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Sensorless Control for a Switched Reluctance Wind
Generator, Based on Current Slopes
and Neural Networks
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Abstract—In this paper, the analysis, design, and implemen-
tation of a novel rotor position estimator for the control of
variable-speed switched reluctance generators (SRGs) are pre-
sented. The rotor position is obtained using the unsaturated in-
stantaneous inductance. This unsaturated inductance is estimated
calculating the slope of the phase current and using a reduced-
size neural network (NN) whose inputs are the average current
and the saturated inductance. The proposed estimator requires
less processing time than traditional methods and can be fully im-
plemented using a low-cost DSP with very few additional analog/
digital components. The rotor position estimator presented in this
paper can be applied to a wind energy conversion system where
the SRG is used as a variable-speed generator. This application is
currently being studied because the SRG has well-known advan-
tages such as robustness, low manufacturing cost, and good size-
to-power ratio. Simulation and experimental results are presented
using a 2.5-kW 8/6-SRG prototype.

Index Terms—Neural networks (NNs), position control, wind
power generation.

1. INTRODUCTION

OW manufacturing cost, fault tolerance, high robust-
ness, and high efficiency are well-known advantages of
switched reluctance generators (SRGs). This machine has re-
markable characteristics that enable it to be used as a variable-
speed generator, specifically in a wind energy conversion
system (WECS). Additionally, the SRG can generate electrical
power in a wide speed range without requiring a gearbox [1].
Moreover, the SRG has a very good efficiency in the whole
operating range.
The use of SRGs in wind energy applications has been
studied for more than 20 years. However, control methods for
WECS applications have been developed only recently. In [2],
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a control system is presented for the operation of an SRG driven
by a variable-speed wind turbine. The system interfaces with
the ac grid using a pulsewidth-modulation (PWM) inverter. In
[3], a variable-speed wind turbine is proposed using a small-
power (800 W) SRG that is controlled using a maximum power
point tracking algorithm. The generated power is dissipated in a
resistive load. In [4], it is proposed to use an SRG operating as a
support system in a WECS when the wind speed is low. In [5],
an optimized design of the SRG for maximum output power
is presented. In [6], a generating system based on a simple
controller is proposed. The optimal firing angles are determined
online. The SRG can operate feeding a three-phase ac stand-
alone system [7], [8] or driving a flywheel for an energy storage
and power smoothing system [9].

In the applications reported in [1]-[9], the SRG requires a
position sensor for the commutation of the stator phases in
synchronism with the rotor position. Position sensing not only
means higher cost and additional complexity but also increases
the vulnerability of electronic systems. In some applications,
environmental conditions do not allow the use of encoders.

To avoid the use of a position encoder, it is necessary to
use control algorithms that are able to estimate the position
of the rotor. Recently, position sensorless control strategies for
switched reluctance machines (SRMs) based on mathematical
models of the system have been developed [10]. These sensor-
less methods do not require extra hardware (oscillators, sensing
circuits, etc.), but they are not simple to implement, and they
usually require fast and expensive processors to achieve the
required processing speed.

The general principle for sensorless control methods relies
on the magnetic characteristics of the SRM that vary with the
rotor position. The measured variables are typically the phase
voltages and the phase currents. The estimated variable is the
inductance or the flux linkage. From them, the rotor position
can be determined.

Neural networks (NN) and other modern control techniques
have been used to construct a map between current, flux link-
age, and rotor position, since they have an inherent capacity
to model system nonlinearities, as is the case of the SRM [11].
These methods have demonstrated a satisfactory operation [12],
[13], but they normally require a high processing capability.
Howeyver, in [14], a remarkable reduction of the total number
of neurons is obtained by inserting a preprocessor between flux
linkage and current. The proposed control was implemented in
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a two-phase SRM and produces an appropriate performance,
without requiring analog integrators for the experimental
implementation.

Sensorless methods based on the estimation of the flux
linkage have well-known problems at low rotational speeds,
because these methods are strongly affected by the variation
of the phase resistance. Usually, analog integrators are used, as
in [12], but they are not fully reliable because the integrator
behavior changes with time. There are no publications that
report the use of the instantaneous inductance as the input
of an NN. The advantage of a sensorless method based on
the instantaneous inductance derives from the fact that the
estimation of this parameter is not affected by variations on the
phase resistance [15].

