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Abstract

Background/Objectives: To design a new type of switched reluctance generator for low speed wind turbines which operate
at low speed wind. Methods/Statistical Analysis: Structure and operation principle of the proposed switched reluctance
machine are described. The generator-wind turbine is a direct-drive one and has two mobile parts which can be droved by
two wind turbines in counter-rotary motion. A test bench was achieved and two types of experiments were realized: first,
with a part of the generator fixed and the other in rotary motion, and second with the both parts in motion. Findings: Using
the counter-rotary motion it results an important increasing of the output voltage of the generator for the same speed. The
generator can be used both for the turbines with horizontal or vertical axle, with some advantages for the vertical axes
case, especially in urban area, where safe operation of vertical axis wind turbines requires low rotational speeds to reduce
noise, mechanical vibrations and proximity hazards. Applications/Improvements: The proposed direct-drive generator is
more efficient than the classical structure with gears and the simple rotary motion.
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1. Introduction

In nowadays context of energy crisis and consuming of
the resources, the optimal utilization of the regenerative
energy is a priority. The wind energy is one of the oppor-
tunities to have more clean energy with fewer drawbacks.
Estimated wind capacity by the year of 2020 is expected
to increased to about 1 260 000 MW, which will be about
of 12% of the world’s electricity consumption’. There are
three types of generator systems for wind turbines*. The
first type is a fixed-speed wind turbine system using a
multi-stage gearbox and a standard squirrel-cage induc-
tion generator. The second type (developed from 1990s)
represents a variable speed wind turbine system with a
multi-stage gearbox and a doubly fed induction genera-
tor, with a power electronic converter feeding the rotor
winding. The third type is also a variable speed wind
turbine, but with a direct-drive generator, usually a low-
speed high-torque synchronous generator. A power
electronic converter for the full-rated power is necessary

*Author for correspondence

for the grid connection**. Usually, the conversion of the
energy is realized by using the electric generators which
are adapted to the parameters of the wind turbines. One
solution is to use a step-up gear which increases the
price, reduces the efficiency and needs maintenance.
Heavy weight, large volume, noise, and vibrations are also
significant drawbacks.

Another solution is to use a direct-drive Switched
Reluctance Generator (SRG). This machine is robust,
easy to construct, reliable, and it needs low maintenance.
The use of power electronics and a good control will
reduce some drawbacks as torque, current and voltage
ripples and, as a consequence, the SRG has great devel-
oping potential in the area of wind power generation®~.
Distortion in main grid can disturb the protection equip-
ments, being necessary supplementary tests and better
protection to avoid interruption in power supply®’. Some
studies regard to produce the maximum output power at
a given shaft speed for a SRG". There is also interest in
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harnessing wind power on-board of an electric vehicle
using Switched Reluctance Generator (SRG) coupled to a
wind turbine mounted on the vehicle". Small-scale wind
turbines are a solution for the energy consumption into
the urban area and their modelling and analysis is a neces-
sary step for their implementation'?. Different controlling
methods are used for the wind turbine applications, as
neural network controller® or sliding mode control**

Moreover, safe operation of the Vertical Axis Wind
Turbines (VAWT) in restricted urban spaces requires low
rotational speeds to reduce noise, mechanical vibrations
and proximity hazards'. The VAWT are better adapted
to be installed nearby the residential and urban areas
because they have lower start-up speed and low noise
level. These are also appropriate to be installed in areas
with strong winds and, as an important advantage, the
VAWT are indifferent to wind direction'.

In this paper a new type of switched reluctance
generator for the variable low speed wind turbines with
counter-rotary drive has been studied. It could be used
for both vertical and horizontal axis wind turbines, in
urban environments or in remote area without a grid
connection.

2. The Wind Power

The kinetic energy of the air flow is estimated by using
the energy flux density, which is the quantity of the
energy which crosses, in a constant and uniform way,
a unit surface normal to the wind direction in a unit of
time. The specific power of an air flux is given by the
relation (1), where the density of the air could be con-
sidered as constant, the wind turbines being usually less
then 100 m high:

1 3
PZEpairAsz’nd' (1)

Where p _=1.225kg/m’is the air density, v ,_, is the speed
of the wind and A is the swept area.

