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Abstract—The application of small wind turbines for residential and
commercial applications depends on how a microgrid can operate in a
suitable way. Because there is variable demand and a random nature of
wind resources, it is usually necessary the installation of controllable
end-use loads, storage devices, and a centralized distribution control.
In order to establish a small wind energy system it is important to
observe the following: (i) Attending the energy requirements of the
actual or future consumers; (ii) Establishing civil liabilities in case of
accidents and financial losses due to shortage or low quality of energy;
(iii) Negotiating collective conditions to interconnect the microgrid
with the public network or with other sources of energy that is inde-
pendent of wind resources; (iv) Establishing a performance criteria
of power quality and reliability to end-users, in order to reduce costs
and guaranteeing an acceptable energy supply. This paper discuss how
performance is affected by local conditions and random nature of the
wind, power demand profiles, turbine related factors, and presents the
technical issues for implementing a self-excited induction generator
system, or a permanent magnet based wind turbine control, in addi-
tion of discussing the use of Magnus effect wind turbines for small
scale generation.

1. INTRODUCTION

The application of small wind turbines for residential and
commercial applications depends on how a set of distributed
generation (DG) and loads under controllers can operate in
a suitable way, because in addition to variable demand, there
is the random nature of the wind resources. Small turbines
can supply electrical power for stand-alone applications, those
that are grid-connected, or even those connected to microgrids,
i.e., a group of generating sources and single- or multiple end-
users for residential, industrial, commercial, rural, or public
applications.

Alternative sources of energy for microgrid systems may
include wind turbines, small hydro plants, photovoltaic pan-
els, fuel cell stacks, geothermal energy, and small-scale re-
newable generators. In general, either the management of
energy storage or the control of a dummy load and a cen-
tralized distribution control is necessary. Wind energy con-
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version has some simple foundations; the kinetic energy of
the wind is converted into a mechanical shaft movement,
then into electrical energy through a wind turbine coupled
to an electrical generator. The wind propels the blades of
such a turbine, rotating a shaft connected to the generator
rotor, in turn producing electricity. However, wind energy
has some unavoidable constraints. Its real performance is af-
fected by local conditions and the random nature of the wind,
nearby obstructions, power demand profiles, several turbine
related factors, in addition to possible deterioration due to
aging.

A small wind energy system may be the major energy source
for residential or commercial applications, or it can be part of
a microgrid. All controlled sources and loads are intercon-
nected in a manner that enables the devices to behave as a
dispatch center, and non-critical loads might be curtailed or
shed during times of energy shortfall or possible high costs of
energy production. If such a wind energy system is connected
to the public distributor, it can serve as a backup system, as
a non-interruptible power supply (with storage aggregation),
or a low-voltage support, or the surplus of energy transferred
to the public network under an economic base. To establish a
wind-based grid connected system it is important to observe
the following:

• attend to the energy requirements of the present and
future loads;

• establish civil liabilities in case of accidents and financial
losses due to shortage or low quality energy;

• negotiate collective conditions to interconnect the mi-
crogrid with the public network or with other sources of
energy that are independent of wind resources;

• establish performance criteria of power quality and relia-
bility to reduce costs and guarantee an acceptable energy
supply.

Good quality wind energy systems require extensive data
processing of the electrical network characteristics and anal-
yses of how the power quality impacts overall plant perfor-
mance. The required data for assessing real-time performance
of wind turbines are limited to three real-time variables: (i) the
output power of the turbine (in W), (ii) the rotational speed of
the turbine (in rad/s), and (iii) the wind speed (in m/s). Data
analysis would require instrumentation to obtain four parame-
ters: (i) generator voltage, (ii) load current, (iii) distribution of
the wind speed, and (iv) wind turbine speed for every machine
in the field.

FIGURE 1. Power conversion stages in a modern wind turbine.

2. GENERATOR SELECTION FOR WIND ENERGY

Criteria must be established for selecting electrical generators
for small wind energy power plants. The level of active and
reactive powers for a particular application is dependent on
the variable-speed features of the generator. This analysis will
support a wide set of other variables, such as voltage tolerance,
frequency, speed, output power, slip factor, required source of
reactive power, and field excitation along other parameters.
In applications with variable speed, a DC link is usually used
between the generator and the load or network to which the
power has to be delivered.

There are other factors to consider when selecting a gen-
erator for an AC system, including the capacity of the sys-
tem, types of loads, availability of spare parts, voltage regu-
lation, and cost. If several loads are likely inductive, such as
phase-controlled converters, motors, and fluorescent lights, a
synchronous generator could be a better choice than an in-
duction generator (IG) for larger power applications. IGs on
their own cannot supply the high start-up surge current re-
quired for starting other motor loads when operating in stand-
alone. Therefore, selecting and sizing the generator is a very
technical decision, and viability studies should be conducted,
particularly using a power systems or power electronics soft-
ware simulator. Figure 1 shows how to convert the low-speed
(typically 10–30 rpm) high-torque turbine shaft power to elec-
trical power. A gearbox is often used in small wind turbines,
whereas multi-pole generator systems are custom made for
multi-megawatt solutions. Between the grid and the generator,
a power converter might be inserted to attain higher flexibil-
ity. The most typical machines to convert the turbine shaft
mechanical power into electrical power are (i) the permanent
magnet synchronous generator (PMSG), (ii) the self-excited
IG (SEIG), (iii) the squirrel-cage IG (SCIG), and (iv) the dou-
bly fed IG (DFIG).

For small-power commercial applications (both inshore and
offshore), it seems that the recommended solution is a multi-
stage geared drive train with an IG [1–4]. The IG is perhaps
the simplest solution for a non-synchronous direct connection
to the grid, as it is sufficient to guarantee the electrical rotation
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above the synchronous speed, i.e., for ωe > ωr , to allow the
mechanical power to be transferred to the electrical terminals.

IGs have several other advantages: they are light, rugged,
and naturally protected against short circuit; they can usually
produce and distribute in large scale for industrial applications;
and they are cheaper than synchronous generators. The IG
is more common for small-power stand-alone applications,
but they are also used from medium to high levels of power
generation. The active power flow will depend on the slip
factor. A large slip-factor decreases the power factor, and a
speed control or at least a speed limiter should always be
implemented in the IG control system.