The method proposed in [16] can operate at any rotational
speed, but at low speeds, it requires the injection of exploratory
signals in an inactive phase. In [17], another sensorless method
is proposed that also reduces the acoustic noise produced by
the SRM. Nevertheless, this method is suitable only at single-
pulse mode. In [18], a position estimator is presented using a
sliding-mode observer, but the computational requirements are
very high, and the proposed state observer does not have a good
performance in a strongly nonlinear system as an SRG.

Finally, sensorless control of SRGs has been reported for
high-speed operation in [19] and [20], but again, it is assumed
that the machine is controlled using single-pulse mode. There
are no publications related to sensorless control of SRGs,
operating in a wide speed range, from low to high mechanical
speeds, under a scheme of chopping control of the phase
currents. In this paper, the method proposed in [15] for the
control of an SRM has been revised, modified, and applied to
an SRG. The method is based on the fact that the current slope
is a function of the dc input voltage and the machine phase
inductance. The contribution of the sensorless method proposed
in this paper consists in calculating the current slopes by the
least mean squares (LMS) method [21] and the use of an NN to
approximate the function that relates saturated inductance and
current to a phase unsaturated inductance. The commutation in-
stants are determined online from the instantaneous inductance,
not by the rotor position, as traditionally reported.

Experimental results are presented in this paper. An experi-
mental system based on a four-phase 2.5-kW 8/6 SRG is used
to validate the proposed sensorless method.

II. ANALYSIS OF SRG OPERATION

The voltage for each phase of the SRG is given by

dA di dL
vph =Ri+—=Ri+L— +wpi— 1
ph dt AT )
where ) is the flux linkage, i is the phase current, R is the phase
resistance, L is the inductance, w,, is the rotor angular velocity,
and 6 is the rotor position. If magnetic saturation is ignored, the
instantaneous electromagnetic torque is given by
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Fig. 3. Typical waveforms of a soft-chopping current-controlled SRG.

Generation torque is produced when the phase winding is
energized during the negative slope of the phase inductance
variation, i.e., after the aligned position. Fig. 1 shows the
relation between inductance and rotor position for different
phase currents. The inductance gives useful information about
the rotor position except when high currents are applied.

A. Current Regulation in an SRG

Fig. 2 shows one phase of a classical asymmetric configura-
tion for SRM. Considering the SRG near or in the alignment
position, and assuming a particular speed, when both switches
of Fig. 2 are turned on in 6,,, (see Fig. 3), the voltage applied in
the winding is 4+ V.. After 6,,, the current increases until both
switches are turned off in 6,¢. The current normally reaches a
reference level imposed by the control. When both switches are
off, the voltage applied in the phase is —Vj., and the winding
supplies energy back to the voltage source. In order to maintain
a constant current during the negative-slope region, at least one
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Fig. 4. Diagram of the proposed NN.

of the switches is turned on and off, depending on the current
controller output. If only one of them is turn off while the other
is chopped, then the SRG is operated in soft chopping, as shown
in Fig. 3. On the other hand, if both switches are simultaneously
turned on and off, then the SRG is operated in hard chopping.
For generation, the phase voltage is switched on/off, to regulate
the current, until the phase inductance reaches the minimum
value, L,, (unaligned position). At this point, the phase current
is forced to zero (6 = O, ) to avoid the production of motoring
torque in the machine.

