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1. Introduction

Climate change is a contemporary issue. World are concerned about protecting the
environment. Energy savings are a main strategy to get good results in the efforts to
preserve the planet. Therefore, is required to develop and use new technologies. Wind
power is a recent renewable primary energy source that must be considered in the future
global energy. Wind power is one of the renewable energy power sources what help in
reducing the carbon dioxide from the atmosphere. Various schemes for generating
electricity from the wind have been proposed (Rim & Krishan, 1994). Wind power requires
some special electric generator to work under continuously variable speed. In this context,
the Switched Reluctance Generator (SRG) is investigated for to maximize wind power
efficiency. This machine is robust, easy to construct and to maintain. In many aspects this
kind of machine, now available, works better than others like the asynchronous machine.
The absence of permanent magnets in the stator and windings in the rotor; low
manufacturing costs; low maintenance; robustness; reliability; high efficiency; increased
power density are some advantages of SRG side by side with a large range of operational
speed. Despite they are somewhat noisy and its control is essentially non-linear the SRG was
largely benefited with the recent advances on power electronics and micro processing.
Torque, current and voltage ripples are inherent to the SRG, but the modern power
electronic minimized these disadvantages. The principle of operation of this machine is
known since the beginning of the electrical machines development. Soon the driving of
these machines proved to be somewhat complex (Gail & Hansen, 2006). The advances on
power electronics and micro processing in the last decade renewed the expectancies. In fact,
modern power electronic converters associated with micro processed control hardware have
brought competitiveness to SRG driven systems, allowing their efficient and reliable use.
The SRG has shown great developing potential and study value in the area of wind power
generation (Torrey, 2002). The SRG is a synchronous generator with a doubly salient
construction, with salient poles on both the stator and the rotor. Excitation of the magnetic
field is provided by the stator current in the same way as it is provided for the induction
generator. The SRG is considered inferior to the Permanent Magnet Synchronous Generator

www.intechopen.com



448 Renewable Energy

(PMSG) because of its lower power density (Darie & et al., 2007). The SRG requires a full-
scale power converter in order to operate as a grid-connected generator. Moreover, the SRG
has a lower efficiency than a PMSG and a lower power factor than asynchronous generators
(Hansen, 2001). Through these advantages have already been confirming, some aspects of
these machines must be mentioning here: there is a strong magnetic discontinuity providing
current, voltage and torque ripples that should be properly controlling. The power
electronics requirements to control a SRG are sometimes quoting as disadvantages of this
kind of machine. Furthermore, they are a little noisy. Due to its advantages, SRG are
considering as a special generator for wind power (Pan Zai-Ping et al. 2003).

The switched reluctance machine SRM is an unsuccessful old idea now renewed by recent
power electronics and microprocessors developments. It is a doubly salient pole and works
as a motor or as a generator depending on the firing angles (Tadashi, 2001).

2. Linear mathematical model of SRG

Figure 1 shows the variation of inductance with rotor position for one phase winding,
idealized in that magnetic saturation and the rounding effect of the fringing fields are
neglected (Miller et al., 1990). According to the above suppositions, the mathematical model
of SRG is ideal and linear (Gail & Hansen, 2006).

G 1 0 82 9 3 9.1 8;‘. ()

Fig. 1. The relationship between inductance and the position of the rotor in ideal and linear
mathematical model.

The iron cores of the stator and the rotor in SRG are all protruding poles. The distribution of
magnetic field is different when the relative position between rotor pole and the electrified
phase on the stator is different. So the winding inductance L will change along with the
change of the relative position between rotor pole and stator pole. When the rotor is turning,
the inductance of windings will change from the maximum Lpax to the minimum Lmin
periodically (Pan Zai-Ping et al. 2003). The inductance reaches maximum when the axes of
rotor and stator pole are in the same position and reaches minimum when the axis of the
rotor pole and the center of the stator pole are in the same position. The relationship
between inductance L(0) and the position of the rotor 6 can be shown through the following
function (Chen et al., 2001):
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Lmax_K(el_e) HMS9<92

Lo 0,<6<0,
L@®)=3L,, -K@-0,) 0,<60<0, 1)
L. 6,<60<80

L. -kK@-0,) 0,<6<0,

Among the functions, @ is the turn-onangle K = (LmaX - L. )/(93 -6, )

Supposed,, < 0,,0, <6, <0,.0,< (20, -0, )<0,-

The change of phase current can be divided into six phases: (1) Starting phase:
0, <0<80,; (2) Rising linearly phase: 6’1 <@ < (92 ;(3) Rising continuously phase:
0,<0<0,; (4) Generating phase: 0, <6<0,; (5) Falling linearly phase:
6, < 0 < 0, ; Falling continuously phase: §, < 6 < 6, .