The IG is very often a standard three-phase induction mo-
tor made to operate as a generator. Self-excitation capacitors
are used for the voltage building-up process, particularly for
smaller stand-alone systems with less than a 15-kW mechan-
ical shaft power rating. Requirements on constant frequency
and voltage should not be very demanding for stand-alone
SEIGs, but electronic load control may improve the overall
operation [4]. Efficiency of IGs will depend on their size.
However, a rough estimation is approximately 75% at full
load, decreasing to as low as 60% or less at light loads. At
high speeds, the operating frequency for the IG is from 100
to 200 Hz depending on the number of poles to maintain the
required match of shaft angular speed to machine terminals
electrical angular speed within a reasonable range [5, 6].

The primary energy source to drive the generator’s shaft,
the turbine type, number of poles, and electrical terminal char-
acteristics for the generator will determine the rated speed,
commonly specified in rotations per minute (rpm). Most elec-
trical loads demand that generators should be driven at a speed
that generates a steady power flow at a frequency of 50/60 Hz.
The number of poles will define the necessary shaft speed
of the turbine. In the United States, the electrical power grid
frequency is 60 Hz. It is thus common to have a two-pole
generator demanding speeds as high as 3600 rpm, while for
50 Hz electrical networks, the machine will run typically at
3000 rpm; for a 60-Hz small wind power system, the 900-
rpm eight-pole generator is often used in field applications.
However, this range of 900 to 3600 rpm is still too high for
practical use with small wind power or with even some small
hydropower applications. It is necessary to use speed multipli-
ers, making the whole system heavier, more expensive, more
maintenance demanding, and relatively less efficient. The cost
of the generating unit is more or less inversely proportional to
the turbine speed and the type of primary energy. The lower the
speed is, the larger the machine size is for such output power.

Currently, for medium- and higher-power applications, the
turbines will have variable-speed and variable-pitch control. In
higher-power applications, it is usually a DFIG with a multiple-

FIGURE 2. Losses in a typical wind turbine drive train.

stage gearbox. Many manufacturers have already developed
such a solution. The benefits of using a DFIG are (i) it is not
necessary to have special sensors, (ii) it is possible to achieve
high rotor speeds, and (iii) it has a fractional power converter
rating. In addition, there are other considerations to make a
DFIG a great generator choice for high-power applications:
possible minimization of reactive power needs at the stator
side, economics that make the wind turbine technology not
dependent on the international market, and import of perma-
nent magnets (PMs) from countries that control the business
of rare earth materials. However, a DFIG system has the fol-
lowing disadvantages: (i) usual need of a big, heavy, and noisy
gearbox; (ii) heat dissipation because of gearbox friction; (iii)
gearbox maintenance procedures; (iv) high torque peaks in the
machine and large stator and rotor peak currents under grid
fault conditions; (v) the brush-slip ring set to bring power to
the rotor needs maintenance; (vi) external synchronization by
power converters required between the stator and grid to limit
the start-up current (soft start); (vii) detailed transient mod-
els and good knowledge of the DFIG parameters necessary
to make a correct estimate of occurring torques and speeds;
(viii) when there are grid disturbances, requirement of DFIG
ride-through capability, with control strategies maybe becom-
ing very complex. Figure 2 shows the typical losses in a wind
turbine system, composed of machine, converter, and gearbox.
Because a machine generates very low power for wind speeds
less than 4 m/s, the off-the-shelf wind systems usually shut
down the system, because it is completely running for provid-
ing heat, and no real power is usually converted in a very low
wind speed range.

Some wind turbine applications may also use switched re-
luctance (SR) generators; their operating frequency can be ex-
tremely high, in the range of 6 kHz at 60,000 RPM, requiring
high-speed power switches at very high switching frequency
rates. For example, the slip control of an IG, or even scalar
or vector control, requires a precise measurement of speed to
optimize the power. However, the control of SR generators
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Electrical criterion PMSG SEIG SCIG DFIG

Voltage regulation Voltage boost procedures Poor Poor Medium
Speed regulation Total Total (10% > ns) Total ±30%
Frequency regulation High Low Poor Low
Number of poles Typically 24 4 4 4
Power converter Full scale Lower switching frequency Lower switching frequency Small PWM
Losses in power converter Very high stress levels Small Small High
Field losses None Medium Medium Medium
Brushes and slip rings None None None Necessary
Ride-through capability Not so complex Complex Complex Complex
Connectivity Medium Easy Easy Medium
Efficiency 91% 75% 89% 88%
Flexibility High High High High

TABLE 1. Electrical criteria of a wind energy generator

requires very precise measurements of the rotor position in-
volving high technological and expensive components. In the
SR generator controller, rates of currents and voltages result
in high stress levels for the power electronic devices. On the
other hand, the IG has a natural, well-regulated sinusoidal out-
put that can be conditioned without using stressed electronic
components [7–9]. In PM generators, the power rating of the
converters has to cope with several complexities due to the
wide variation in the output voltage. The power electronic
components must function at high stress levels.

For selecting the generator, it is very important to compare
power outputs, run times, available technology, needs of spe-
cialized personnel, and cost. It must be included in the eval-
uation the accessories, warranties, support, and installation
investments. The power plant can be in standby or portable.
There is an influence of the consumer class, the available bud-
get, conveniences, and power needs. Considerations about in-

stallation and maintenance must be made by qualified profes-
sionals who will decide about additional accessories, such as
protection cover against the wear and tear of nature, protecting
devices, a transferswitch, a data logger, and so on [10–12].

Tables 1–4 list general criteria to compare generators for
small- and medium-power applications. These criteria are clas-
sified, respectively, in electrical, mechanical, control, and con-
structive aspects. They can help any decision-maker in select-
ing the generator type to be used in a wind energy system for
residential and commercial applications.

3. TURBINE SELECTION FOR WIND ENERGY

Figure 3 shows that a wind turbine system has four wind speed
bands. One is below cut-in, another is above maximum wind
speed; therefore, in practice, there are only two operational
ranges. The first band goes from zero to the minimum speed

Mechanical criterion PMSG SEIG SCIG DFIG

Thermal dissipation Minimum losses Medium Medium Medium
Manufacturing requirements Moderate Easy Easy Involving
Adaptability High High High High
Expertise for using the generator Medium Low Low High
Pollution levels, environment impacts Medium Low Minimum Low
Portability Medium High High Medium
Reliability High High High Top medium
Robustness High High High Medium
Service interruption Low Low Low Low
Knowledge and technology needs New Easy Easy Involving
Turbine-generator coupling Possibly direct Direct or with gear box Direct or with gear box Direct coupling
Power per weight and per volume Toward light Low Low Medium

TABLE 2. Mechanical criteria of a wind energy generator
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Constructive criterion PMSG SEIG SCIG DFIG

Technology Fast evolution Proven Proven In evolution
Manufacture Moderate Easy Easy Involving
Acquisition costs Still high Low Low Medium
Adaptability High High High High
Capital return Medium Fast Fast Medium
Commercial availability Low Highest Highest High
Commissioning Medium Minimum Minimum Medium
Specific costs PMs Overall low Overall low Power converter
Expertise to run Medium Low Low High
Operation and

maintenance (O&M)
Low Low Low High

Portability Medium High High Medium
Reliability High High High Top medium
Robustness High High High Medium
Today standardization Low High High Medium
Useful life 20 years 30 years 30 years 15 years
Specific problems PM high cost and easy

demagnetization at high
temp.