III. PROPOSED INDUCTANCE ESTIMATOR

If the average phase current is assumed to be constant
between consecutive commutations and the frequency of the
PWM signal is high compared with the rotational frequency of
the machine, then the inductance could be estimated by [15]

21
ﬁ =1(3,0), for hard switching 3)
dtT dtl

Yoo ;9 for soft switchi 4
A T (i,0), or soft switching (€))]
dto ~ dt,

where di/dt; and di/dt| are the positive and negative slopes
of a given phase current, respectively. Therefore, using a nu-
merical differentiation of the phase current and assuming that
the voltage applied is known, it is possible to have an online
determination of the machine inductance. The instantaneous
current slopes are calculated using the LMS method [21] in
a simplified and recursive version that reduces the processing
time and, in addition, is less susceptible to noise. In each state
of the PWM signal, the current is sampled at a fixed rate. When
the commutation occurs, the DSP calculates the current slope
needed to determine the instantaneous inductance. Because the
phase current is sampled at a fixed rate, the current slope is
given by

TN )
where
N-1
ZN = ZN-1+ Z ij — (N —1)in (6)
i=1

where N is the number of samples in a state of commuta-
tion, %; is the ¢th sampled current, and 7, is the last current
sample. Moreover, zy = 0, and the term [N (N2 — 1)] ! can be
obtained from a lookup table (no more than 16 terms), avoiding
a mathematical division that requires several instructions in a
fixed-point DSP. A total of four additions and one multiplica-
tion is required in each current sample. With this method, it is
possible to estimate the inductance at any rotational speed. In
this paper, the method has been experimentally demonstrated
for a speed range between 0 and 1500 rpm.

Another contribution of the developed method consists in the
use of an NN to approximate the function that relates saturated
inductance and current to an unsaturated inductance. This is
necessary because the machine inductance gives ambiguous in-
formation when the machine is saturated and the phase current
is high, as shown in Fig. 1.

A classic configuration of a multilayer NN is used in this
paper to approximate a nonlinear function. The NN contains
only two layers and three neurons (see Fig. 4). The sigmoidal
and hyperbolic tangent (tanh) functions are commonly used
in power electronic systems [22], and they are considered in
this paper. The inputs to the proposed NN are the reference
current and the estimated inductance (7, 6). There is only one
output, and it is the unsaturated inductance L(#). The output is
dependent on the rotor position only. Offline training of the NN
is achieved by using the backpropagation algorithm of one of
the MATLAB toolboxes. The data used in the training stage
are experimentally obtained from the prototype discussed in
Section VI. In the experimental setup, the unsaturated induc-
tance and rotor angle were obtained using an inductance meter
and a rotor position encoder of 2500 pulses per revolution.

The optimization procedure proposed in [6] for current-
controlled SRGs is applied in this paper. The method discussed
in [6] can be explained using Fig. 5. In order to optimize the use
of the generating torque area, corresponding to the negative-
slope region of the unsaturated inductance, the machine phase
switch has to be turned on when the rotor position angle is
on_i+1 and the instantaneous inductance is L8, ;1) (see
Fig. 5). On the other hand, to avoid motoring torque, the
phase switch is turned off when the instantaneous inductance is
LO(og_- In this case, the phase current 74 reaches zero when
the rotor pole is fully unaligned with the stator pole.

The novelty of the work is to determine when to turn on
and off a particular phase switch, using the instantaneous

Authorized licensed use limited to: Pontificia University Catolica de Chile. Downloaded on March 10, 2009 at 16:48 from IEEE Xplore. Restrictions apply.



820 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 56, NO. 3, MARCH 2009

Fig. 5. 8/6-SRG typical waveforms considering the overlapping of two neigh-
boring phases.
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Fig. 6. Flowchart of the inductance estimator.

inductance, not the overlapping angles. Therefore, the proposed
estimation algorithm uses a different approach compared to
traditional methods. It does not determine directly the absolute
rotor position, but instead the value of the unsaturated induc-
tance, which provides the same information as the rotor angle
but requires less processing time.

In Fig. 6, a flowchart of the inductance estimation procedure
proposed in this paper is presented. The algorithm shown in
Fig. 6 is slightly changed during the starting-up stage of the

sensorless algorithm and when the SRG is generating. However,
the inductance estimation procedure is identical in all the cases.

For starting up, a small current is applied in one phase
of the SRG for about three electric cycles to determine the
speed and the instant where the generation begins. During
generation, additional control actions are required to determine,
for example, which of the four phases has to be energized, when
the next phase has to excited, the turn-off instant of the actual
phase, etc.

For the experimental system used in this paper, the SRG
operates initially excited by an external dc source V.« and fed
by a power inverter of six switches and diodes (see Fig. 7). Once
it has entered the generation regime, the voltage generated in
the load will be higher than V¢, and then, the external source
is no longer required.