The six phases of the phase current’s change can be shown by uniform function below (Pan
Zai-Ping et al. 2003):

u
@-9,) 0,<6<80,
. L6 . 7 o
i0)=1 @
wL(g)(z‘goff =0, - ‘9) O <0 < (2‘9(# - e(m)
The analytic function of the flux (y (@) = L(8)i(€) ) can be obtained as:
(0) %(9 - gan ) gon < 9 < HQ/_‘Z' .
v (0) = ©)
u
o 20, -0, -0 ) Oy <0< (Zeo[f' -0, )

Fig. 2. Flux plots when one of eight coils is unexcited.

Figure 2 shows the flux distribution when one of eight coils is unexcited. Under this
condition, unbalanced lateral forces will produce, and this may lead to mechanical failure.
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3. Analysis of energy

Neglecting the resistance loss, medium loss and mechanical loss, the following equation can
be obtained:

tui = Li9 2 AL, (4)
dt do

For generating state, the input electrical energy and the output mechanical energy are all
negative, which means mechanical energy is converted into electrical energy. Based on the
linear mathematical models of phase current and flux established above, the change of
magnetic field energy state can be drown as shown in Figure 3.

The turn-on angle in Figure 3, § = @, and the process of the magnetic field energy’s

variation in one period can been seen very clearly in the figure. The change of magnetic field
energy in one period is zero and magnetic field just act as medium in the whole energy
changing process. Thereby, the variation of mechanical energy and electrical energy in one
period can be known through reviewing the variation of the magnetic field energy (Pan Zai-
Ping et al. 2003).

D

Al
wd

0,

G -
(20,,—0..)
Fig. 3. The change of magnetic field energy state.

As shown in Figure 3, electrical source electrifies from 8o, to 0o in one period. From 0 to 05,
the whole input electrical energy from the source is converted into magnetic field energy W1
and stored in the magnetic field because dL/df8=0 and its magnitude is equal to the area of
OAB. From 0, to 0. the input electrical energy from the source V21 (the area of ABCD) and
the mechanical energy W2, (the area of BCE) are converted into magnetic field energy,
because dL/d60<0. The phase current is attenuates to zero at: 2 Oog- Oon (Pan Zai-Ping et al.
2003).

In this process, from 0o to 03, dL/d0<0, the mechanical energy is converted into magnetic
field energy constantly. From 05 to 20,¢-0on dL/d0=0, there is no input of mechanical energy
and all the magnetic field energy is converted into electrical energy for output, which is
shown as WV, (the area of OBEFO) in Figure 3. The whole magnetic field energy converted
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from mechanical energy in one period is: W>+WW2, which is the effective electromagnetic
energy (the area of OBCEFO). Enhancing the generating ability of the generator should start
with enhancing the effective electromagnetic energy (Pan Zai-Ping et al. 2003).

The way for enhancing the effective electromagnetic energy, should be considered in two
parts below: (1) With increasing the maximum inductance or decreasing the minimum
inductance, the area of W>+Wp, will be increased; (2) The main way to improve the
generation ability is to adjust the turn-on and turn-off angle (Pan Zai-Ping et al. 2003).

4. Mode of operation by SRG

According to the existing research, most of the small wind turbine generators use a
permanent magnet machine which has a cogging torque (T.) due to the existence of a
permanent magnet. Cogging torque is the force that created between permanent magnet
(PM) and a metal due to the PM characteristics (Lobato & Pires, 2003).

4.1 SRG Characteristics

In electrical drives with variable reluctance (Figure 4), the torque is function of the regular
position of the rotor due the double salient poles. The operation of the machine as a
generator is obtained by energizing the windings of the stator when the salient poles of the
rotor are away from their aligned position due to the rotating motion of the prime mover.

q) Encoder

DC
— —K L F

Fower converter

SRG
Fig. 4. The Switched reluctance generator in the wind turbine.