Demands high external
reactive power

Demands high reactive
power from grid

Requires precise slip
measurement

TABLE 3. Construction criteria of a wind energy generator

of generation (cut-in). Below the cut-in speed, the generated
power barely overcomes the friction losses and turbine wearing
out. The second band (optimized C p constant) is the normal
operation maintained by a system, where the turbine blade po-
sition will face the direction of the wind attack (pitch control)

for maximum power extraction. The third band (high-speed
operation) has a speed control that will maintain the maxi-
mum output constant limited by the generator rated capacity,
because the whole turbine structure has mechanical safety con-
straints. Above this band (at wind speeds around 25 m/s), the

Control criterion PMSG SEIG SCIG DFIG

Active and reactive power
control

Full Needs com-
pensation

Needs com-
pensation

Full

Torque oscillations Flat Wavy Flat Wavy
Controllability Needs voltage

boost
controller

Difficult for
constant
speed

Constant
speed
depends on
power
electronics
control

Wide range around
synchronous speed

Power factor control Possibly
external

Not really,
variable
frequency

Not really,
variable
frequency

Allowed

Speed regulation Total Loose (10%
> ns)

Total ±30%

Speed response against
surges

Fast Slow Slow Fast

Connectivity Medium Easy Easy Medium
Synchronization for grid
connection

Tight Loose Loose Loose

Speed regulation Tight Difficult Difficult Loose

TABLE 4. Control criteria of a wind energy generator
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FIGURE 3. Speed control range for wind turbines.

nacelle or the rotor blades are aligned in the wind direction
and will prevent mechanical failure to the turbine—electrical
generator and driving system—shutting off. For low-power
wind turbines, IGs with self-excitation have been typically
used [4].

The energy captured by the rotor of a wind turbine must
be considered with the historical wind power intensity data (in
W/m2) to access the economical viability of the site. Obviously,
seasonal variation as well as year-to-year variations in the local
climate should be considered. The effective power extracted
from the wind is derived from the airflow speed just reaching
the turbine,v1, and the velocity just leaving it, v2. Considering
the average speed (v1 + v2)/2 passing through blade swept
area A, the kinetic energy imposes the net wind mechanical
power of the turbine, as in Eq. (1). Since the derivative of air
mass in terms of air density expresses the instantaneous power
for the turbine, the following two equations can be calculated:

Pturbine = d Ke

dt
= 1

2

(
v2

1 − v2
2

) dm

dt
(in W/m2), (1)

Pturbine = 1

2
ρC p Av3

1, (2)

where

C p = (1 − v2
2

v2
1
)(1 + v2

v1
)/2 is the power coefficient to establish

rotor efficiency,
ρ is the air density,
v1 is the wind velocity, and
A is the net blade area.

Coefficient C p has a maximum value of C p = 16/27 =
0.5926 (Betz limit). In practice, the efficiency of a rotor is not
as high as such an ideal value but in more typical efficiencies
ranges from 35% to 45%. Since Eq. (2) defines instantaneous
power, and the characterization of a wind turbine associated
generator must be sized in accordance to a random nature, it is
very appropriate to define the local wind power as proportional
to the distribution of speed occurrence.

The statistical-based analysis allows different sites, with
the same annual average speed to find out distinct features of
wind power availability. Figure 4 displays a typical occurrence
curve of wind speed distribution in percent for a given site.
That distribution can be evaluated monthly or annually. It is
determined through bars of occurrence numbers, or percentage
of occurrence, for each range of wind speed during a long
period. It is usually observed as a variation of wind related
to climate changes in that particular area. If the wind speed
is lower than 3 m/s (denominated by “calm periods”), the
wind power becomes very low for extraction, and the system
should stop. Therefore, studying the calm periods will help to
determine the necessary timing for energy storage.

Power distribution varies according to the intensity of the
wind multiplied by the power coefficient C p of the turbine. A
typical distribution curve of power is portrayed in Figure 4 as
a function of the average wind speed. One year has 8760 hr, so
the vertical axis of Figure 4 represents a percentage of hours
per year per meter per second. Sites with high average wind
speeds do not have calm periods, and there is not much need
of storage. However, high wind speed may cause structural
problems in the system or in the turbine.

The Weibull probability density function is a general for-
mula that describes general features of wind resources. How-
ever, it is more convenient to use the Rayleigh distribution (in
practice), which is given by

h(v) =
(

2

c

) (v
c

)
e−( vc )2

. (3)

Such function is represented in Figure 5, where factor c is
defined as the scale factor and is related to the average wind
velocity and directly related to the number of days with high
wind speeds; i.e., the higher c is, the higher the number of
windy days is. Such a parameter is capable of representing the
statistical nature of the wind speed for most practical cases.
Considering that weather may have the same cyclic seasons
from one year to the next, it is very natural that a cycle of one
year should be minimally used in evaluating wind resources.

For optimally designing an electrical generator, the random
nature of wind distribution in a particular site is considered,

FIGURE 4. Annual wind speed distribution statistical study.
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defining machine frequency and voltage ratings. The majority
of losses is because a gearbox for matching the generator speed
with the turbine speed is necessary. Therefore, it would be very
interesting to consider eliminating the gearbox to contribute
significantly for an overall optimal system.

4. SEIGS FOR SMALL WIND ENERGY
APPLICATIONS

A small wind power plant may use an SCIG as an IG, and
the requirement of capacitors for providing the machine mag-
netizing current and self-starting conditions from black-start
is very common. The SEIG will usually have simplified con-
trollers for speed, voltage, and frequency. It is very common
to use IGs for small wind energy systems, because they are
cheaper, more rugged, and more robust than other electrical
machines. However, they have heavy losses and will need a
gearbox. Nevertheless, IGs do not need sophisticated synchro-
nization devices and have intrinsic protection against short
circuits. They have easy maintenance and are commercially
available worldwide.

