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High Robustness and Reliability of Fuzzy Logic
Based Position Estimation for Sensorless Switched

Reluctance Motor Drives
Adrian David Cheok, Member, IEEE,and Nesimi Ertugrul, Member, IEEE

Abstract—In many applications where motor drives are used,
reliability is of high concern. Thus, a major consideration is the
reliability of position estimation schemes when sensorless SR
motor drive control is employed. Hence, in this paper, the robust
operation of a fuzzy logic based angle estimation algorithm for the
switched reluctance motor (SR) motor is described. It is shown
using theoretical analysis and experimental results, that by using
fuzzy logic, the angle estimation scheme gains a high level of
robustness and reliability. A theoretical and quantitative analysis
of the noise and error commonly found in practical motor drives
is given, and how this can affect SR motor position estimation. An
analysis is also given on the concepts of robustness and reliability.
It is shown that the fuzzy logic based scheme is robust to erroneous
and noisy signals commonly found in motor drives.

Index Terms—Error analysis, estimation, fuzzy logic, fuzzy sys-
tems, modeling, nonlinear estimation, reluctance motor drives.

I. INTRODUCTION

T HE SWITCHED reluctance (SR) motor has advantages in
practical variable speed drive systems due to an intrinsic

simplicity and ruggedness that makes it well suited for many
commercial applications. Generally the SR drive controller re-
quires rotor position feedback, because excitation of the SR
motor phases need to be synchronized with the rotor angle.
Position sensors are commonly employed to obtain rotor posi-
tion measurements, however in many systems advantages can
be found in eliminating these sensors. These benefits include
the elimination of electrical connections to the sensors, reduced
size, low maintenance, and insusceptibility to environmental
factors.

Hence, a diverse range of indirect or sensorless position es-
timation methods has previously been proposed. These have
been extensively detailed and reviewed previously [1]–[3]. The
previous estimation methods can be classified into two major
groups. In one group, low amplitude test signals are inserted into
the motor phase windings to derive rotor position information,
whilst in the other group the actual motor excitation waveforms
are monitored without the use of additional signals in the motor.
Mathematical model based schemes are also classified under the
latter group.
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A major concern of position estimation using these schemes
is that feedback signals measured from the motor are required
to calculate the motor position. Therefore, the accuracy of the
estimated position is dependent on the accuracy of the mea-
sured feedback signals. However, motor drives are electromag-
netically noisy environments, and in addition practical measure-
ment circuits of electronic signals are imperfect. Thus, the feed-
back signals are generally corrupted by noise and errors in prac-
tical motor drives.

Hence, a rarely stated disadvantage of sensorless position es-
timation as opposed to sensor based position estimation (using
such devices as incremental or absolute encoders), is that the
sensors have a guaranteed accuracy under normal conditions,
and usually a high reliability. Furthermore, the sensors are very
robust to electromagnetic noise (for example, the feedback sig-
nals from position encoders are usually TTL logic level signals).

Therefore, although it is commonly stated that position sen-
sors tend to reduce the reliability of a drive system, the previ-
ously developed estimation schemes may not be useful in indus-
trial applications unless their reliability and robustness against
noise and error is proven.

Thus in this paper, the high robustness and reliability of a new
rotor position estimator for the SR motor is described. The posi-
tion estimator uses fuzzy logic based modeling, estimation, and
prediction in a novel manner to provide a high system reliability
against feedback signal noise and error.

The first part of this paper will analyze the noise and error
commonly found in practical motor drives, and it will be shown
that the feedback noise affects the accuracy of rotor position es-
timation. Secondly, the new fuzzy logic based position estima-
tion algorithm will be described, and a theoretical analysis of the
robustness of the scheme will be given. Finally experimentally
based results will be shown with the fuzzy logic based position
estimator operating with erroneous and noisy signals due to fac-
tors including electromagnetic noise, low sampling frequencies,
and flux linkage offset error.