For a surface of A = 1m?, the variation of the specific
power for the air flux is drawn in Figure 1, resulting sig-
nificant values starting with a wind speed of about 8m/s.
Therefore, the nominal speed of the large wind turbines is
about 10+15 m/s*®. A duplication of the wind speed will
give an increasing of 8 times for the power of the wind

turbine, which is given by!82L22;

1 3
Pturbine = EcppairAvwind ’ (2)
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where C, is the power coeflicient.

An efficient utilisation of the low speed wind can be
obtained with two coaxial rotors with counter-rotary
motion, which will give a double equivalent speed com-
paring with a single rotor system at the same dimensions.
The solution is useful especially for low dimensions of
the rotors (about two meters) and with speeds of about
500...600 rot/min". Figure 2 shows the variation of the
specific power of air flow at low speed of the wind. For
the wind turbines with one rotor it has values between
0.61+76.56 [W/m?] (curve 1), while, for the wind turbines
with counter-rotary motion the power is double (curve
2), 1.22+153.12 [W/m?]. These values are relatively low,
but, with an optimization of the system, these powers
could be used for low or medium power applications. The
efficiency of the wind energy conversion is estimated by
using a power coefficient C. The Betz model” is based
on a tube of current with a constant area; for a wind tur-
bine this area is the surface corresponding to the blades
motion. In reality this surface is not constant. The max-
imum power P given at the rotor of a wind turbine
with horizontal axle is":
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Figure 2. Specific power variation at low speed.
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The power coeflicient is:

P 16
C,=—mal —=—=0.59, (4)
pairAv wind /2 27
For a wind turbine with vertical axle the maximum
power P_ _ and the power coefficient are'”:
maxV

1 , 45
PmaxV :EpairAv wind 25 > (5)
435’
C, = =0.53. 6
P =05 (6)

The values resulted from using the global methods are
higher than the real values. In the aerodynamic theory,
there are proposed mathematical models which study the
dynamic equilibrium of the forces, with more appropriate
values on the real ones. An example for the wind turbine
with vertical axle is by using the method of the tube cur-
rents with a single coefficient of influence. This method
offers a calculus for different values of the solidity'’,
5=0,2;0,3; 0,4; 0,5; 0,6 using the relations®":

s=NC/R,, (7)
A=0R, /V na (8)
% FM
Fom—t—, ®
pairacvwind /2
S — (10)
pairavaind

where: N -Number of the blades; R, - Rotor radius;
@ -Angular speed of the rotor, F"' - Maximum normal

force relative to a rotating blade; F,-Maximum normal
force on the blade; a - influencing coefficient.

Considering the relations (7-10), in Figure 3 and
Figure 4 are presented the force and the power coefficient.
For this it was also considered the coefficient of lifting and
the coefficient of resistance for the blade profile NACA
0012%. These theoretical methods are possible to apply
while the constructive type of the wind turbine is corre-
sponding to the model. Thus, for an optimal use of the
low speed wind it is necessary to identify the type of tur-
bine, the starting torque, the maximum power given by
the wind and the optimum values of the speeds. For the
wind turbines with vertical axle the best turbines are the
ones with fixed blades and with oscillating blades".
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Figure 3. Maximum normal force on blade related to the
tip speed ratio.
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Figure 4. Power coefficient depending on the tip speed
ratio.

In this situation, for the wind turbines with horizontal
axle the best are the slow wind turbines (with many blades,
which are adapted for low speed winds, at 1...3 m/s), at
which the maximum efficiency is for a tip speed ratio of
A =1and C = 0.3, that is for an energy intake of about
50% from the Betz limit. This value corresponds for an
optimal rotation speed:

n= 60vwind z19vwincl (11)
nD

3. Structure and Operation
Principle of the Proposed
Switched Reluctance Machine

3.1 Structure of the Proposed Switched
Reluctance Machine

The construction of the proposed switched reluctance
machine is presented in Figure 5. For this type of generator
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Figure 5. Schema of the proposal switched reluctance
generator.

we will use the expressions “the function of inductor” and
“the function of armature” and not the terms inductor and
armature, because the both parts, the inductor and the
armature, are in the same mechanical structure. This type of
generator is proposed for operating at low speed because of
some advantages as: simple construction, with the possibil-
ity to operate in counter-rotary regime; it is eliminated the
kinematical chain because the turbine is directly connected
to the axle of the turbine, so the energy loss are reduced; the
generator is simple to adapt to the wind turbine operation
both on constant or variable speed; there are no permanent
magnets, so the costs are lower; the generator can operate
in single-phase, three-phase or multi-phase construction.