IV. PROPOSED CONTROL SYSTEM

The demanded reference current i, in Fig. 8 is obtained
from a PI controller which regulates the load voltage. The
error between 7..¢ and the actual phase current is processed by
another PI controller which generates a signal, corresponding
to a duty cycle D, used for the pulse generator. The turn-on
and turn-off signals of the insulated-gate bipolar transistors
(IGBTs) are obtained from a pulse generator that uses as
inputs the duty cycle signal from the current control loop, the
instantaneous linear inductance of the machine, and the L,
and L.g inductances. There are other control strategies that
are more suitable for the control of variable-speed WECSs that
control the generated power rather than the voltage, as reported
in [2], but they are considered outside the scope of this paper.
However, the estimation algorithm proposed in this paper can
be implemented in any kind of inverter topology and control
scheme.

In variable-speed wind generation, the optimal power that
can be extracted from the wind is given by

Popt = koptwy, 7

where P,y is the optimal power and kop is a constant that
depends on the blade aerodynamic, gearbox ratio, and wind
turbine parameters [2]. From (7) and balancing the load with
the generation, it is possible to determine the dc-link voltage
demand for a given SRG speed. This voltage is obtained by

Vi = f(wm) =/ Rebopwl. ®)

The load voltage is regulated in order to maintain a suf-
ficiently high voltage value to ensure operation in current
regulation mode. Therefore, the SRG never operates in single-
pulse mode achieving the operation of the proposed sensorless
algorithm in a wide range of mechanical speeds.

SRM torque ripple reduction is simpler to achieve when
the machine is operating in chopping control of the phase
current instead of single-pulse mode [23], [24]. Moreover,
torque smoothness is essential in many direct-drive applica-
tions, which require high torque at low speeds. Current regu-
lation is normally used in a WECS [25].
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V. SIMULATION RESULTS

Because most of the modern SRGs operate considering sub-
stantial saturation of the machine iron, the nonlinear character-
istic effect of saturation is considered for proper simulation of
the machine.

In Fig. 9, simulation results of the inductance estimator are
presented for different phase currents. The waveform curve
covers both regions, motoring and generating, because a con-
stant current has been applied to the machine phase.

For the application discussed in this paper, the estimator
operates only in the negative-slope region. It is clearly observed
that the estimated inductance waveform is very close to that
of the saturated inductance. The ripple in both waveforms is
due to the 5-kHz PWM frequency. In the aligned position, the
estimated inductance reduces its peak value as the phase current
increases, because of iron saturation. Therefore, the NN is used
to obtain the unsaturated instantaneous inductance, using as
inputs i, and the estimated inductance.

In Fig. 10, waveforms of reference inductance (L(6),ef) and
the NN output (L(f)nn) are presented. Additionally, the ab-
solute error between both waveforms that represents the error in

50.00m Inductance [H]

®, =950[rpm]

40.00m S pirase = A]

30.00m
20.00m
10.00m —V°
50.00m 7 ~ 950[pm]
40.00m Ly =10[A]
30.00m | T
20.00m o 4//-‘_\?“\
\/eg\\ﬁ‘ e
10.00m ,
10.00 12.00 14.00 16.00 18.00 20.00
Time [ms]

Fig. 9. Waveforms of estimated, unsaturated, and incremental inductances for
1and 10 A.

inductance estimation is shown. The NN adjusts satisfactorily
to the reference inductance, in any rotor position. A greater
error in the region of alignment is observed, but in a generation
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Fig. 10. Simulated waveforms of estimated-inductance and absolute-

inductance error using an NN.

scheme and according to the control proposed in this paper, it
is more important to estimate the inductance, with low error, in
the region of pole misalignment. A maximum error of 4.9 mH
is observed at a speed of 1260 rpm and a current of 10 A. This
means, in terms of rotor position, an error of £2.7° (mechanical
degrees). This is because, in the negative-slope region

e

degrees

The performance of the inductance estimator is not affected
by speed disturbances because the instantaneous inductance
does not depend on speed. This is further corroborated by the
experimental results.