II. NOISE AND ERROR INSR MOTORPOSITION ESTIMATION

As discussed in [2], essentially all position estimation
schemes for the SR motor are based on the relationship of
the motor phase magnetic flux linkage with rotor position.
The measured flux linkage characteristics of an SR motor
(described in Appendix A) are shown in Fig. 1. In the figure,
zero degrees represents the aligned rotor position and thirty
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Fig. 1. Measured magnetization characteristics of SR motor (as flux linkage varies from 0 to 1, surface color changes from dark to light).

TABLE I
SOURCES OFFEEDBACK ERROR

degrees represents the unaligned position. It can clearly be
seen that the flux linkage is a non-linear function of
rotor position and current. Therefore, if the flux linkage can
be determined, together with current measurement, then the
rotor position may be estimated. Furthermore, inductance
(which can be derived from the flux linkage if it is assumed
that the motor magnetic circuit is linear) can also be used to
determine position.

Existing literature on the effects of errors in previously de-
veloped SR motor position estimation schemes has been rela-
tively sparse. In [4] only the time and amplitude quantization
errors due to digital implementation of a specific linear induc-
tance based scheme was discussed. The issue was further dis-
cussed in [5], where specific types of SR motor physical designs
were proposed to improve the robustness of position estimation
to error. However for simplicity all error analysis were based on
linear or piecewise-linear motor magnetization characteristics.

In this error analysis no assumptions will be made about the
motor linearity, and thus the results may be applied to any sen-
sorless position estimation scheme in general.

Hence, consider the estimation of position using the non-
linear magnetization function , from measured values of
flux linkage and current . Generally flux linkage is imprac-
tical to measure directly, and thus integration of the total voltage
across an excited phase is a common method to estimate phase
flux

(1)

where
phase flux linkage;
phase resistance;
phase voltage;
phase current.
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TABLE II
ANALYTICAL ERROREXPRESSIONS

Fig. 2. Flux linkage versus current curves for SR motor.

Analog integrators can be used to estimate the flux linkages
of the motor but these often have the problem of drift in the
output signal due to temperature sensitivity and the need for
compensation [6]. Therefore the integration may be performed
digitally as shown in (2). This requires digitized phase voltage
and current signals that are measured using analog to digital
(A/D) converters

(2)

(3)

where = sample number and = sampling period.

Hence, the feedback signals that are used for the estimation
of rotor position in practice are the measured motor currents and
voltage, and estimated or calculated flux linkage.

Generally, the feedback signals will contain some error com-
ponent which can be defined as the difference between the actual
physical motor quantities of current, voltage, and flux linkage,
and the corresponding feedback values used for position esti-
mation. The error components can be expressed as

(4)

(5)

(6)
where are the error components,

are the measured and estimated values,is
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Fig. 3. (a) Rotor angle versus flux linkage and (b) angle error for 10% flux linkage feedback error.

with physical value of voltage in the motor,is the physical
value of current in the motor, and is the physical value
of flux linkage in the motor.

The source of the feedback error components in practical
motor drives can be classified under various groups, as shown
in Table I.

Using these classifications, an expression for the total flux
linkage error due to the various error producing sources can be

found. The total flux linkage error at some samplewill be
equal to

(7)
where

total flux linkage error;
offset error;
amplitude error;
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TABLE III
MINIMUM ANGLE ESTIMATION ERRORAMPLITUDE FOR+10% ERROR INFLUX

LINKAGE FEEDBACK VALUES

time quantization error;
amplitude quantization error;
mean signal noise error;
error due to change in resistance.

In [5] and [7], the analytical expressions of the various flux
linkage error components in (7) were given. For reference,
Table II summarizes some of the results.

If there are flux linkage estimation errors due to one or more
of the above explained effects, there will be a corresponding
error in the rotor position estimation. Regardless of the various
sources of the total flux linkage estimation error expressed in
(7), the corresponding angle error at sample timewill be given
by

(8)

where
the angle error due to error in the flux linkage feed-

back;
the actual motor phase current;
the actual motor phase flux linkage.

Therefore, for a given flux error, the angle error will be pro-
portional to the partial derivative of the rotor position function
with respect to flux linkage at the point .