The SRG is characterized by the mode of controlling its phase current. For this problem the
power electronic converter is used, which functions in a way that the phase currents of the
machine are imposed for certain positions of the rotor. In this work is used the standard
topology of the converter usually applied in SRM drives, given that it provides a greater
flexibility regarding its control and better fault tolerance. The control system of this
converter must regulate the magnitude and even the wave shapes of the phase currents to
tulfill the requirements of torque and output power available and to ensure safe operation of
the generator. This implies that the electronic switches associated with the controller are
fully controlled devices. The topology (Figure 5) used power transistors (IGBT or MOSFET)
that work as electronic switches. The capacitor shown in this topology prevents fluctuations
in the voltage Vs. If losses are neglected the output energy over each stroke exceeds the
excitation by the mechanical energy supplied (Hansen, 2001). On considers that there is no
magnetic saturation and each phase is magnetically independent from others.
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Fig. 5. The Switched reluctance generator in the wind turbine.

The SRM is characterized by the mode of controlling its phase current. For this problem the
power electronic converter is used, which functions in a way that the phase currents of the
machine are imposed for certain positions of the rotor. In this work is used the standard
topology of the converter usually applied in SRM drives, given that it provides a greater
flexibility regarding its control and better fault tolerance.

If losses are neglected the output energy over each stroke exceeds the excitation by the
mechanical energy supplied (Hansen, 2001). On considers that there is no magnetic
saturation and each phase is magnetically independent from others.

In these terms, the expression of the instantaneous power, p, available in the SRG is
expressed as follow:

p(@,il,iz,---,in):i{zn L(e)lf}(), (5)

204 do

where: 1 - the number of phases; j - the phase number; 0 - rotor position; @ - rotor speed; i; -
the current phase, Lj(0) - the inductance of phase j as the function of 6.

The average of power available P, resulting from the operation of the machine as a
generator, is (with excluding the losses) equal to the mechanical power. The values can be
obtained from the expression of the average value of the torque T, using (6) and (7):

P=T w: (6)

2x /N,
[ 1 dL,
r =N | [ l—fﬁ}m/ )

~2de

where: N, is the number or rotor poles.

The above equations enable us to infer that the obtained power is approximately constant
and it reaches a maximum when the dwell angle is located, in the descending section of the
phase inductance profile, which corresponds to the highest average torque (Akhmatov et al.,
2001), (Henao & Bassily, 1997).

For this type of machines the torque ripple appears mainly in the commutation zones
related with the sequential process of establishing and removing the phase currents.
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The imposition of phase current waveform using the current control with an adjusted
hysteresis band and a sufficient input voltage, allow the torque ripple reduction.

In this way the ripple can be minimized, thus controlling the phase’s currents commutation
precisely phased relative to the rotor position. For that effect, the current control is done is
done using the trapezoidal phase reference torque model (Grauers, 1997), two adjacent
phases can be supplied at the same time to ensure the continuity in the generated torque.
The SRM is capable of operating continuously as a generator by keeping the dwell angle so
that the bulk of the winding conduction period comes after the aligned position,
dL
do

torque 7" and is calculated by the following equation (Darie & et al., 2009, 2008):

when < 0 - The waveforms of the phases reference current i; , results from the desired

and are themselves the reference signals to be treated using the feedback pulse with
modulation (PWM) with adjusted hysteresis band.

4.2 SRG - The Current Control
The block diagram from the Figure 6, indicates the current control with the torque reference
applied to the 8/6 SRG.

P
(with adjusted Yi Yi Y
hyrsteresis bhatd)

Fy A X [y

ik Y " ®

1 12 i5 iy

Phase cutrent referenices i’_']-‘ computations

I
&
T 8 Encoder

Fig. 6. The current control with the torque reference applied to 8/6 SRG.

*

The waveforms of the reference currents,j/,i,,i; and ;’, on calculated using the

trapezoidal model torque associated to each phase, Tl* , Tz* , T; and T: .
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4.3 SRG - Simulations

On used for simulations an 8/6 SRG, with P,=2.4 kW, 4 phase. In these simulation examples
of the SRG operation, the converter voltage used was V=800 V, which allow reduced torque
ripple and the rotor speed is 1000 rpm.

