured in-house and used exclusively by manu-
facturers of SWTs;

- Off-the-shelf products existing at a commercial level, i.e., equipment manufactured
by electronic equipment manufacturers, and which can be used in different wind
turbine models;

- Free or open source designs, i.e., designs that are available in the literature and/or on
the Internet, and that allow anyone to manufacture them.

In no case does this review pretend to be exhaustive, but only aims to give an idea of
the available solutions.

The electronic overvoltage protection device that is most common in SWTs is the one
presented in the previous Section 2.2.1, formed by a chopper and a dump load. However,
voltage can be controlled in other ways as well. One solution would be the use of an
electric brake connected to the generator [42,43]. A different approach is to change the
control mechanism of the generator at high wind speeds. The goal with these control
schemes is to switch from maximum power point control to a different control scheme at
high wind speeds, in order to reduce the produced power and protect the generator and
control electronics [44—47].

Finally, there are proposals such as the one in [48] where the control system pro-
vokes short high current pulses based on thresholds in order to maximize the electro-
magnetic torque relative to the mechanical one and to control the machine, inducing in it
a stall by decreasing the blade tip speed ratio. In this case, both the generator and the
power electronics should be sized for this purpose.

Some of the manufacturers presented in this Section also appear in the review in
Section 2.1.1, as they manufacture both the inverter and the overvoltage protection de-
vice; however, there are some others that appear at this point that were not present as
inverter manufacturers.

3.1. Proprietary Devices

Some of the more popular SWT models use proprietary in-house manufactured
control systems. Examples include the Skystream, manufactured initially by Southwest
Windpower and later by Xzeres, and the Windera, a wind turbine manufactured by En-
nera. The following diagram in Figure 10 shows the solution adopted by Ennera for the
electronic regulation of the Windera wind turbine, which includes the following ele-
ments: a safety element to short circuit the wind turbine (crowbar); a rectifier to convert
the AC output into DC; a DC/DC converter (booster) in charge of monitoring the maxi-
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mum power point; a circuit to protect against overvoltage (brake chopper); and the in-
verter that converts the DC into AC.

Wind_speed |0 mfs MachineState Stopped P_GRID -2 W

GEN_SPEED |0 rpm Q_GRID 0 VAr

IB_filt_ave |0.24 A
LIL_FREQ 50.03 | Hz

UG12 RM5 (0.5 Vrms Urect_filt 2.9 v

UL1_RMS 232.2 | Vrms
UG23 RM5 (0.8 Vrms Udc_filt 8.3 W

IL1 RMS 0.069 | Arms
UG31_RMS 0.6 \irms BC_Energy 0 ]

tIECEE=2 ] ©

—i
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\ -, -.I RECTIFIER BOOSTER BRAKE SRR B
CHOFPER

CROWRAR GridRelay... |Open

Figure 10. Block diagram of the electronic control system of the WINDERA wind turbine [36].

3.2. Commercially Available Devices

Below are three of the existing commercially available overvoltage protection de-
vices.

3.2.1. PowerOne Turbine Controller

This device was designed by PowerOne (later acquired by ABB). ABB considers it
“legacy” equipment [49], and still offers it on its website but expressly indicates that the
company does not devote resources to its design. It is intended to work with the Aurora
family of inverters, also designed by PowerOne, but can be purchased independently for
general use [50]. The wind interface consists of a diode bridge rectifier, a power control
system derived from the tipping resistance (diversion load) and protection elements
against overcurrents (fuses) and surges (crowbar).

3.2.2. Morningstar TriStar Turbine Controller

Morningstar TriStar MPPT controllers are designed for solar PV applications.
However, they can also be made compatible with other DC power sources, such as wind
and hydro turbines, in the range of approximately 3 to 13 kW, by placing equipment in
parallel [51].