Although quantitative analysis of this error will be detailed
below, it is interesting to examine the angle error qualitatively.
In Fig. 2 the magnetization characteristics of Fig. 1 are plotted
on a two-dimensional plane with curves of constant rotor posi-
tion. From the curves, it can be seen that when the angle is near
the aligned position, the unaligned position, or the motor phase
current is low, the angle curves are tightly bunched up. This en-
tails that the slope of the function in the three-dimensional plane
is high. Hence in these areas, the partial derivative of angle with
respect to flux will be high. Under these conditions, according
to (8), small errors in the flux linkage will result in large errors
in the position estimate.

As was discussed above, the current feedback signal is also
affected by measurement error and noise. Similarly to (8) the
current feedback error at samplecan be written as

(9)

where
total current feedback error;
current measurement offset error;
current measurement amplitude error;
current measurement mean signal noise.

Hence, even if the flux linkage could somehow be measured
without error, the current measurement error will lead to a cor-
responding rotor position estimation error. For a given current
error at sample time the angle error can be written as

(10)

where the angle error due to error in the current feed-
back.

By examining again the contour curves of angle with respect
to current and flux (Fig. 2) it can be seen that similarly to the case
of flux linkage error, the angle estimation error is most sensitive
to current feedback error near the aligned and unaligned rotor
positions and when the motor current is low. This results in the
fact that in these areas the partial derivative of angle with respect
to current will be high.

Generally there will be errors in both the flux linkage and
current feedback. To consider the effect of simultaneous flux
linkage and current errors on the position estimation the fol-
lowing expression may be employed

(11)

A. Quantitative Error Analysis

It was seen in the above analysis [(7), (9), and Table II] that
the instantaneous feedback error of the flux linkage and cur-
rent signals are complex and nonlinear functions. Furthermore,
it was seen that to numerically calculate the exact instantaneous
error requires detailed knowledge of the hardware parameters
(e.g., offset error, amplitude error, resistance variation) which
may be time and temperature variant. Additionally, the signal
parameters will also need to be known (e.g., mean noise, mea-
sured signal time-derivatives) which are generally time varying
and system dependent.

Therefore, to perform a quantitative error analysis it is
normally not useful or feasible to predict the instantaneous
feedback errors and . Instead it will be useful
to quantitatively analyze the resultant position error
for given feedback signal error amplitudes, regardless of their
source, using (8) and (10).

1) Effect of Flux Linkage Error on Rotor Position Error:To
examine the effect of flux linkage error on the rotor position es-
timation, the rotor position as a function of flux linkage at var-
ious values of constant current is plotted, as shown in Fig. 3(a).
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Fig. 4. (a) Rotor angle versus current, (b) angle error for 10% current feedback error.

These curves are derived from the motor magnetization charac-
teristics previously shown in Fig. 1.

From the functions shown in Fig. 3(a), the function
can be found. Hence, from the partial derivative

functions, and using (8), the quantitative value of position error
for a given error in the flux linkage estimate can be calculated.

As an example consider a flux linkage error that has an ampli-
tude of % of the maximum operating flux linkage (0.7 Wb)
of the SR motor used in the research. Fig. 3(b) plots the calcu-
lated numerical value of the resultant angle estimation error.

It can be confirmed from the curves that, as discussed above,
at low current, or near the aligned and unaligned angles, the
angle estimation is more sensitive to errors in the flux linkage
feedback. Fundamentally, this is due to the fact that the par-
tial derivative, or slope of the curves shown in Fig. 3(a), is
higher in these regions. It can also be noted that as the function

is negative, the resultant angle error for positive
flux error is negative, and vice-versa. When the rotor angle error
is negative, this entails that the estimated angle lags the actual
rotor angle of the motor.
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TABLE IV
MINIMUM ANGLE ESTIMATION ERRORAMPLITUDE FOR+10% ERROR IN

CURRENT FEEDBACK VALUES

Fig. 5. The complete block diagram of the FL based position estimation
algorithm.

Theminimumresultant error amplitude for a % error in
the flux linkage for each of the curves shown in Fig. 3(a) is
shown in Table III. The results are shown in both absolute de-
grees, and as a percentage of an electrical cycle of 30. It should
be emphasized that, as seen in Fig. 3(b), these are theminimum
error values corresponding to the points when the derivative or
slopes of the curves in Fig. 3(a) are at their minimum. How-
ever, at other points in the magnetization region, the derivative

of the functions, and the corresponding angle error can be much
higher.