VI. EXPERIMENTAL RESULTS

The proposed sensorless algorithm (i.e., the inductance
estimator and the NN), including the control topology of
Fig. 8, is implemented using a low-cost 16-b fixed-point DSP
(DSPIC30F family from Microchip). The only analog com-
ponent used to implement the antialiasing is a low-pass filter.
Hall-effect current sensors are used to measure the machine
phase currents. A voltage transducer is used to measure the
load voltage. In order to simplify the current control loop,
a hysteresis current controller is implemented. However, the
proposed method can also be used in PWM current controlled
systems. The rotor position estimator proposed in this paper has
been tested using an experimental prototype with an 8/6 SRG of
2.5kW, La ~ 50 mH, and Lu = 12 mH, fed by a power inverter
with six IGBT power devices and diodes, as shown in Fig. 7.

The performance of the inductance estimator with the ma-
chine operating at ~880 rpm is shown in Fig. 11. For this
graphic, the waveforms presented are obtained for several cur-
rent demands applied to the same SRG phase. This test has been
realized for both motoring and generating operations using a
constant current demand for each waveform.

In Fig. 11, the dashed line indicates the unsaturated induc-
tance measured by an RCL meter from Fluke. For training
the NN, experimental data are used considering phase currents

L[H] ' =+= measured
oo o ]
0.045 Lo fet e NN
0.04
A
0.035 LML AN ey L AN e oo
0.03 .........................
o,'
0,026 ool b Dt e e
0.02F edfie
J
0015 sy
5 10 15 20 25 30 35 40 45 50 55
6 [°mech]

Fig. 11. Experimental comparison between the inductances measured and
estimated at constant speed for different currents.

L [mH]

Iref=0[A]
53.12}
Iref=2.27[A]

35.42 b
Iref=4.5[A]

Iref=5.45[A]
26.56

17.71
Iref=9.09[A]

I L 1 L 1 1

216 252 288 0[]

0 36 72 108 144 18
Aligned Unaligned
Position Position

Fig. 12.  Unsaturated (I;of = 0) and estimated inductance for various phase
currents.

between 5.45 and 10 A and the backpropagation algorithm.
The experimental data are previously filtered using Fourier
interpolation techniques. The results are shown in Fig. 12.

Using the topology of Fig. 7 and a total of 600 training sam-
ples, an average quadratic error of 3.7 x 10~% in 1650 epochs
is obtained. Only inductance curves of four phase currents
from 5.45 to 10 A are used for the training process (i =
5.45,6.36,8.18,and 10 A). No adjustment was required for
lower currents, since the NN does not need to operate at low
currents.

In addition, as only a good estimation of the inductance, in
proximity to the unaligned position, is important, each induc-
tance curve is considered from the local maximum toward the
left. This avoids the introduction of ambiguous data in the NN.
Fig. 13 shows a comparison between the curve of unsaturated
inductance and the adjustment obtained with the trained NN, for
four phase currents. In general, the NN fits very well to the real
inductance, although, for certain positions, the error increases
slightly (see I = 8.18 A in Fig. 13). Nevertheless, that region is
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Fig. 14. Adjustment of the NN for nontrained data.

close to the aligned position (L > 31 mH) and is not important
for the correct operation of the proposed sensorless method.

Fig. 14 shows the adjustment of the NN to a phase current
waveform for which the NN has not been trained. The NN is
able to interpolate the data correctly.

A. Implementation and Test of the Controller and NN

The implementation of the activation function, tanh(), is
realized in a lookup table of 256 values. The intermediate data
are calculated by linear interpolation.

The LMS and the NN algorithm require a total of 260 CPU
instructions (8.8 us at 29 MIPS). The sampling frequency of
the ADC for the phase currents is 81 920 ksps. The nonlinear
function that determines the demanded voltage is implemented
in a lookup table of 27 values.

In Figs. 15 and 16, an experimental test of the SRG, subject
to changes in the rotor speed, is shown, demonstrating the
feasibility of the proposed sensorless control system to regulate
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700.00 g0
650.00 iyt
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500.00 Pt rlsbotn ot ooce
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200.00 L

100.00
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gen

2.00
Time (s)

1.00 3.00 4.00

Fig. 15.
in 1.7 s.