In stand-alone operation, an SCIG can be used, but some-
times a small PMSG is preferred. DFIGs are used for larger
power applications. Squirrel-cage induction machines are used
for many industrial applications, thus their widespread use fa-
cilitates the application as a generator in developing countries.
An IG will require either reactive power from the utility grid
to operate or will need an inverter with a battery or capacitors
for self-excitation.

The correct design of an SEIG involves many factors, in-
cluding

1. Instantaneous amount of energy in the primary source;
2. Machine constructional characteristics;
3. Self-excitation process;
4. Load starting procedures;
5. Speed ratio of a multiple stage gearbox;
6. Predictable transient and steady state loads;
7. Proximity of the public network.

SEIG performance is heavily affected by the random char-
acter of the many variables related to the instant availability
of primary energy and the way consumers use the load, in
particular, on the following aspects:

• parameters of the induction machine: operating voltage,
rated power, rated frequency used in parameter measure-
ments, power factor of the machine, rotor speed, isola-
tion class, operating temperature, carcass type, ventila-
tion system, service factor, acceptable noise level, and
resonant conditions;

• IG self-exciting process: degree of iron saturation of the
generator caused by capacitors, fixed or controlled self-
excitation process, and speed control;

• load parameters: rated voltage, starting torque and cur-
rent, maximum torque and current, power factor, gener-
ated harmonics, load connected directly to the distribu-
tion network or through converters, load type (passive,
active, linear, non-linear), and load evolution over time;
and

• type of primary source: wind or hydro for small-scale ap-
plications, primary machine conditions for acceleration,
and needs for energy storage.

The induction machine parameters are related to their iron
magnetization characteristics and, consequently, to their de-
gree of iron-saturation and operating rotor speed. Therefore,
experimental tests are required to obtain their magnetization
curve. The designer of an SEIG will need a setup capable
of keeping the shaft speed constant for several conditions of
applied voltage. With an experimental procedure, it is easy
to find out the correct excitation capacitor for the measured
magnetization curve.

In the case of stand-alone operation (in small power plants),
the connection of a capacitor bank across the IG terminals is
necessary to supply their needs for reactive power, as illus-
trated in Figure 6. To keep the phase voltage balanced, it is
advisable to connect each excitation capacitor C across each
generator winding, i.e., keeping the same capacitor connection
of that of the winding machine connection either for�-� or Y -
Y . Furthermore, every load can be individually compensated
by a capacitor in such a way that whenever it is connected to
the generator, it will not change the necessary excitation ca-
pacitance and the output voltage will remain nearly constant.

Electronic power converters when used as a load for IGs
may cause harmonic distortion and losses. A variable power

FIGURE 5. Annual speed study fit with a Rayleigh probability
density function.
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Simões et al.: Small Wind Energy Systems 1395

FIGURE 6. Scheme to obtain the magnetization curve and the value of capacitor for SEIGs.

factor and some special control techniques should be adopted
when using electronic power converters. IEEE Standard 519
establishes the limits of 2% of harmonic content for single- and
three-phase induction motors (except category N, that is, con-
ventional) and 3% for high efficiency (categories H and D).
Active filters or electronic signal injection minimizes these
harmonics. The cost of passive filters can be relatively small,
and the designed speed control of power plants is possible
by the electronic variation of frequency. The self-excitation
capacitor in stand-alone power plants or with electric or elec-
tronic control of the load contributes favorably in these cases
[4].

When an RLC load is connected across the SEIG terminals,
the combination of the inductive reactance with the necessary
self-excitation capacitance will result in a new self-exciting
reactance and a new output voltage condition. The equivalent
circuit (in p.u.) of an SEIG connected to an RL load is shown in
Figure 7 [13]. This circuit represents a more generic per phase
form of the steady-state induction machine [2, 3]. This figure
also shows that the frequency effect on the reactance should
be considered if the generator is used at different frequencies
from their base frequency fb (in hertz) at which the parameters
of the machine were measured. For this purpose, if F is the
p.u. frequency, a relationship can be defined between the self-
excitation frequency fexc and the base frequency fb (usually
60 Hz) [15–17]:

F = fexc

fb
= ωexc

ωb
. (4)

In stand-alone IG applications, the frequency control is usu-
ally variable, depending on the prime mover, i.e., the turbine
under wind or water, or other alternative sources (diesel for

example). Variations in frequency will have to be carefully
considered since they cause variations in all reactive parame-
ters and alterations in the load voltage. In a more generic way,
the inductive reactance parameters defined for the base fre-
quency is X = FωL [14]. In Figure 7, all circuit parameters
are divided by F, making the source voltage equal to Vph/F .
From the definition of secondary resistance (rotor resistance),
the following modification is used to correct R2/s to take into
account variations in the stator and rotor p.u. frequencies:

R2

Fs
= R2

F
(

1 − nr
ns

) = R2

F − v
, (5)

where v is the rotor speed in p.u. referred to the test speed used
for the rotor.

The disadvantages of an SCIG are now detailed.

a) Any wind speed fluctuations are directly translated into
electromechanical torque variations rather than rota-
tional speed variations since the speed is not variable.
This causes high electromechanical stresses on the sys-

FIGURE 7. Equivalent circuit per-phase of a loaded IG.
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FIGURE 8. Copper and iron losses with power level versus
wind velocity.

tem (generator windings, turbine blades, and gearbox)
and may result in resonance and swing oscillations be-
tween turbine and generator shaft. Fluctuations in power
output are not damped, and even small wind speed
fluctuations will impose an oscillating power [4]. Also
the periodical torque dips caused by the tower shadow
(when the blades cross a line parallel to the tower) and
shear effect are not damped by speed variations, result-
ing in higher flicker values. The turbine speed cannot be
adjusted to the wind speed to optimize the aerodynamic
efficiency, though many commercial wind turbines can
switch the pole pair numbers by a rearrangement of the
stator windings connection to optimize discretely under
lower or higher wind speeds.

b) As discussed before, a gearbox is necessary for ordinary
small-power wind turbines.

c) The IG inherently needs reactive power demands for
a permanent external reactive source connected to the
stator windings to supply the stator excitation current
terminals from either the grid connection or the capaci-
tor bank.