2) Effect of Current Measurement Error on Rotor Position
Error: To examine the effect of current feedback error on the
rotor position estimation, the rotor position is defined as a func-
tion of current for constant values of flux linkage. The resultant
curves, which are derived from the motor magnetization char-
acteristics (Fig. 1), are shown in Fig. 4(a).

From the resultant curves, the partial derivative function
can be calculated. Therefore using (10), the

quantitative value of position error for a given value of current
error may be found. Similarly to the previous example above,
position error values are calculated for a current amplitude error
of % of the maximum operating motor current (17 A). The
corresponding position error curves are plotted in Fig. 4(b).
From the curves it can be confirmed that, as discussed above,
there is more sensitivity to error when the current is low and
the angle is close to the aligned or unaligned positions.

Theminimumposition error for each of the curves is detailed
in Table IV. Once again it should be noted that these points cor-
respond to the points when the value of derivative of the curves
shown in Fig. 4(a) are minimum. However, as can be seen from
the resultant functions, the derivative and corresponding angle
error at other points can be significantly higher.

It should be noted from the above results that for the same
percentage error in the flux linkage and current feedback values,
the resultant rotor position estimation error is generally lower
for the case of current feedback error.

III. FUZZY LOGIC BASED POSITION ESTIMATION SCHEME

From the above discussion it was seen that the accuracy and
reliability of sensorless position estimation is directly affected
by feedback signal measurement noise and error. Therefore a
new fuzzy logic (FL) based angle estimator has been developed
with the major objective of having a low sensitivity to feedback
signal error and a high robustness. This is achieved with a fuzzy
rule based model of the motor which has the ability to be tolerant
to input signal noise and error.

A block diagram of the FL based angle estimation algorithm
is shown in Fig. 5. The details of the estimation scheme have
been previously described ([8], [9]) where actual experimental
results were detailed to demonstrate the effectiveness of the
method at start-up, low and high speeds, as well as torque and
speed transients. In the discussion below the scheme will be
briefly outlined, and the robustness of the scheme to noise and
error will be detailed.

The estimation algorithm employs a fuzzy logic rule based
SR motor model. This rule base is used to provide a value of
rotor position from the measured feedback signal inputs. As de-
tailed in [9], the fuzzy rule based model of the SR motor is cre-
ated with a training scheme that trains the motor model based
on measured static and dynamic operation numerical data about
the SR motor. After the training, the generated FL rule base
defines a nonlinear multi-input single-output functionwhich
maps input values of flux linkage and current to output values
of position

(12)
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Fig. 6. SR model fuzzy rule base (sm = small, med = medium, XX = no rule). HIghlighted cell is the fuzzy set shown in Fig. 7.

Fig. 7. Expanded subset of SR model fuzzy rule base.

In Fig. 6 results are shown of the generated fuzzy rule base
for the motor used in the research, after the rule base was trained
with measured data.

The fuzzy rule based model is utilized during the operation
of the position estimation scheme to calculate the rotor position
from input measurements of current and estimated flux linkage.

First, while the motor is running, the phase currents and volt-
ages in each of the motor phases are measured, and the phase
flux linkage is estimated by trapezoidal integration using the
motor voltage (2).

After flux linkage estimation, the crisp (or numeric) flux
linkage and measured current values of each motor phase are
then fuzzified and input into the FL rule based SR motor model.
Fuzzy rules in the rule base will be triggered by the crisp inputs,
which will then generate a fuzzy set output rotor position. This
is then defuzzified to produce a crisp value of estimated rotor

position. The hardware and software implementation details of
the procedure can be examined in [9].

A. Robustness of Fuzzy Model Based Method

To examine why there is robustness to noise and error in fuzzy
rule based modeling, it should first be noted that each rule of the
fuzzy rule base shown in Fig. 6 expresses heuristically the motor
characteristics in each region using fuzzy reasoning. Each rule
will have the form

(13)

where
the th rule;
antecedent fuzzy set in the flux linkage fuzzy set do-
main with membership function ;

antecedent fuzzy set in the current fuzzy set domain
with membership function ;

consequent fuzzy set in the rotor angle fuzzy set do-
main with membership function .