The TriStar MPPT controller tracks the power and DC voltage of the turbine. The
TriStar MPPT configuration (150 V and 600 V) includes a voltage versus power curve that
is entered for the turbine used. The controller continuously adjusts the wild DC power
input to operate according to the voltage versus power curve. These controllers are de-
signed to be able to start up whenever the input voltage is higher than the battery voltage
and lower than the absolute maximum operating voltage (145 V for the 150 V controller,
and 525 V for the 600 V controller). The following graph in Figure 11 shows an example
of an input DC voltage versus wind turbine power curve, programmed into the control-
ler and used as a reference.
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Figure 11. Example of a DC voltage curve vs. reference power on a TriStar controller [50].

The TriStar MPPT controller system also requires a means of keeping the turbine
rotation speed under control during periods of voltage regulation. One option is to use
the TriStar Dump Resistance Controller. This configuration allows the TriStar MPPT
controller to run at full power (mass charge mode) continuously while the tipping re-
sistance controller manages the regulation voltage. This maintains continuous charging
operation at all times.

3.2.3. Voltsys Wind Turbine Controller

Voltsys, an Irish company that provides online support to customers worldwide,
has been designing control systems and providing inverter solutions for small wind tur-
bines since 2008 [52]. They worked closely with ABB and modified their controllers to
override the MPPT tracking in solar inverters. Their controller stores the wind turbine
power curve, instead of frequency, and manages the inverter via Modbus. Using this
system, they continue to supply controllers and inverters for small wind and micro hydro
systems. Their system is approved by FIMER [53], an Italian company that is now the
fourth-largest solar inverter manufacturer in the world and that acquired ABB’s solar
inverter business in 2020 [54]. They can provide fully functional wind and hydro invert-
ers using the ABB solar product range from 1.2 kW up to 120 kW and beyond. Their
systems can also be used in off-grid applications.

Voltsys designed a range of intelligent interfaces to rectify the wild AC from a tur-
bine for use with inverters, manage turbine speed with dump loads, and provide data
logging and inverter overvoltage protection. A DC dump load can be configured either
as a variable load using PWM or with on/off set points. Both options are fully configura-
ble and can be used to manage turbine overvoltage or to slow a turbine during gusts. In a
grid failure, the controller provides a load with on/off set points only. Controllers come
with a range of options for rectifier and capacitor sizes, depending on power and work-
ing voltage. The controller can respond to grid or inverter failure and shut down the
turbine accordingly.

3.2.4. Midnite Controller

Midnite 250 controllers, conceived for solar MPPT, can be configured to work with
wind turbines by setting up the SWT parameters, and use a logic connection to their
Clipper models (AC or DC) up to 4 kW [55].
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Wind Turbine

Function as Datalogger \\

3.3. Freely Available Designs

There are several free-to-use designs available for the regulation and control of
SWTs. This equipment is usually designed for lower power wind turbines (typically less
than 1 kW), due to the reduced risk caused by lower voltage and current. The following is
a description of one proposed by Wind Empowerment [56]. A second available free de-
sign is included, constituting a redundant system of overprotection to guarantee that, in
the case of failure of the corresponding regulation system, the wind turbine does not
remain unloaded, which could cause damage both to the control electronics and to the
wind turbine itself [57].

3.3.1. Wind Empowerment

This prototype load controller is the result of a project that ran between April and
September 2016 conducted by the members of Wind Empowerment [56], an organization
for the development of small locally built wind turbines. In this network, the Piggott
wind turbine became the standard because its construction requires only basic materials,
tools and skills. Thanks to the simplicity of its design and its open source license, it has
been promoted all over the world, particularly in countries where the electricity supply is
not available or affordable. It includes regulation via pulse width modulation (PWM),
and is designed for DC voltages of 24/48 V. The system compares a sample of the rectified
output voltage, using a comparator, with the reference voltage for 24 or 48 V operation.
Once the threshold is exceeded by a given hysteresis, power MOSFETSs placed in parallel
will activate and direct the power into a resistive load.

In Argentina, improvement of the conditions of rural electrification is carried out
through the work “Open Source Technology, a sustainable solution to achieve energy for
all in the global south” [58] using the philosophy of Open Source Hardware Technology.
The technology adapted by this project is based on a system developed by the Automatic
Control Laboratory (LCA-INTEQUI) in France [59], adapting this system to the voltage
and current levels for wind and solar systems. Figure 12 introduces the hardware of this
system, whose main characteristic is to fulfill the functions of regulator (overvoltage) and
wind brake plus data logging at a low cost.