5. PMSGS FOR LOW POWER APPLICATIONS

This section shows how a PM machine can be designed for
small wind power systems. As discussed in a previous sec-
tion, Figure 2 portrays that electrical generators used for wind
turbine systems have their efficiency dictated by three main
characteristics: (i) stator losses, (ii) converter losses, and (iii)
gearbox losses. The stator loss can be considered by the proper
design of the machine for the right operating range. The con-
verter losses are given by the power electronics, i.e., on-state
conduction losses of transistors and diodes, which are propor-
tional to the switching losses. Mechanical losses in a gearbox
are proportional to their operating speed. In accordance to Fig-
ure 2, the gearbox efficiency can be computed as indicated by

Eq. (6):

Pgear = Pgear,rated
η

ηrated
, (6)

where Pgear,rated is the loss in the gearbox at rated speed (on
the order of 3% of rated power), η is the rotor speed (in r/min),
and ηrated is the rated rotor speed (in r/min).

The losses in the gearbox dominate the efficiency in most
wind turbines, and a simple calculation shows that small wind
turbine systems, with a low wind velocity range, have roughly
70% of their annual energy dissipation because of mechanical
various friction plus the gearbox efficiency [15].

The design of an electrical machine is often considered
from the point of view of obtaining the maximum torque that
is a typical consideration for motor drives. Usually the exter-
nal volume (or the weight) of the machine is sized by their
maximum torque for the considered application, but for a gen-
erator application, the designer should consider the shaft power
production profile. The turbine power has a performance co-
efficient Cp, which considers the turbine mechanical design
lumped with their aerodynamic efficiency. The tip-speed ratio
(TSR) λ is a function of ωr , the generator rotational speed,
the radius of the blade, and the linear wind velocity, as given
by Eq. (7). One can design a generator by maximizing the
C p coefficient for the minimum speed (vmin) to obtain a given
turbine power, say for a very small system, such as Pturbine =
5 kW:

λ = ω · r

v
. (7)

Then, for such a 5-kW generator, the maximum torque (Tmax)
is computed. From the minimum speed to the maximum speed
(vmax), the power is limited to a maximum power (Pmax), and
for less than the limit speed (vlim), the wind generator will stop,
as indicated in Figure 3.

Three wind power generator designs have been
compared—one with ferrite, one with bounded NdFeB, and
one with sintered NdFeB in reference [15]. The active length
is calculated from their required torque for a given operat-
ing range and simulated by 2D finite-element analysis. Both
copper (Pc) and iron (Pi) losses are computed by

Pc(vmin) = σc J 2Vv(vmin), (8)

where σ c is the copper resistivity, J is the current density
(in this case equal to 5 A/mm2), and Vc is the copper volume
that depends on minimal wind velocity (vmin):

Pi (Bs, fs, vmin, v) = k(Bs, v)Mi (vmin, v), (9)

where k is an iron loss coefficient determined by the iron flux
density (Bs) and the frequency (which in this case is determined
by the wind velocity), and Mi is the iron mass that depends on
the minimal and actual wind velocity.
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FIGURE 9. Energy captured area for a large operating range.

Copper and iron losses are represented in Figure 8 and
compared to the increasing power level. The machine will have
a certain operating region around power and velocity curves;
the integral of this curve is the captured area, as represented
in Figures 9 and 10. These figures show the optimal range
for maximizing the energy captured by such a small wind
turbine design. If a large operating range is used in the design,
the machine will not capture enough energy for low wind
speed variation (Figure 9), whereas a machine designed for
a more constrained range will have a larger energy capture
(Figure 10). However, the smallest angular speed will have
to be accounted in more turns in the machine for a larger
voltage, and the angular velocity will define how many poles
the machine should have. In addition, depending on the PM
and on the typical wind distribution, the optimal range will
change.

A machine with ferrite magnets must be over-designed to
satisfy the specifications of the less flux level of the ferrites.
Therefore, losses are more important for ferrite design than for
NdFedB magnet design, and that is why most of the PMSGs in
the market only use rare earth magnets; actually, the optimal
range for ferrite magnets is smaller, and the energy captured
decreases. If only technical considerations are used, it is easy
to disregard completely ferrite-based magnets for only easy
rare earth magnets. Only the future price of rare earth magnets

FIGURE 10. Energy captured area for a small operating range.

Magnet type Ferrite Bounded NdFeB Sintered NdFeB

Iron mass (kg) 67 37 32
Copper mass (kg) 38 22 20
Magnet mass (kg) 27 23 21
Total mass (kg) 132 82 73
Energy (kWh) 1.7 2.1 2.3
Mass/energy (kg/kWh) 80 38 32
Cost/energy (k€/kWh) 0.6 2.2 1.9

TABLE 5. Comparison of three PM generators

and their low availability will actually make ferrite-based PM
machines usable. However, ferrites have an advantage: they
can be made anywhere as long as iron and ceramics are avail-
able, and the knowledge of making PM ferrites is accessible
to anyone in the world, making them a sustainable generator
option forever.

The energy-captured area represents the power that can be
extracted from the turbine shaft. This area is bounded by the
maximum power from the turbine (Pmax) and by losses that
can be computed by

Eca

(
vmin, vmax

) =
∫ vdesign

vmin

[
P(v) − Pc(v) − Pi (v)

]
dv. (10)

If the wind generator machine is over-designed considering
a high loss level, despite a large power range, the energy-
captured area is smaller. Consequently, maximizing the power
range area is not recommendable; several scenarios might sup-
port a study to have a compromise between an acceptable loss
level and the power range, and the overall efficiency and cost
should be considered. Table 5 shows the optimization results
for the three machines designed in for equivalent magnetic flux
levels [15].

The flux density is lower for a ferrite magnet machine, so
the total mass has to be increased to obtain the same perfor-
mance. In this case, the captured energy is less than in the other
cases. The best set of characteristics in terms of mass, energy
stored, and consequently, the mass–energy ratio is reached for
the sintered NdFeB (1.2T) magnet due to the high efficiency
of such a PM. The cost–energy ratio is computed using price
data for all components (iron, copper, and PM). For the ra-
tio cost–energy criterion, the ferrite magnet configuration has
the smallest ratio. Although the mass is the highest, the price
for the ferrite magnet is about 20 times less than the price
of an NdFeB magnet. Thus, the total cost is smaller than the
NdFeB magnet. Neodymium is a strategic material, and cer-
tainly, its price will increase in the future; therefore, the ratio
cost–energy will significantly increase in the future. Despite
the mass–energy ratio being the smallest, the ferrite magnet
is a good alternative when compared to the rare earth PM
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Machine characteristics Off-the-shelf PM Ferrite

Turbine power (kW) 6.8 5
Maximum torque (Nm) 1049 1000
Efficiency (%) 79 77
Total mass (kg) 82 132
External radius (mm) 795 240
Air-gap radius (mm) 689 208
Active length (mm) 55 476

TABLE 6. Comparison of a commercial PM machine and a ferrite-
based design

design option. Table 6 shows a comparison of the machine
with a bounded NdFeB magnet designed and a high torque
off-the-shelf motor [15].