Each of the antecedent and consequent fuzzy sets in the, ,
and variable domains represent a linguistic variable and are de-
fined over a range of values or a region with membership value
ranging from 0 to 1. In this work the fuzzy sets were defined to
be triangular with the maximum value at the center of the fuzzy
set’s respective region. The two other vertices were chosen to
lie at the centers of the two adjacent fuzzy regions, and at these
two points the membership values are zero.

Hence for any given rule, both the antecedents and the conse-
quents in the input–output domains will be defined for a given
range of values. For example consider a rule from the motor
model that was shown in Fig. 6

(14)

Fig. 7 shows an expanded form of Fig. 6 where this rule is
represented. The consequent of the rule is the fuzzy setin
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Fig. 8. Fuzzy variable domain sets: (a) flux linkage, (b) current, and (c) rotor position. Here�( ), �(i), and�(�) are the membership values of the fuzzy sets
in the flux, current, and angle domains, respectively.

Fig. 9. Waveforms for 0–1000 rpm transient test: (a) phase voltage, (b) phase current, (c) actual position, and (d) estimated position.

the angle domain, and it is triggered by the antecedent fuzzy
sets in the flux linkage domain and (medium) in the
current domain.

The width or size of the membership functions of the fuzzy
sets can be considered as an allowable level of noise [10], [11].
This means that an input data point with error or noise can still
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Fig. 10. SR motor phase current: (a) without noise, (b) with added noise (10% of maximum), and (c) expanded comparison of current waveforms, with and
without noise.

be placed in the same fuzzy set as the same input data with no
error or noise. Thus by fuzzification of the input signals, input
data which is corrupted by noise can be accepted in the same set
as the same data without noise but with a different membership
function [12]. The length or range of the fuzzy set membership
function will determine the range of values that will be accepted
as part of the same set. The range can be defined such that small
deviations in the input data do not have a significant effect on
the output position estimation.

However, it should also be noted that a disadvantage of using
the fuzzy rule based modeling is that an inverse relationship
exists betweenrobustnessandresolution.As the robustness to
input signal noise and error increases due to a widening of the
fuzzy sets, the output resolution decreases due to the wider par-
titioning of the input and output signal domains. Therefore a
balance must be found between error robustness and output ac-

curacy. In this research work each variable domain of flux, cur-
rent, and angle was divided up into the fuzzy regions as shown
in Fig. 8. These resulted in a good compromise between accu-
racy and robustness to noise and error.

However, as in all cases where finite width fuzzy sets are
used, when there is zero or very small input signal error, the
output will normally still contain some error or uncertainty due
to the fuzzy set partitioning of the input and output domains.
This entails that, strictly speaking, if robustness is not of concern
then conventional schemes may result in higher accuracy at zero
or no noise levels.

To observe the performance of the scheme with no feedback
signal noise (and only a small error due to numerical integration
of flux linkage), simulation results are shown in Fig. 9. In the test
the average value of error between actual and estimated angle is

, whereas the nonfuzzy schemes may have little or no error.
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Fig. 11. SR motor phase voltage: (a) without noise, (b) with added noise (10% of maximum), and (c) expanded comparison of voltage waveforms, with and
without noise.

Fig. 12. Ten percent noise: (a) measured rotor position and (b) estimated rotor position.

This error is mainly due to the above mentioned uncertainty of
fuzzy partitioning. To increase the accuracy of the scheme at
zero or low feedback error, the number of fuzzy regions may

be increased or optimized, at the expense of robustness. The
robustness of the scheme will be examined with experimental
results in the following section.
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Fig. 13. Twenty percent of maximum amplitude noise: (a) SR motor phase current, (b) expanded comparison of current waveforms, with and without noise,(c)
SR motor phase voltage, and (d) expanded comparison of voltage waveforms, with and without noise.

Fig. 14. Twenty percent noise: estimated angle.