Batteries DC Loads

Breaker 3ph Rectifier
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Resistor
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Figure 12. Description of hardware in the LCA-INTEQUI system [59].

3.3.2. Overvoltage Relay Protection

This redundant protection design created by PowerOne— ABB (Zurich, Switzerland)
was presented earlier (Wind Box Interface, Aurora inverter). It is meant to guarantee that
there will be no damage to the electronics or the wind turbine in the event that the elec-
tronic regulation system enters into an unexpected mode of operation that leaves the
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wind turbine unloaded, with the consequent risks of speed increase and overvoltage. The
system is a simple voltage relay set to switch when wild DC voltage reaches a designated
overvoltage protection limit. The operation scheme is shown in the following diagram in
Figure 13, where two options are shown: one (on the left) in which the wind turbine is left
open if the network is lost (this would be suitable only for wind turbines with internal
over-speed protection) and another (on the right) in which some dump loads are con-
nected (labeled Dump Load) in the event of network loss [57].
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Figure 13. General Purpose Surge Protection System [57].

4. An Open Source Proposal for Overvoltage Protection for a1 kW SWT: A Case Study
and Preliminary Field Results

Therefore, the need arises to establish, as a minimum, the development of a protec-
tion system that guarantees the safe operation of the system. For this purpose, an over-
voltage protection board was developed at the National Technological University, Re-
gional Faculty of Neuquén (UTN-FRN). This board is installed at the input of the grid
inverter, which controls the diversion of the generated energy towards a dump load, in
order to control the system at all times. The operating logic of this system yields smooth
control over this action, in such a way that it does not cause sudden drives or diversions
that compromise the mechanical integrity of the wind turbine over time. This proposed
solution is described in the following sections.

4.1. Proposed Solution for Overvoltage

This work, unlike that of Catuogno adapting the LCA-INTEQUI technology [58], is a
local development designed for SWTs connected to the grid that may use inverters of the
solar type, with the fundamental purposes of overvoltage protection and flexibility for
end-user programming. This is likely to be possible using LCA-INTEQUI’s open hard-
ware, but it would always require some programming or adaptation that may not be
carried out by the end-user.

As indicated in previous sections, the problem that is addressed with this solution
comes from DC surges after rectification of the wind turbine’s AC electrical output, along
with the difficulty of finding a product that fits properly between the rectifier and a
“standard” solar PV inverter, for technical and market reasons. Through the Electronics
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Laboratory and GESE (Energy Study Group) of the UTN-FRN, a design for an overvolt-
age protection device for a low-power wind turbine, in this case a 1 kW PMSG turbine
with direct coupling (GearLess) and controlled variable speed, is proposed. A chop-
per-type interface is adopted, with the necessary flexibility to be easily programmed from
a smartphone, attaining voltage thresholds up to 800 V (hysteresis, i.e., minimum and
maximum), and in turn times or speeds for configuration of the PWM. Once a particular
action has started, the speed of the wind turbine is gently limited, which is extremely
important since it allows for adequate adaptation to the moment of inertia, among other
electromechanical response issues, and thus could be adapted, within the working power
limits, to different SWTs on the market. On the other hand, as shown by field tests carried
out, it “smoothes” the variation in the DC input voltage before DC input reaches the in-
verter, facilitating its response and controlled injection of energy into the grid and
avoiding sudden current variations that could alter the profile of the connection voltage.
Figure 14 shows the layout of the proposed surge protection system.

J Schedule
Data Cloud Smart Phone
DIODE
S LINK-DC + CHOPPER INVERTER
GRID
Dump
\ Load

K

—| Control

Figure 14. General connection diagram of the surge protection system.

The operation of this chopper surge protection device is based on Figure 15a,b,
showing the flowchart and action set point, respectively.
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Figure 15. (a) Flowchart of the PWM chopper interface, (b) response curve according to voltage and
time settings.
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According to the above flowchart algorithm, a minimum voltage should be estab-
lished that should be close to the nominal voltage of the wind turbine: if possible, not
more than 5% above its nominal power value, and with a maximum of 10% to 15% above
that set-point.