The PMSG offers many advantages; the PMSG machine is
the most efficient of all electric machines since it has a movable
magnetic source inside itself. Use of PMs for the excitation
consumes no extra electrical power. Therefore, copper loss
of the exciter does not exist, and the absence of mechanical
commutator and brushes or slip rings means low mechanical
friction losses. Another advantage is its compactness.

The recent introduction of high-energy density magnets
(rare earth magnets) has allowed the achievement of extremely
high flux densities in the PMSG. Therefore, rotor winding is
not required. These in turn allow the generator to be of a small,
light, and rugged structure. As there is no current circulation
in the rotor to create a magnetic field, the rotor of a PMSG
does not heat up. The only heat production is on the stator,
which is easier to cool down than the rotor because it is on the
periphery of the generator and the static.

The absence of brushes, mechanical commutators, and slip
rings suppresses the need for the associated regular mainte-
nance and suppresses the risk of failure in these elements.
They have very long-lasting winding insulation, bearing, and
magnet life length since no noise is associated with mechanical
contacts and the drive converter switching frequency could be
above 20 kHz, producing only ultrasound inaudible for human
beings.

When the PMSG is compared with respect to the conven-
tional ones for low wind speeds, the advantages are (i) no speed
multiplier or gears, since there may be multiple permanent or
electromagnets in the rotor for more current production; (ii)
few maintenance services because of its simplified mechanical
design; (iii) easy mechanical interface; (iv) cost optimization;
(v) highest power-to-weight ratio in a direct drive; (vi) location
of a moving magnetic field being generated in the center of
the field; (vii) more precise operations, since a microproces-
sor controls the generator/motor electrical output and current

instead of mechanical brushes; (viii) higher efficiency for the
brushless generation of electrical current and digitally con-
trollable flexible adjustment of the generator speed with less
friction, fewer moving components, less heat, and reduced
electrical noise; and (ix) since the permanent or electromag-
nets are located on the rotor, they are kept cooler and thus have
a longer life.

The PMSG has some disadvantages: (i) their high cost of
PMs and (ii) their commercial availability. The cost of higher
energy density magnets prohibits their use in applications
where initial cost is the major concern. Another disadvan-
tage is the field-weakening operation for the PMSG machine,
somewhat difficult due to the use of PMs, but usually field
weakening mode is not a concern for wind power generators.
Any accidental speed increase might damage the power elec-
tronic components above the converter rating, especially for
motor drive applications. In addition, the surface-mounted PM
generators cannot reach high speeds because of their limited
mechanical strength of the assembly between the rotor yoke
and the PMs. Finally, the demagnetization of the PM is possible
by a large opposing magneto-motive force (m.m.f.) and high
temperatures. Very good ventilation should be implemented to
cool down the generator, particularly for extremely compact
applications.

The electrical generator is connected to a small-scale wind
turbine, as indicated by the diagram of Figure 11. The wind
turbine will typically have a fixed attack angles of the blades.
Either the wind energy system is connected to the distribution
grid or supplies a DC load with power electronic interfaces.
The control must be based on the load flow acting on the turbine
rotation. The DC/DC converter connected to the DC link can
serve as storage, or it is sometimes implemented as electrical
braking for wind turbines, particularly for wind gusts or any
run-off of the turbine that might cause power imbalance with

FIGURE 11. Power electronic converter topology for small
wind turbines.
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FIGURE 12. Turbine rotation versus power characteristics
with wind speed.

the load or the grid. As the rotor speed changes, according
to the wind intensity, the speed control of the turbine has
to command a low speed at low winds and a high speed at
high winds to follow the maximum power operating point, as
indicated in Figure 12. A maximum power tracking requires a
hill-climbing type controller or a fuzzy logic based controller
for commanding the speed of the generator [4].

This section discussed how statistics of wind resources can
be taken into consideration to define a power envelope for the
turbine. The electromechanical design can consider copper
plus iron losses and a possible energy capture of wind power.
Three machines are discussed in this section, one based on
ferrite magnet and two on NdFeB magnets to extract the en-
ergy potential. Although, the NdFeB magnet has a greater
mass/energy index, and considering the market evolution as-
sociated to the difficulties in obtaining a rare earth magnet,
the ferrite configuration is still a serious alternative for the fu-
ture. A direct-drive electrical generator could be designed and
implemented, eliminating the gearbox, and making a small-
scale turbine very competitive and possibly the best solution
for rural systems, small farms, and villages.

6. GRID-TIED SMALL WIND TURBINE SYSTEMS

A back-to-back converter (as in Figure 11) can control a small
wind turbine with either an IG or a PMSG. Figure 13 shows the
block diagram of a full-fledged PMSG back-to-back converter
solution. Such a converter topology provides speed control for
the machine side converter to track the optimum power point,
and the grid-side converter aims to control the power and

keep DC-link voltage constant. The d-q equivalent circuit of a
PMSG with core loss is ignored in the circuits assuming that
the high core resistance is represented in the rotating reference
frame. The equations of the d-axis and q-axis in the rotating
reference frame are given as

vr
ds = −Rsid − Ld

d

dt
id − ωe Lqiq , (11)

vr
qs = −Rsiq − Lq

d

dt
iq + ωe Ldid + ωeψm . (12)

The instantaneous power is given by

Pi = 3

2

[
vr

ds
id + vr

qsiq

]
. (13)

The electromagnetic torque is given by

Te = 3p

4

[
ψm + (

Ld − Lq

)
id

]
iq , (14)

and the rotational angular speed is expressed as

d

dt
ωr = 1

J
(Tw − Te − Bωr ) , (15)

where TW is the torque produced by the wind turbine, J is the
turbine moment of inertia, and B is the friction coefficient.