Figure 7 shows the phase current resulting from the trapezoidal phase torque.

35

30

Phase current (A)

0 1 1 1 1 1
0 10 20 30 40 50 60

Rotor position (degrees)

Fig. 7. Phase Current.

In Figure 8, is indicated the total instantaneous torque for 8/6 SRG.
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Fig. 8. Total Torque.

In order to achieve higher performance in SRG operation and higher efficiency in the
conversion on includes optimal dwell angle control to further reduce the torque ripple.
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5. Energy Conversion

In a SRG mechanical power achieved from a prime mover through a shaft is converted into
electrical power. When a pole of the rotor is aligned with the excited pole of the stator, there
is a state of stable equilibrium. Thus, in the SRG there is a natural tendency to align the rotor
and the stator active poles in order to maximize the inductance of the phase. When an
external mechanical agent forces the rotor to leave the stable equilibrium position, the
electromagnetic torque produced results in a back electromotive force that increases the
applied voltage. In this way the machine generates electrical power.

The electrical equation for a phase of the SRG is:

U:Ri+Lﬂ+E~ )
dt

Where the back electromotive force EMF is given by equation (10):

oL
F=io ’
1 00 (10)
where:
do
o = ——-_.
dt

The stator is fed in DC. As @ and i are both positive, the sign of E is the same as that of
OL/00. From the equation (2), it can be seen that when (0L/00)>0. In this case, electrical
power is converted to mechanical power and the machine works as a motor. But when
(OL/00) <0 the back electromotive force is negative and it increases the current converting
mechanical power into electrical power.

In (9) and (10), U - applied voltage; i - phase current; R - phase resistance, L - phase
inductance; E - back electromotive force; @ - rotor angular speed; 0 - rotor angular position;
t - time.

The dynamic mechanical equation for the SRG is given by (11). It is to be noted that the
electromagnetic torque C.uq comes as a negative quantity, acting against the rotor
mechanical speed.

C, +C —J%?—Dw=m (11)

m emag
t

where: C,, - applied mechanical torque, | - moment of inertia; D - coefficient of friction.
The co-energy of a phase of this machine is given by follow:

we = [Adi- (12)
0
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The corresponding electromagnetic torque for a phase SRG is given by:

g = ey W OV (13)
. 06 %) o0
The mathematical model of 6x4 SRG is shown below:
—Ua_ Ru 0 0 0 _ia_
U, 0 R, 0 0 i,
U, |= 0 0 R, 0 0. i, |+
o o A R
i, i i,
LOJ Lo o o -1 o]lf]
L, 0 0 0 i OLy |t .1 (14)
00 i,
oL .
) 0O L, O 0 i 89b lf
0o 0 L i 9L ||
06 @
0 0 0o J 0 9
1 0 0 0 0 I
where:
AL LS AL (15)
00 o0 00

The matrix of states in equation (14) completely describes the dynamic behavior of the SRG.

6. Conversion methods of Wind energy

The wind is an intermittent and variable energy source both in magnitude and in direction.
There are several components in wind speed (Wuing). The capture of the wind energy, in an
efficient way, requires the existence of a constant wind flow sufficiently strong (Henao &
Bassily, 1997).

Currently wind turbines are designed to achieve a maximum power at wind speeds above
10 m/s. However, they can be adjusted to the local wind profile.

The maximum theoretical efficiency for the wind to energy conversion is 59.3% (Betz's
Limit). The effective efficiency conversion is given by the Power Coefficient (C,), which is
expressed by the following, where P, is the mechanical power of the turbine and P, is the
available wind power.
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The power Py, is related with the wind speed V,, calculated by (17),

1
Po=SpAV) (17)

where p is the air density (p = 1.225 kg/m3) and A is the cross-sectional area of the turbine
rotor.
When considering the generator efficiency (1), the output power is given by (18).

1
P =3P AV (C,): (18)

The power coefficient C, is the fraction of the wind kinetic power that is captured by the
wind turbine blades (Lobato & Pires, 2003). It is efficiency of the rotor. This coefficient
changes from turbine to turbine and its value is given by (19).