The chopper starts operation when the DC voltage value (indicated in Figure 15 as
VDCmin) is exceeded, and it operates within a programmed time window in which the
activity cycle must grow to a maximum close to 100% (power switch always ON). In real
time the PWM duty cycle applies a maximum value, via a microcontroller, to the circuit
breaker, which arises from comparing the current activity cycle d with the dV of the
measured Voc output voltage of the rectifier, the starting voltage, and the working range
(Voemin and Voemax), and with ot obtained from the adjustable time. This causes the duty
cycle to increase to its maximum, close to 100%. In this way, a controlled and reliable ac-
tion of the DC voltage and therefore of the rotational speed of the wind turbine is guar-
anteed. Once the voltage decreases below the minimum indicated threshold, the system
gradually decreases the PWM action of the chopper, based on another programmed time
window, until it stops.

It is recommended that the power of the diversion resistances for excess energy
should be between 1.3 and 1.7 times the wind turbine’s nominal power; this contributes
to reliable and smooth adjustment of the system. Given the flexibility in programming
the interface, it is necessary to define in advance the working instructions depending on
the particular wind turbine and then calibrate them in the field.

Figure 16a,b show the driver and power switch circuit diagram in two channels
(1200 W per channel), with the possibility of double output to dump load, and the voltage
measurement scheme and programming interface (where a WiFi- or USB-type board is
used), respectively.
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Figure 16. (a) Circuit diagram of driver and power chopper, (b) circuit diagram of microcontroller with WiFi board and measurement.
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In Figure 17, the schematic of the various inputs for configuration with an added
WiFi board is shown, with the rectifier DC connection and the diversion resistors added.
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Figure 17. Schematic of the electronic board of the experimental prototype.

4.2. Experimental Prototype and Field Evaluation

In Figure 18, images of the experimental prototype with the deployed dump load are
shown.

The test system was comprised of a bank of 32 resistors of 25 ohms/100 W each,
configured to obtain 50 ohms with the possibility of dissipating up to 3200 W. The wind
turbine used was a horizontal axis wind turbine with a six-pole PMSG generator, 1000 W
nominal power, with nominal Voc 300 V at 350 rpm, for 12 m/s wind. As shown in Figure
14 above, the generator output was rectified and injected into a standard commercial
solar PV grid-tie inverter from Omnik New Energy, model Omniksol 1K-TL2-M, with a
nominal power of 1000 W, nominal voltage of DC 360 V and maximum of 500 V, and
single-phase AC output of 220 V, 50 Hz.

(@) (b)

Figure 18. (a) Experimental prototype of chopper with WiFi communication, (b) resistance bank
(dump load).
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Figure 19 shows the wind speed measurements with power and DC voltage over a
time window longer than 30 min, where two voltage thresholds were applied for the test:
the first between 200 V and 250 V for approximately 500 s, and the second between 250 V
and 300 V for the remainder of the time window. The control action of the chopper can be
clearly observed, managing at all times the DC voltage between the configured values,
which is evidenced through the brief moments in which the current decreases to small
values close to zero amperes with wind exceeding 15 m/s.

Although an MPPT was not configured and the inverter was associated with the I-V
curve of solar panels, which has little to do with that of wind turbines, the instantaneous
power obtained was close to the values expected to be obtained with these wind speeds,
which is encouraging and suggests good adaptation of the prototype to a standard so-
lar-type inverter.
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Figure 19. (a) Wind speed (upper) and DC voltage (lower), instant (blue) and averaged (red) val-
ues, as a function of time; (b) wind speed (blue) and DC power (red) as a function of time.

4.2.1. Analysis of Energy Performance

Figure 20, below, shows the result of field measurements of a wind system com-
posed of a 1 kW wind turbine from Eolocal, the proposed overvoltage protection (chop-
per), and an inverter for solar systems from Omnik (On-grid) with a power rating slightly
higher than that of the wind turbine.