The generator can be used both for the turbines with
horizontal or vertical axle, with some advantages for the
vertical axes case, especially in urban area, where safe oper-
ation of vertical axis wind turbines requires low rotational
speeds to reduce noise, mechanical vibrations and proxim-
ity hazards. Also, they are well suited to such environments
due to their inherent axisymmetric design®.

According to the Figure 5, the magnetic circuit with
function of inductor and armature (I,), is built from sheet
iron, fitted with teeth and notches which are uniformly
distributed along the magnetic circuit, into a disc shape.
Ahead of this circuit there is another disc magnetic circuit
(I), made up from a succession of elementary magnetic
circuit with the same tooth pitch as the magnetic circuit
(I,). These two parts, (I,) and (1), can be droved in coun-
ter-rotary motion by two wind turbines (E ) and (E,), with
vertical or horizontal axle. In the case of the horizontal
axle, the counter-rotary motion is assured by a system of
two counter-rotary co-axial turbines, while, for the verti-
cal axle shown in Figure 5, the counter-rotary motion is
assured by using two rotary turbines (E,) and (E,) with an
appropriate orientation of the blades (P,) and (P,), so that,
regardless the direction and the speed of the wind, the
two turbines will have a counter-rotary motion.
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This type of construction could have a small size
(2 m diameter and 3 + 4 m vertical axis) so they could
be used on a special wind turbines in urban area on the
rooftop of buildings, as discussed in*.

3.2 The Operation Phases of the Switched
Reluctance Generator

The main operation phases of the switched reluctance
generator are presented in Figure 6. On the odd teeth
1, 3, 5 are realized the D.C. operating windings. The
odd teeth, 1, 5, 9, 13 (defined by the relation 1 + 4n,
n = 1..30), have operating windings which generate a
positive excitation flux, while the odd teeth 3, 7, 11, 15,
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Figure 6. The main operation phases of the switched
reluctance generator.
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(defined by the relation 3+4n, n = 1...30), have operating
windings which generate a backward (negative) excita-
tion flux, from the tooth to the yoke of the machine. All
these odd teeth are actually field poles with small size and
they have the function of an inductor. Between these teeth
there are the even dental/teeth 2, 4, 6, 8 etc with windings
that have function of armature windings. It is to observe
that between the magnetic circuit with teeth and notch
(at a distance § - air gap of the generator), there are some
armatures for the inductor flux closing (denoted AI and
arranged on a disk). The length of such an armature is
la =T, +1 " where T 4 is the tooth pitch, and / L is the width of
a tooth. In Figure 6.a. the closing armature Al is exactly
in front of two teeth, 1 and 2, and of a notch. The positive
flux (+®,) created by the pole no. 1 closes by the tooth 1,
air gap, the armature Al, air gap, the tooth no. 2 with the
role of armature, by joke and again the tooth no. 1. The
total air gap is minimum, that is 2§, and the flux will be
maximum, because the reluctance is minimum.