The power coefficient C, varies with the Speed Ratio (1), given in (20).

c,=022pv:(mcC,) (19)
raw
i=12,
7 (20)

where: r is the rotor radius, o is the rotor speed.

The low rotor speeds of the turbine bring about small turbulences in the air flow. With high
speeds the turbine behaves as a wall for the wind. Therefore the priority is to adapt the
wind speed to the rotor speed with the purpose of obtaining a greater conversion
efficiency, which results in a maximum C, (Gail &Hansen (2006).

The power coefficient C, versus speed ratio, for a generic turbine is shows in Figure 9.
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Power coefficient [Cp]

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1

Speed ratio [ 4]

Fig. 9. Power coefficient versus speed ratio for a generic wind turbine.

It can be seen that this coefficient is maxim at around 0.59, then the maximum transfer of
energy takes place with almost 60% of the initial value. For turbines of three blades and low
speed, the efficiency of the rotor is between 0.2 and 0.4.

It is consensual appreciation that the wind speed in a certain site follows the Weibull
probability distribution function like this:

p(v,) = (f)[hjk_le(%j , @1)

where p(v;) is the fraction of time where wind speed v; and v;+Av;, divided by Av;, c is a scale
parameter and k is a shape parameter.

Generally p(v;) is expressed in hours per year per m/s. On most places c varies from 5 to 10
m/s and k varies between 1.5 and 2.5.

Figure 9 shows the curves of Weibull probability distribution for the shape factor k=2 where
the scale parameter varies between 5m/s and 13 m/s.

Figure 10 shows that the wind speed is low most of the time. The rotor speed has the same
behavior of the wind speed.
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Time [%]

Wind speed [mis]

Fig. 10. Wind speed permanency curves.

A generation has to follow this profile should start with low wind speeds and increase of
wind speed.

7. Wind system simulation

On presents two modes of mechanical coupling of the turbine to the generator: the direct
coupling to the turbine shaft, direct - drive wind turbine (Figure 11) and the SRG
coupling to the turbine shaft through a gearbox (Figure 13), (Gail & Hansen, 2006).

7.1 Turbine generator direct coupling
The rotor speed w of approximately 100 rad/s is too high and not compatible for this type of
wind turbines, in normal wind conditions.

e . -
— wind —
T
= sra | L
T wind —— 7 N -
i)

T i ——)
Fig. 11. Direct drive wind turbine with SRG.
Figure 12 shows the electric power generated by the machine coupled with this turbine,

where its average power value corresponds to the power of the system excluding losses in
the generator.
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0 10 20 30 40 50 60
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Fig. 12. The 4-phase SRG instantaneous power versus rotor position.

Associated with the required high rotor speed for the good performance of the SRG, the fact
that the rotor diameter is small brings about the problem that the wind speed is not

sufficient to overcome the combined turbine-generator inertia, namely at the starting stage
(Lobato & Pires, 2004).

7.2 Indirect coupling with gearbox
Figure 13 indicates the SRG coupling to the turbine shaft through a gearbox.

— e I
wmd — ARy
W

Fig. 13. SRG coupling to the turbine with gearbox.

Assuming that the losses in the gearbox are negligible, and given that the input and output
power (01T1= @T>), the transmission ratio rt, varies in the inverse of the torque’s ratios:

M Y ”
4 602 T1 ( )

Figure 14 shows the behavior of the electric power generated by the machine, when coupled
with a turbine having a rotor diameter of 5m for a constant wind speed of 8m/s.
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With the gearbox the rotor speed of the turbine was reduced to less than half of the value
obtained in the first case and the power available in the turbine is close to the rated power in
the generator (Lobato & Pires, 2004).

3000

2500

2000
—
5
ju—
o 1500

1000

S00F
0 M 1 1 1 1
0 10 20 30 40 50 &

Rotor position [degrees]

Fig. 14. The 8/6 SRG instantaneous power versus rotor position.

8. Conclusion

Considering this SRG is a low power machine and therefore produces low torques, it was
expectable that too high rotor speeds would develop, which are hardly compatible with the
wind speeds typical of this type of energy conversions and with the wind turbines available
for these applications (Grauers, 1997).
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