Power generated in a Ramp acceleration from 600 to 880 rpm
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550.00 >

600.00- 171
500.00 P
400.00
300.00
200.00

100.00

0.00

0.00 1.00 1.50
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Fig. 16. Power generated in a Ramp deceleration from 880 to 600 rpm
inl.7s.

TABLE 1
SUMMARY OF ACCELERATION AND DECELERATION VALUES FOR A
WIND TURBINE OF 2.5 kW UNDER TWO WIND PROFILES

Mean turbulence | Average acceleration/deceleration | Maximum

intensity on rotor speed acc./dec.
W.p. 1 28% 31[rpm/s] 157[rpmy/s]
W.p.2 12% 17[rpmy/s] 104[rpm/s]

the SRG phase currents, even when relatively fast speed vari-
ations are produced because of, for instance, high wind speed
variability. For this test, the maximum speed variability is about
165 rpm/s, which is a relatively large value considering that
wind turbines are high inertia machines. For instance, a small
WECS with a total inertia of 0.8 kg - m? [26], operating with
a high-turbulence-wind regime, has a maximum dw/dt of less
than 160 rpm/s with an average acceleration value of about
30 rpm/s. These values are shown in Table I, where simulation
results corresponding to a small WECS, operating with high
turbulence wind profiles, are shown.

In Figs. 15 and 16, P. is the power demanded to the
SRG considering the actual speed, with kopy = 6.17 X 10~
The maximum tracking power error is approximately 50 W,
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Fig. 18. Experimental waveforms of phase current, generated voltage, and
pulse train from encoder.

considering a maximum acceleration or deceleration of
165 rpm/s.

In Fig. 17 a step change in P..¢ from 350 to 900 [W] is
presented. The PI controller regulates the generated voltage
(Vioad) producing a smooth and stable response with a settling
time of about 0.9 (s). In Fig. 18 the phase currents and the
generated voltage are presented. The pulse train is a signal
derived from the encoder that indicates the unaligned positions
for every phase, i.e., the instant where the phase current must
reach zero.

Fig. 19 shows the voltage and current waveforms and the
unaligned position pulse when the maximum error is obtained
at the moment when current is extinguished. In angle terms it
corresponds to an error of 1.93° (mechanical degrees), since
the pulse is 15° wide. Nevertheless, this position error does not
have any considerable effect in the proposed control system.
Fig. 20 presents a comparison when the NN is active and
inactive. It is observed clearly that the delay error is greater
when NN is inactive.

VII. CONCLUSION

A new method for sensorless control of a variable speed
SRG has been proposed. The scheme is suitable for a WECS.
The rotor position evaluation is based on the estimation of
the instantaneous inductance of the machine. The proposed
approach is different from classic sensorless methods because
the signal processing created in the NN is simpler. Most of

Tek L @ Stop M Pos: 13.55ms CURSORES
+
. =1267[rpm Ti
m [rpm]
e
25245 —19° Fi
Vo = 429[\?] 0 te
'—é‘wwm—ﬂ—m-:
Iref =10[A]
,J\_,.u_!,r’l“- —— -

CH2 5.004 F 100 us
CH4 S00mY  22-Ene-08 16:58

CH4 ™ 140mY

CH3 40.0% <10Hz

Fig. 19. Maximum delay between the extinguished current and the pulse of
the unaligned position.
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Fig. 20. Comparison when the NN is activated and deactivated.

the processing effort is generated by the LMS algorithm. For
that reason the NN requires only a few neurons, reducing
remarkably the processing time. In addition, there is no need
of analog integrators as it is the case of the methods based in
flux linkage estimation. The proposed sensorless method is not
affected by variations in the phase resistance and consequently
can operate at very low speed. It is applicable to a wide range
of mechanical speeds (from standstill to medium speeds) and
can be completely implemented in a single low cost processor.
The proposed method is not suitable for single pulse control,
because of resolution problems. However, sensorless methods
for single-pulse control are well developed and can complement
the method proposed in this work.
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