In Figure 6.b. the closing armature AI is moved a half
of a tooth pitch, the edges of the armature being in front
of the sideways of the teeth 1 and 3, and its middle being
in front of the tooth no. 2, which has a role of armature.
Along of a flux line it will be two air gaps and a quar-
ter of circle at the right edge of the armature AI. The flux
in tooth no. 1 is decreasing at (+®__ ) and will cross the
tooth no. 2. At the same time, the pole on the tooth no. 3
will also generate a minimum flux (-®__ ), but in opposite
direction (-® ), which will cross the tooth no. 2 in oppo-
site direction and will cancel the effect of the flux (+®__ ).
Thus, in this position of the armature, in the tooth no.2
the total flux will be zero. Continuing its movement, the
armature Al will be in front of the teeth 2 and 3. Through
the tooth no. 3 will cross a maximum flux, but with an
opposite sign, -®__and a positive flux + ®__, which
will also cross through the tooth no.2. As a consequence,
it will be cross by the difference between the two fluxes
(-®__ +@_ ). Duringa variation cycle, the armature coil
on the tooth no. 2 will be crossed alternatively by the flux
variation given by (+®__-® . >0)and (-@__+®_ . <O0).
To estimate the variation space of this flux at the new type
of generator, let us consider the space which has to be
crossed in a complete variation period § . For this it can
be written the relations:

S, =2, butr , =2t ,, and it results,
Spe=2-2t, =%, (12)

where 7_is pole pitch.
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The proposal generator has a large number of poles,
both as inductors and as armatures but of small size. This
allows to put in series many induced windings and so the
resulted voltage will have significant values even for low
speed variation of the inductor flux. The efficiency of the
machine depends on the ratio between the maximum and
minimum reluctance.

4. Experimental Data

Two types of experiments were realised. First experiment
was realized with a part of the generator (I,) fixed and
the other part (I,) in rotary motion, droved by an electric
motor M2 (the K2 switch is closed) shown in Figure 7.
A second experiment was realized with the both parts of
the generator in motion (both K1 and K2 are closed). The
two motors are permanent magnet motors (24 V, 120 W,
150 rpm) and they drive the (I,) and (I,) in counter-rotary
motion, which simulates the rotation of the two wind tur-
bines (E,) and (E,).

The air gap is of 4 mm and the diameter of the genera-
tor is 1 m. For both experiments the generator was droved
with speeds corresponding to the wind speed of 0.5...4
m/s, respectively 9.5...76 rot/min. In order to start from
a low speed, the inductor windings are supplied from a
D.C. source with an excitation voltage of U __=10.5+29.4
V, and an excitation current of I_ = 0.5+1.5 A. The gen-
erator will deliver power to a resistive circuit with a value
of R = 2Q. Figure 8.a presents the load diagram of the
generator Ugen = f(I, ) for the first experiment, with (1))
fixed and (I,) in rotary motion for speeds between 9.5
rot/min to 76 rot/min. It is noted that as the excitation
current increases between I =05+15A, the voltage

SRG

Figure 7. 'The schema of the experimental bench.
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Rl R o forv  .=3m/s,n=>57rot/min, I = 1.5A, it results
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£ /. « U, is the voltage at the terminals of the generator for
L) : —— the first experiment;
g K A o U,y is the voltage at the terminals of the generator for
" the second experiment.
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Exctation curent [A] The experimental tests have been performed using a
(a) digital oscilloscope type LeCroy Wave Surf 400 with four
L[ Vo channels. On the Channel 1 was measured the current of
ol VI — the generator on a resistive load with R =2Q), by a Hall
z P transducer LA55-P (with aratio of 50A/50 mA). The wave-
[ form has been recorded with a measurement resistance of
fo 100€), resulting a new ratio of 50A/5V. The output voltage
§oole at the terminals of the generator was measured by a volt-
A — age Hall transducer with a ratio of k = 500 (on Channel
- 2). Figure 9 presents four oscillograms with waveforms
Bsde o7 e e i w12 13 14 s for voltage and current at different speeds of the induced

(b) circuit (I,). For these tests the voltage and the current had

the values U =10.5V,I = 0.5A. Figure 9.a. presents the

Figure 8. (a) Ugen = f(Iexc) characteristics for the simple

rotary motion (b) Ugen = f(Iexc) characteristics for the
counter-rotary motion.

at the terminals of the generator is also increasing to a
maximum value corresponding to the saturation process - e e mme wme  we e

1957 mv 24mv
v v

of the magnetic circuit. The voltage is increasing also with
the speed, having a minimum value of U = 2.12V for an
initial current of = 0.5 A and for a speed of 0.5 m/s (9.5
rot/min) and reaching a maximum value of U  =57.26 V
for I =1.5 A and for a speed of 4 m/s (76 rot/min). For 4
an excitation current of 0.5 A and for the others speeds
(from 1 m/s to 4 m/s) the voltage has narrow values of
about 9.78...13.2 V.