IV. EXPERIMENTAL ROBUSTNESSTESTS

To examine the experimental robustness of the angle estima-
tion algorithm, it is firstly instructive to examine the concept of
robustness from the field of robust statistics. Huber has defined
robust algorithms as having the following features [13].

1) The algorithm should have a reasonably good accuracy in
the assumed model of the underlying system.

2) Small deviations of the data should decrease the perfor-
mance of the algorithm by only a small amount.

3) Large deviations in the data should not cause a catas-
trophe.

The first of these requirements essentially states that the
output of the algorithm should be accurate when the input data
is noise free. It was seen in [8], [9], and Fig. 9 that the accuracy
of the algorithm in predicting rotor position has a good accuracy
for relatively noise free feedback signals of current and voltage.
Therefore, the sensorless position detection algorithm has been
shown to satisfy the first requirement of a robust algorithm.

To satisfy the second requirement of a robust system entails
that small deviations in the inputs of the sensorless algorithm
should not have a significant adverse effect on the output rotor
position estimate.

Furthermore, to satisfy the third requirement of algorithm ro-
bustness, the notion of abreakdown pointshould be considered
[14]. The breakdown point is defined as a point where the algo-
rithm fails by producing an unacceptably high output error due
to a large deviation in the input data. A deviation in the input
data can be defined as large when it has abnormally high devia-
tion from the correct value, compared to the mean level of input
data noise. For example in the SR motor drive there may be high
amplitude but short duration periods of electromagnetic noise,
due to fast turn off of the current in the inverter power devices.
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Fig. 15. (a) Current: 6 kHz sampling and (b) current: 1.5 kHz sampling.

In the field of robust statistics these higher deviations in the data
are termedoutliers,as opposed toinliers which lie closer to the
mean level of noise [15]. Although these robust statistic con-
cepts are directly applicable to engineering tasks such as mod-
eling and pattern recognition, the idea of a breakdown point and

outlier and inlier data is applied in the FL based estimation al-
gorithm by testing the algorithm with a very high level of signal
noise, as detailed below.

A. Measurement Error Tests

In Figs. 10 and 11 the waveforms of current and voltage for
one phase of the SR motor are shown for the case when the
motor is operating in single pulse mode at a steady speed of
660 rpm. There is an added random noise error with an am-
plitude of 10% of the maximum level of the measured signals.
The added noise is Gaussian in nature, and therefore, has a finite
variance, (the problem of non-Gaussian noise in this scheme has
previously been examined in [7]). The expanded view of the cur-
rent and voltage in Figs. 10(c) and 11(c) clearly shows that the
voltage and current with noise deviates significantly at various
points in time from the measured values without added noise.

The measured and indirectly estimated rotor angle for this test
is shown in Fig. 12. Theaverageamplitude of the error between
the measured and estimated angle in this test is , while the
maximumamplitude of error is . These values represent
2.06 and 6.6% of one electrical cycle of , respectively. Note
that the maximum angle estimation error is less than the 10%
input signal error. Hence, the error in the estimated angle is not
high relative to the input error, and operation of the motor is
still possible. Therefore the second requirement of a robust al-
gorithm, as described above, has been satisfied in this case.

For comparison, it can be recalled from the results shown
in Section II-A for nonfuzzy methods of position estimation,
that for a 10% error in the current feedback input the corre-
spondingminimumposition errors ranged from 2.8–15.6% de-
pending on the flux linkage amplitude. Furthermore a 10% error
in the flux linkage feedback led tominimumposition estimation
errors ranging from 5.67–63.87%. Additionally, it was seen that
the error increased significantly in other nonoptimum regions in
the ( , , ) plane. As there are simultaneous errors in both the
flux linkage and current feedback in this test, the total error will
be a combination of the two errors as expressed in (11).

Therefore, it can be seen that the use of fuzzy sets improves
the robustness of position estimation, due to the fact that theav-
erageposition estimation error using the fuzzy model is of the
same order as theminimumerror using the nonfuzzy method,
and the maximum error of the fuzzy method is significantly
lower.