It is observed that after a few minutes, although the average wind speed was above
6 m/s, the power obtained was reduced to values of a few watts, much lower than what it
would have to deliver for such wind speeds. It is deduced that this was mainly due to the
MPPT algorithm used by the solar inverter, which was programmed to act according to
the I-V curve of a solar PV generator, and therefore was not well adapted to the operat-
ing conditions and performance curves of a wind turbine.

However, a reasonable solution to this problem is detailed in the next section.
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Figure 20. (a) Field test layout; (b) wind speed (upper) and DC power output (lower) for perfor-
mance assessment.

4.2.2. Proposed Energy Improvement when using a Solar Inverter

As indicated in previous sections, given both the development of solar PV inverters
at power ratings below a few tens of kW, and the fact that “standard” on-grid wind in-
verters are discontinued for the most part, except for the cases of proprietary technolo-
gies developed by manufacturers, adequate SWT inverters are not easily found in the
market for a low-power wind project.

Given the above, and despite the differences in physical-technological principles
between inverters for wind energy relative to solar PV, the cost advantage and availabil-
ity of the latter created a need to try to overcome the problems shown. To this end, after
studying the operation of a solar inverter with a wind generator in the field, it was con-
cluded that the drawback lay, as shown in Figure 21, in the fact that the MPPT algorithm
of the solar inverter gradually positions the wind turbine, based on its aerodynamic
torque curve, at a point of equilibrium resulting in low power performance, marked as
“1”. The idea was to try to bring the system, as far as possible, to a working position,
marked in the figure as “2”, where its performance would be close to the MPP of the
wind generator [60].

T(Nm) A

N,

® (’r/s)

Figure 21. Possible working points of the system, based on the aerodynamic torque of the wind
turbine relative to the electromagnetic torque imposed by the solar inverter.
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Due to the MPPT algorithm inherent in a PV inverter, the electric torque increased
over time to try to maximize the power injected into the grid, but this action in a wind
turbine provoked deceleration of the rotor. This slowing of the rotor had an effect on the
aerodynamic performance, reducing the mechanical torque available, and as a result of
this sequence the turbine remained functional at the point marked “1”, which is a stable
point between the inverter and the power produced by the rotor.

To achieve the objective of better performance (point “2”, figure above), and taking
advantage of the programming flexibility of the chopper, a sequence was tested, shown
in Figure 22, which allowed the operation of the system in a manner similar to the energy
behavior of an ideal system that does not require such a sequence to move its operational
point from “1” to “2”, thus providing a viable solution to the problem that was posed, as
indicated by the results in subsequent figures.

( Start )

Apply Break
(gradually increase 6 to one)

Release Break
(gradually decrease & to zero)

Figure 22. Chopper programming sequence to improve energy performance.

This sequence relies on resetting the inverter once the DC voltage at its input falls
below a certain threshold sensed by the chopper. Depending on the available technolog-
ical resources at the wind turbine site, this reset point may be programmed in a very
simple way through the chopper’s interface, providing an independent but simultaneous
function to the main protection function. This consists of activating the chopper when the
voltage, after an initial overshoot, falls below a given value, gradually increasing its
closing activity cycle until the voltage falls below a minimum, usually approximately 50
V, where the inverter continually renews its action for several minutes (>10 min), allow-
ing the wind system to work quite close to its optimum.

The action of deactivating the PV inverter causes the wind turbine to speed up as no
electric torque is applied to the rotor, which takes between 4 to 8 s depending on wind
conditions and turbine characteristics. When the maximum DC voltage is reached, the
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chopper protects the wind turbine, diverting the energy until the inverter is available
again.

Since the reset and restart of the solar inverter takes no more than approximately 40
s, the energy lost when adding these periods over time would not exceed 5% of the total
that could be obtained.

Figure 23, below, shows the energy performance of the system when using the
proposed strategy relative to an “ideal” one, considering a constant Cp (power coeffi-
cient) in all working regions of the wind turbine. The proposal is very conservative and
favorable in this respect, as it shows measured power of more than 80% of the optimum.