The angular electrical speed is related to the rotor speed by

ωe = p

2
ωr , (16)

where p is the number of poles of the machine.
The relationship between the TSR and the power coeffi-

cient of the wind turbine for different rotor speeds has been
discussed. For a given wind speed, there is an optimum rotor
speed that gives the optimum TSR to achieve the maximum
power; Eq. (17) expresses this peak power point optimization:

λopt = ωw,opt Rw
vw

. (17)

The maximum power occurs at this optimum speed for
each different wind speed. As the wind speed changes from
one point to another, the optimum power point changes to
a different value. To do so, a controller must be designed
to follow the reference speed. Different techniques can be
applied either using a search technique that does not need
measurement of the wind speed or simply using the direct
relation in Eq. (17). Such a control scheme can be implemented
as shown in Figure 13. When the wind speed goes through
the wind turbine, a mechanical torque (TW ) is applied to the
PMSG. The wind speed is measured (with an anemometer, for
example), and by using Eq. (17), the optimized rotor speed for
maximum wind power conversion is achieved if the turbine
power coefficient is fully characterized. The speed of rotor is
measured to compensate the controller error. The reference
of the direct axis current is zero. The proportional-integral
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FIGURE 13. PMSG wind turbine controller with maximum power optimization and a back-to-back double pulse-width modulation
(PWM) grid-connected inverter with storage/load management.

(PI) control for each d-q-axis can be designed using small-
signal modeling. The d-q reference voltages are transformed
by Clarke and Park transformations to form the three-phase
reference voltages and command the converter switches using
pulse-width modulation, for example, the sinusoidal pulse-
width modulation (SPWM) method. It is assumed that the
DC-link voltage is maintained at constant a value given by the
grid-side converter.

The purpose of the grid-side converter is to deliver to the
grid the power produced by the generator with an accept-
able power quality. Moreover, the DC-link voltage control is
also controlled by the grid-side converter. Figure 13 shows
the α-axis control loop used in the grid-side converter, and a
similar loop is used for the β-axis. The grid converter out-
put current is controlled by the inner loop and has a faster
response than the DC-link voltage loop. Therefore, the inner
loop is considered unitary when the DC-link voltage control
is designed. The block power calculation makes uses of the
active and reactive power references to produce a current ref-
erence, which will in turn be multiplied by the DC-link con-
troller output signal. The resulting signal is the α-axis current
reference.

Power transfer is proposed for different scenarios. The dy-
namic load should be provided with power all the time. This
is achieved by the power from the wind generator or from the
grid only when the wind power is less than the load demand.
The grid could send a reference signal to the controller requir-
ing active power, and a dummy load is connected in the system
through a converter to provide full control capability of the
whole system. The excess wind power can be sent partially
or completely to the dummy load. The power-transfer strategy
chart is shown in Figure 14.

The grid-side converter is controlled in such a way to pro-
vide reactive power during voltage sags. The power algorithm
takes the reference of P and Q to generate the required VAR
to support the output voltage. Injecting reactive power will
increase the line current. Therefore, the reactive power should
be maintained within the current capability of the converter
to avoid disconnecting the wind system from the grid due to
protection operation.

In the complete system of Figure 13, the machine-side con-
verter is controlled to extract the maximum power from the
wind using a vector control, while the grid-side controller is
designed to control the power flow using α-β reference frame.
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FIGURE 14. Wind power management.

The power transfer algorithm controls the power flow between
the wind turbine and the grid. The turbine supplies a primary
load that is variable in nature, and a controlled dummy load is
used to manage the power flow in the system considering the
state of the grid and load demand. The excess power is injected
in the grid.

This system can be used for smart-grid applications; the
grid-side converter can potentially support grid voltage by
also injecting reactive power. The purpose of the machine-side
converter is to track the optimum point of the rotor to extract
the maximum power existing in the turbine. For a given wind
turbine, the maximum power occurs at the maximum power
coefficient of the turbine. It should be noted that a similar
system could be also implemented for a squirrel-cage induc-
tion machine, using indirect vector control for the generator
side and a modified direct vector control for the grid side. The
details of this implementation can be found in [4].

7. A MAGNUS TURBINE BASED WIND ENERGY
SYSTEM

The design of a Magnus effect based turbine has a distinctive
feature with respect to conventional wind turbines: there are
rotating cylinders around the turbine shaft instead of blades,
as depicted in Figure 15. The torque around the turbine rotor
considers some characteristics of rotating cylinders related
to their geometric, kinematics, and energetic parameters. The
improvement in performance depends intrinsically on the type,
number, surface pattern, and sizing of the cylinders and on the

FIGURE 15. Magnus turbine with non-smooth rotating cylin-
ders. ©CEESP-UFSM/IFSC, Brazil. Reproduced by permis-
sion of CEESP-UFSM/IFSC, Brazil. Permission to reuse must
be obtained from the rightsholder.

rotor shaft load and individual optimal rotation control of the
turbine and cylinders [18, 19].

To understand the torque produced by the Magnus effect,
one can consider a rotating cylinder with a radius rc and an
angular velocity ωc moving in the air with a speed ωcrc. The
air velocity nearer the cylinder will be higher than ωcrc on one
side and lower than that on the other side. This phenomenon
is because the velocity of the air boundary layer surrounding
the rotating cylinder is added in one side and subtracted in
the other side [20, 21]. Therefore, there is a resulting pressure
gradient impressing a net force on the cylinder in the per-
pendicular direction to the body velocity vector with respect
to the fluid flow, as depicted in Figure 16. As the cylinders
move around the rotor axis, some air layer will tend to flow
centrifugally out of the area swept by the moving cylinders.
This is a very complex phenomenon; considering all effects
of this air movement around the cylinders, plus outward of the
rotors shafts and also the variable spin around the turbine rotor,
makes a very difficult mathematical modeling [21, 22].

Using fundamental physics allows the understanding that
air pressures on the cylinders will cause the Magnus lift and
drag torques TL and TD , as illustrated in Figure 16. These
torques can be expressed, respectively, by the mechanical drag
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FIGURE 16. Lift and drag Magnus effects on their rotating
cylinders.

and lift actions on the wind turbine with a definition of power
coefficient as

C p = 2nc(TL − TD) · ωt

ρ · π · r2
t · V 3

(18)

so that the turbine mechanical power, similar to Eq. (2), is used
here again; with the parameters defined by Eq. (18), one can
compute the mechanical power in Eq. (19):

Pmec = 1

2
ρAV 3C p, (19)

where

nc is the number of cylinders,
ωt is the angular speed of the turbine,
ρ = 1.225 kg/m3 is the air density at sealevel at 15.5◦C ac-

cording to the international standard atmosphere (ISA),
A is the area swept by the spinning cylinders (m2), and
V is the wind velocity (m/s).