Further experiments were carried out to test the scheme at
higher noise levels, and to see the operational limits of the cur-
rent system. The level of noise imposed on the motor waveforms
of current and voltage was increased to 20% of the input mea-
sured signals. It can be seen from Fig. 13 that in this set of results
the noise has a significant component, and provides a difficult
test for the sensorless algorithm. In Fig. 14 the estimated angle
from the angle estimation algorithm is shown for this experi-
ment (the measured angle was shown above in Fig. 12). It can
be seen that the general trajectory of the rotor angle has been re-
tained in this test, even for this high level of noise. The average
angle estimation error is (4.67%), whilst the peak error is

, or 16.5% of the electrical angle cycle of . The peak
error is lower than the maximum input signal error amplitude.
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Fig. 16. Comparison of flux linkages derived with 6 and 1.5 kHz sampling frequencies.

Furthermore, at no point in this test has the large deviation of the
input current and voltage data caused a catastrophic breakdown
of the algorithm, and thus the third requirement of a robust al-
gorithm has also been satisfied.

Hence, the requirements of a robust algorithm have been
demonstrated in this test. It has been shown that the large
deviations in the input current and voltage do not produce a
catastrophic breakdown in the algorithm, and even the peak
estimation error has a lower percentage error than the peak
input error. In addition, as the average angle estimation error
in this high noise test was , it entails that the smaller
deviations in the noisy inputs produce only small deviations in
the output estimated signal.

B. Effect of Low Sampling Rate

In this section, another important practical effect in the oper-
ation of the angle estimation scheme in real SR motor drives is
considered. During operation with a practical SR motor drive,
the sampling rate of the analog to digital converters, which con-
vert the measured waveforms into digital data, will have some
effect on the accuracy of the position estimation due to ampli-
tude and time quantization. A system that is only accurate with
high sampling rates may not be useful in a practical application.
This is because expensive high sampling rate A/D converters
may not suit a particular application in which the total system
cost must be kept low, or may not be compatible with lower
speed processors (e.g., microcontroller based drives).

Therefore, various tests were performed using experimental
data, to determine the ability of the sensorless scheme to operate
at low sample rates. In these tests, the sampling frequency was
deliberately reduced. This entails that the theoretical required
processing speed of the algorithm also becomes lower, because
the rotor angle is estimated only once per sampling period (when
new information about the voltage and current magnitudes is
entered into the algorithm). Hence, the results in this section will
demonstrate that the scheme is viable also in systems with a low
A/D converter sampling speed and a low speed microprocessor
or microcontroller.

Flux linkage is one of the inputs to the fuzzy model in the
sensorless angle estimation algorithm. It can be recalled from
Table II that the numerical flux linkage integration becomes
less accurate when the sampling rate is reduced due to the time
quantization of the A/D converter error. The accuracy in the flux
linkage integration is particularly affected at low sampling fre-
quencies. Hence, the major effect of low sampling rates on the
angle estimation algorithm, is the decrease in accuracy of the
numerical flux linkage integration which is used as an input to
the position estimator.

In Fig. 15, the experimental results of current and voltage are
shown for a sampling frequency of 1.5 kHz, which represents a
sampling period of s, or 28 samples per current pulse.
It can be seen from the comparison of the current waveform
sampled at 1.5 kHz, and that sampled at 6 kHz, that a significant
amount of the dynamic characteristic of the waveform are lost
due to the low sampling rate.

A sampling frequency of at least 5–10 kHz is generally re-
quired for digital control of electric machines. Therefore, a sam-
pling frequency of 1.5 kHz would not normally be feasible in a
practical digital motor control system, and thus this test would
be at the lower limit of the possible sampling frequencies.

Due to the reduction in sampling frequency, the flux estima-
tion has a higher error component. One can see this by com-
paring the estimated flux at 1.5 kHz in Fig. 16 with the flux es-
timate calculated at 6 kHz sampling frequency. In this test, the
peak error between the flux estimated at 1.5 kHz sampling fre-
quency is 29.8% of the peak flux amplitude measured at 6 kHz
(which in itself has some integration error).