Ideal Power: rend[0.7] x 0.5 x Cp[0.4] x 1.225 x Pl x R[1,2]2 % Voo
Measured Power

45

time [5]

Figure 23. Energy comparison between an “ideal” system and the chopper system using the addi-
tional reset functionality.

On the other hand, to show the operation of a solar inverter using a “wind MPPT”,
Figure 24 corresponds to a wind MPPT control, considering an optimal and constant

blade tip speed ratio in the partial load region of the SWT, in which the wind speed and
rotational speed are functions of the square of the current [61].

Correlation( Idc , 0.025 x Voo? )= 0.628800

500

Idc*(Voo) = 0.025 x Vioo?

1000 1500

| |
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Figure 24. Comparison of the variation in the DC current relative to the quadratic function of the
wind speed.



Energies 2022, 15, 2082 26 of 29

Finally, in Figure 25a, a comparison between the proposed on-grid system with solar
inverter and chopper, at two different voltage limits, and an airfoil of similar technology
using the same power and a battery bank (blue curve: an off-grid system) is displayed,
according to field data. Here, the Cp (power coefficient) and power curves of the airfoil
are shown, both as a function of wind speed, relative to the proposed system at two dif-
ferent voltage levels.
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Figure 25. (a) Cp—wind speed curves comparison; (b) power curves comparison.

o
o

Figure 25b shows a comparison between the power curves of three configurations:
an off-grid system (with a generator manufactured to work at 24 VDC for battery
charging mode, marked in blue) compared to the on-grid proposal using the solar in-
verter and chopper at 200 V (marked in black) and 100 V (marked in red).

The energy improvement of the proposed system relative to the Off-Grid system can
be observed at wind speeds above 6 m/s, as shown in the fundamental power curve fig-
ure. Below this wind speed the battery system would perform better, but not by more
than 10% if the voltage threshold is chosen appropriately.

For a better evaluation of the results, the duration of the field measurements should
be extended and the power curves should be integrated with wind occurrence distribu-
tion; under these conditions, the benefit found through the additional functionality in the
chopper controller would be obvious. The user is allowed to program the best option in a
simple way through its interface, depending on wind conditions and the wind turbine, at
no extra cost of the system.

In conclusion, the good performance of the experimental prototype was corrobo-
rated both in the laboratory and in the field, and it remains as future work to integrate a
power supply for the driver and controller from the same DC supply, and then add a
crowbar short circuit for greater safety, and continue to adjust the control algorithm
through more tests and trials.

5. Conclusions

Low power wind energy can satisfy the electrical demand of DC-coupled isolated
systems, and can also provide it in AC-coupled systems in places where renewable re-
sources allow it. Despite this, it is difficult to obtain necessary commercially available
power converters from the market, especially controllers and inverters for devices below
a few kW and even more so <1 kW. One particular reason for this is the increase in the
relative costs of power electronics as the power range decreases, which discourages tra-
ditional manufacturers from continuing to provide technologies that support wind gen-
eration.
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A possible solution to the above arises in adopting solar PV inverters. In principle,
this does not allow for direct replacement, since, as shown in this work, there are con-
ceptual differences in operation between PV and wind generation systems, such as the
need in the latter for the inclusion of power electronics capable of protecting the genera-
tion system as a whole, both mechanically (wind turbine) and electrically (inverter).

In order to validate the results of this review, a controller (chopper) was proposed,
developed and tested. The first test results showed that, besides meeting the safety ob-
jectives, it contributed to a large extent to ensure that a wind turbine with a solar PV in-
verter delivered energy performance similar to or even better than other alternatives,
such as an isolated battery-storage version. On one hand, it brings together flexibility in
programming through a user interface that allows for simple adaptation between the
wind conditions at the site and the wind turbine, across a wide power and voltage range.
On the other hand, it adds an interesting technological feature that allows for the varying
of the speed of action in the PWM activity cycle, which would contribute to reduced
maintenance and therefore increase the useful life of the wind turbine.

It remains as future work to continue evaluating this proposal and comparing its
performance with other wind turbine and solar inverter technologies, in order to ratify
the development as valid according to the technological needs and costs that exist today,
and in comparison to other generation options.
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