As the terms TL and TD of the Magnus turbine torques are
usually very complicated mathematical expressions, it is better
to obtain them experimentally by a curve-fitting procedure, i.e.,
as a function of the rotor and cylinder TSR, respectively, λt

and λc. These coefficients are related to the radius of the area
swept by the cylinder rt , to the angular speed of the cylinders
ωc, to the cylinders radius rc, and to the wind speed V as

λt = ωt rt

V
, (20)

λc = ωcrc

V
. (21)

Given the mechanical power, it is necessary to subtract the
cylinder friction losses during its rotation in a laminar flow
and the motor losses in the cylinder drivers:

Pt = Pmec − Plosses . (22)

The electro-mechanical power losses due to air friction can
be expressed by

Plosses = 1.328
nc

16ηelect−mech
· ρπd4ω3

c (rt − ro)√
Red

, (23)

where

ro the radius of the rotor hub,
Red = ρωcπ (2rc)2/2μ is the Reynolds number,
μ is the air viscosity coefficient, and
ηelect−mech is the electromechanical efficiency.

These equations are quite involved, and a practical engineer
would prefer to consider experimental results or other forms of
approximation to establish a polynomial equation for which the
form and coefficients are obtained by curve fitting. The optimal
ratio dimensions of the cylinder has been established in the
literature by (rt − ro)/16. Figure 17 illustrates the performance
for a Magnus turbine specified in Table 7, where the different
effects on the dimensionless power coefficients λc and λt are
related, respectively, to the rotation of the cylinder around its
shaft and the turbine rotor shaft. The reduced rotation of the
Magnus cylinder rotor is about two to three times lower when
compared to the blades in the conventional turbines, ensuring
less air turbulence with higher operational safety and durability
[24].

This is a major advantage regarded to the low efficiency of
other turbine types for most usual wind velocities (5 to 15 m/s)
due to the small lift coefficient of an ordinary blade turbine

FIGURE 17. Variations of Cp with dimensionless coefficients
λt and λc of a Magnus turbine.
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Description Parameter Value Unit

Range of the wind speed V 0.5–40 m/s
Air density at sea level and 15.5◦C ρ 1.225 kg/m3

Air coefficient of viscosity μ 1.80e−05 Ns/m2

Diameter of the turbine swept area 2rt 11.50 m
Diameter of the cylinder 2rc 0.35 m
Hub radius ro 0.50 m
Rollers efficiency ηelect−mech 0.50 —
Range of the turbine speed ωt 0.25–3.00 rad/s
Range of the cylinder speed ωc 0–150 rad/s
Number of cylinders nc 5 cyl

TABLE 7. Magnus turbine parameters for the example

under such conditions. It is clear that the Magnus wind turbine
must be explored in a wider range of rotor and wind veloci-
ties, varying from 2 to 35 m/s compared to a traditional blade
turbine, typically limited in a range from 3 to 25 m/s. This
variable speed is well suited for the PMSG and IG characteris-
tics, and certainly, when associated with a hill-climbing control
(HCC), the optimal speed of the turbine rotor and cylinders
can be achieved for maximum generator power production.
The power coefficient of ordinary wind turbines drops rapidly
to zero at about V = 4 m/s, and this is not the case for Mag-
nus turbines. Another advantage is when the wind velocities
are higher than about 35 m/s, since the natural regulation re-
sults in diminution of the Magnus force with a cylinder rotor
self-braking [24]. Therefore, the cylinder rotor rotation aero-
dynamics with speed regulation prevents excessive spin-up
and collapse due to excessive centrifugal forces. Therefore, a
Magnus turbine has improved operation in low wind velocity
as well as safe features toward very high wind velocities by
nature.

A reasonable modeling of the Magnus turbine is quite com-
plex because it is very difficult to account for all the variations
and air turbulences through which the turbine may go. A for-
ward chaining speed controller for the cylinder and the Magnus
wind turbine can be coupled to a PMSG or an IG and avoid
the need of any analytical model overcoming all this difficulty.
The three-dimensional graph of Figure 17 clearly illustrates
the opportunities for the PMSG and IG using an HCC to es-
tablish the point of maximum power for both the cylinders and
rotor. That means that it is possible to search for the maximum
power point in accordance to the wind and variations of the
IG load by continuously and sequentially adjusting the angular
velocity of the cylinders and turbine rotor. It is also possible
that a fuzzy logic based controller will perform really well for
a Magnus turbine coupled to a PMSG or an IG, and further
work is encouraged [25, 26].

8. CONCLUSION

This article presents how a customized wind turbine would
have a typical operation in medium- and low-velocity wind
sites since the power of any wind generator is directly affected
by the wind speed. It is not possible to maintain a fixed speed
of the generator always at a high efficiency level because the
commercially available generators for gentle/low wind speeds
(5–15 m/s) are not designed to operate with their best efficiency
over the whole speed range (typically from 3 to 25 m/s). In
addition, high towers for wind turbines increase the overall
costs, and turbine exposure to turbulences and wind gusts
affects the generator’s performance.

Medium- or long-term statistics of wind resources must be
taken into account to define the power envelope for the turbine
considering copper plus iron losses for the three PMSG designs
considered and the IG. In addition is included a brief review of
the IG and its advantages and disadvantages with small wind
power plants. In its place is suggested a PMSG detailed for
the ferrite magnet and two NdFeB magnets configurations to
extract the energy potential of each configuration.

Although, the NdFeB magnet has a mass per energy greater
than other magnet types, regarding the market evolution and
the difficulty to obtain rare earth magnets, the ferrite configu-
ration is a serious alternative for the future. The article shows
that a possible direct-drive very low-speed electrical generator
can be competitive and may be the best solution for small-scale
wind turbines, typically used in rural systems, small farms, and
villages.

Also described are the requirements for instrumentation and
measurements for small wind energy systems for commercial
and residential applications and the coordination to manage
the utility connection, such as assessing reactive power sup-
ply, fault ride-through, and power quality monitoring. Some
schemes were discussed for the SEIG using ordinary squirrel-
cage machines, as well as the control and signal processing for
the PMSG wind energy systems connected to the grid, with a
possible energy storage or dummy load.

Although large-scale wind turbines may have optimized
speed control, the market for small-scale wind turbines does
not accommodate expensive solutions. Therefore, an opti-
mized electric generator must be designed to have the best
efficiency for low wind velocities under cost constraints. It
remains a challenge, even today, to design a generator capable
to operate at wind velocities less than 3.5 m/s, and this is still
an open-ended problem.
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