In Fig. 17 the result of the angle estimation for this low fre-
quency test is shown, where one can see that, although there is
error in the angle estimate, the general path of the rotor angle
is followed throughout the test. The average error in the results
was (6.37%), whilst the maximum error was , or
13% of one electrical cycle. Thus even with very low sampling
frequency and flux estimation error, there is no breakdown of
the algorithm, and hence the robustness of the algorithm to low
sampling frequencies is demonstrated.
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Fig. 17. Sampling frequency at 1.5 kHz : (a) measured angle and (b) estimated
angle.

C. Flux Linkage Offset Error

As detailed above, the flux linkage of each motor phase is
estimated by integration using the measured phase voltages and
phase currents. In the SR motor, the flux always returns to zero
at the end of each current conduction period, which allows the
integrator to be reset ineveryelectrical cycle. This prevents any
large accumulation of errors due to the effects of current and
voltage dc offset, measurement errors, and resistance variation.
For this reason, the flux estimation technique is very effective
in the SR motor.

Although the flux linkage integration is reset in each elec-
trical cycle, to test the robustness of the angle estimation algo-
rithm, results are shown below for operation with flux linkage
waveforms which have a constant offset error.

Fig. 18(a) shows the flux linkage for the case when the motor
is operating in the chopping mode with a speed of 162 rpm. In
this test a flux linkage error is added such that the flux linkage
has a constant positive offset of 0.025 Vs, or 4% of the peak
flux linkage value in this test. Although this is not an overly
large error value, due to the fact that is has a constant value, it
means that therelative error effect at the lower flux values is
higher than for the peak flux values.

The estimated rotor position for this test is shown together
with the actual angle in Fig. 18(b) and (c) . The average angle
estimation error in this test is (2.45%), whilst the peak
error is , or 10% of one electrical cycle. Even though there
is a constant flux linkage error, the angle estimation error is not
exceedingly large and this highlights the ability of the scheme
to operate with corrupted flux linkage signals.

Fig. 18. (a) Flux linkage with offset of 25 mWb, (b) measured angle, and (c)
estimated angle.

V. CONCLUSION

In most applications where motor drives are used, the relia-
bility of the drive is of utmost concern. This is particularly the
case for some applications of the SR motor drive, such as in
aerospace type applications [16], where the reliability and ro-
bustness (such as the ability to operate when one or more phases
fail) are the main reasons for the choice of the motor drive. Al-
though it is commonly stated that position sensors may have the
effect of reducing the reliability of the motor, position sensorless
control methods may also reduce the system reliability unless
their robustness in practical motor drive operation is proven.

In this paper, it was shown using theoretical explanations and
experimentally based results, that the fuzzy logic based angle
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estimation scheme has a high level of robustness and reliability,
and is thus well suited for a wide range of practical systems.
Results were detailed which showed that the scheme could suc-
cessfully and reliably operate under erroneous operating condi-
tions that are commonly found in motor drive environments as
follows.

1) Measurement errors due to noise.
2) Low bandwidth motor waveform measurements (e.g., due

to slower analog to digital converters).
3) Flux linkage estimation errors, which may be caused by:

a) Offset errors.
b) Measurement errors.
c) Noise.

In order to compare the results of the fuzzy logic based
method with nonfuzzy angle estimation, analytical expres-
sions were given which described the effect of current and
flux linkage input errors on the angle estimation accuracy of
nonfuzzy schemes. Then the position estimation errors were
calculated for nonfuzzy estimation. Hence, it was confirmed
that the average and maximum position estimation errors of the
fuzzy logic based estimation scheme due to feedback signal
error, were low compared to the nonfuzzy estimation methods.

The ability of the FL based method to cope with high levels
of noise derives from the system’s ability of fuzzifying the input
signals and then processing with fuzzy linguistic rules. With this
system, an input with noise will normally be able to be partially
a member of the same membership function that the error free
signal would be. This is in fact a unique ability of fuzzy logic,
as opposed to crisp logic. Therefore, the same rules can be trig-
gered by noisy and noise free signals, depending on the level
of the noise. Hence, using the benefits of fuzzy reasoning rotor
position can be successfully and reliably estimated under high
error and noise conditions in practical SR drives.

APPENDIX A
EXPERIMENTAL MOTOR DATA

Number of phases 4
Number of rotor poles 6
Number of stator poles 8
Rated power 4 kW
Rated speed 1500 rpm
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