Figure 8.b presents the load diagram of the generator
Ugen = f(I_) for the second experiment, with (I,) fixed and (b)
(I,) in counter-rotary motion for the same speeds, between
9.5 rot/min to 76 rot/min. It is noted that for I__=1.5A, the
voltages at the terminals of the generator are higher than
in the first experiment (considering the same speeds):

(a)

Measure Plms(C1y Pzmscc2) Parms(C3) Parms(ct) [ PE---
value 23y 2625 my 26mY Ay
v v v v

Measure Plms(Ct) Pzmecc2) PamaCa) Pams(ct) [ [
value Y 278 my 29my a7my
v v v

o forv . =0.5m/s,n=95rot/min, I =1.5A,itresults
U, =2091V,U_ =3031V,50U_ <U

genll’

1

o for Vg =1 m/s, n = 19 rot/min, Iexc = 1.5 A, it results ()
U = 3908V, U, =5549V,s0 U < U ;5 Figure 9. (a) Waveforms for a speed of 1 m/s. (b)
o forv . =2m/s,n=38rot/min, I =1.5A, it results Waveforms for a speed of 2 m/s. (c) Waveforms for a speed
U,y =436V, U, =606 V50U, <U_ of 4 mJs.
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waveforms for a speed of 1 m/s (19 rot/min for ). It is to
notice a small value of the current I = 0.15A for a volt-
age of U_, = 9.78V. The waveforms are not sinusoidal and
have important harmonics.

In Figure 9.b. the value of the current is increasing to
0.24A and the voltage to 13.12V. An important aspect is
the fact that the waveform of the current is in phase with
the waveform of the voltage because of the resistive load.
The speed of the induced circuit () is of 2 m/s (28 rot/
min). The last oscillogram (Figure 9.c.) has been recorded
for a speed of 4 m/s (76 rot/min). The current increases to
0.33A and the voltage decreases from 12.7V to 11.39V. As
above, both the output current and the output voltage of
the generator are in phase.

5. Conclusions

A new type of Switched Reluctance Generator (SRG) for
the low speed wind turbines with vertical or horizontal
axle is presented. The solution generator-wind turbine is
a direct-drive one and has two mobile parts which can be
droved by two wind turbines in counter-rotary motion by
the appropriate orientation of the blades. A test bench was
achieved, with the two mobile parts driven by two electric
motors with variable speed. Experimental data has been
obtained and analyzed for two situations: first, when the
mobile part (I) is stationary-fixed and the mobile part
(L) is free to rotate and second, when both elements (I )
and (I,) are free to rotate in counter-rotary motion. Using
the counter-rotary motion it results an important increas-
ing of the output voltage of the generator for the same
speed. Thus, the proposed direct-drive generator is more
efficient that the classical structure with gears and the
simple rotary motion.

Nomenclature

P - The specific power of the air flux;

P ... - The power of the wind turbine;

Pur - The air density;

A - Swept area of the blades;

V.. - Ihespeed of the wind;

C, - Power coefficient; the fraction of the wind power

that is captured by wind turbine blades;
Ky - Turbine solidity;
A - Tip speed ratio;
N - Number of the blades;
R - The radius of the rotor;

w - The angular speed of the turbine;
7, - The maximum normal force on the blade;
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r* - 'The maximum relative normal force on the blade
for a rotation;
6 - The air gap of the generator;

I, -The length of a simple magnetic circuit for flux
closing;

T, - The tooth pitch;

T, - The pole pitch;

[, - The width of a tooth;

[, - The width of a notch;

S .. - The space of complete variation of the induced
flux;

U - The terminal voltage;

I - The phase current;

R - The phase resistance;

@ - The flux linkage;

Pgen - The power of the generator;

U, - Voltage supply on the inductive windings;

I,.. - The current in the inductive windings;

U,,, - The output voltage of the generator;

Lgen - The current on the terminals of the generator;
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