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Indirect Angle Estimation in Switched Reluctance
Motor Drives Using Fuzzy Logic Based Motor Model

Nesimi Ertugru] Member, IEEEand Adrian D. CheokMember, IEEE

Abstract—n this paper, a novel rotor position estima- scheme to determine the position of the rotor over a wide range
tion scheme is described that was developed to overcome theof practical operating conditions. As well known, motor drives
drawbacks of the previous sensorless techniques, which wereg.e 5yally electrically noisy environments, and practical mea-

proposed for switched reluctance (SR) motor drives. It is based on . .
fuzzy-logic, and does not require complex mathematical models surement systems are normally subject to error and inaccuracy.

or large look up tables. The scheme was implemented by using a Therefore, a major reason for the choice of using a fuzzy logic

digital signal processor. The real-time experimental results given based estimation scheme was to satisfy the requirement that the

in this paper exhibit that the position estimation method proposed  algorithm is not affected significantly by deviations and error in

can provide accurate and (;ontlnual position data over a wide the input data. The use of a fuzzy motor model in the estima-

range of speeds (zero/low/high), and can also function accurately fi lgorith ided robust d ist to the effect

at different operating conditions (chopping/single pulse mode and 'on algon . m proY' e_ robustness an_ resis .a.nce 0 the efects

steady state/transient operation). of input noise, which is demonstrated in detail in reference [9],

. i . and therefore is not discussed here.
Index Terms—Fuzzy logic, position sensorless operation, . .

switched reluctance motor. Furthermore, it should be noted that previously developed
model based schemes [10]-[12] use simplified linear motor
models and involve complex mathematical computations, or

. INTRODUCTION require large numerical look-up tables. This makes the previous
HE ACCURATE knowledge of the rotor position is re-schemes practically difficult to implement due to the fact that
quired for good performance of the switched reluctandBe SR motors normally operate under magnetic saturation
(SR) motor drive. The need for the rotor angle information ignd thus can only be accurately described by a nonlinear
SR motors has been traditionally satisfied by the use of sof@del. Moreover, complex mathematical computations are
form of rotor position sensor. However, in recent years, thefésadvantageous because of the demand for a fast real-time
have been extensive research activities to eliminate direct ro§pcessor, which may not be suitable for all motor drives. Other
position sensors, simply by indirectly determining the rotor péidvantages and applications of fuzzy logic to electric machine
sition. drives has been extensively detailed in [13].

A comprehensive review of the existing indirect position de- The reference [14] reports the preliminary structure and hard-
tection methods in SR motors was discussed in the referef¢ae setup of the indirect position estimator. The paper pre-
[1]. It has been shown in the reference that the indirect positi§gnted some initial results to prove the concept, however only
determination methods can be classified into two major groug¥f-line results were presented that were calculated from mea-
inserting the low amplitude signals to the motor windings (maj&ured voltages together with current waveforms derived from
papers in this group include [2]-[4]), and monitoring the actugmulation.
motor excitation waveforms (major papers in this group include This paper develops the scheme further to take into account
[5]-[8], [28]). In [1], observations were also made about the dithe issues that are related to the practical motor drive operating
ad\/antages in the use of direct rotor position Sensors. in real-time and with measured VOItageS and currents. The hard-

The expected benefits of the indirect methods are: elimingare details of the DSP based system and the modifications in-
tion of the electrical connections of sensors, reduced size, f@duced to provide a robust practical motor drive are also ex-
maintenance, insusceptible to the environmental factors, andiained. In the following sections of the paper, the principal
creased reliability. In addition, the expected features of the indections of the method are shown, implementation details are
rect methods over the other sensorless schemes should inclti@hlighted and some typical real-time experimental results are
operating at zero speed and higher speed as in the conventi@iégn to demonstrate the effectiveness of the method.
direct position sensors.

The method explained in this paper is a flux linkage based €sq]. pDeveLOPMENT OF AFUZZY LOGIC BASED SR MOTOR
timation method that uses a fuzzy motor model and estimation M ODEL

. . . ) To create a fuzzy model of the motor, a training scheme is
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advantages of developing a fuzzy logic based model of the $Re-outputinput—output pair(where the word pair” in this
motor are as follows. term refers to the fact that there is a set of input values paired

1) No complex mathematical model is required, and thus h#éh a set of output values, and not a pair of two values). Each
the advantage of relatively simple mathematical calcul®0int of measured data presented to the training system is given
tions used for rule processing [15], and the memory réS
quirement of the stored fuzzy model is much lower than
that required by the equivalent look-up table [16]. In addi- (), i 6ty (1)
tion, the fuzzy motor models allow fast computation and
hence provide cost effective solutions for computatiorwhere
ally demanding algorithms in real-time systems. n  nth data pair;

2) Fuzzy models are universal approximators [17], and ¢ flux linkage;
therefore, they can model a nonlinear continuous func- . )

. i current;
tion of SR motor. -

3) Neural networks can also be used to model the switched ~ POSition.
reluctance motor using a mathematical model free ap-The training phase to obtain a fuzzy logic based motor model
proach [18], but they often have a long learning time, angbnsists of the following steps.
do not allow the examining of the internal structure of the Step A: Dividing the Input and Output Domains into Fuzzy
model as with fuzzy logic linguistic rules [19]. Therefore Regions: To determine the fuzzy regions, the variable spaces of
fuzzy models are favorable due to the fact that their bé¥0 to 1 Wh),i(0 to 20 A), and¥(0 to 30 degrees) were divided
havior can be explained using linguistic rules, and thu#to N1, N2, andN3 regions respectively, and number of regions
they can be easily adjusted by altering the rules [20]. Funere chosen to ¢, = 39, N, = 37, N3 = 31.
thermore, it has been shown that the fastest possible uniNote that the number of sets and all fuzzy sets were chosen
versal computation scheme corresponds exactly to the dép-have the same shape, and thus all the membership functions
erations in fuzzy logic methods using Max—Min compuwere chosen to be isosceles triangular shapes, which were de-
tations [21], which allows faster real-time operation thafined after the real-time testing of the algorithm in the real-
is possible with an equivalent neural network model. Thisystem. This choice of sets was found to provide sufficient accu-
is an important consideration for practical SR drives. racy in this work. Although more regions would provide greater

accuracy in such systems, this also leads to more memory re-
A. Obtaining the Motor Model quirement due to the greater number of fuzzy sets and rules.
) Each region was then assigned to a fuzzy membership func-

To obtain a fuzzy rule based model of the test motor, thgyy The maximum point of each triangle was chosen to lie at
training system derives information from two main sources. ihe center of the fuzzy region and is given a membership value

a) The static flux linkage curves of the motor, which providesf 1. The other two vertices were chosen to lie at the centers of
important information about the electro-magnetic charaghe two neighboring fuzzy regions and at these two points the
teristics of the SR motor phases. membership values were made zero. Each fuzzy set is denoted

b) The dynamic real-time operating waveforms of the motasy a fuzzy linguistic term ranging from set SM19 to BIG19 (for
which can include real-time operating effects, such ag'), from set SM18 to BIG18 (foi’), and from set SM15 to
mutual coupling between phases, temperature variatioBsG15 (for ©) as shown in Fig. 1. In the figuresg. (1) is the
eddy currents, and skin effects. membership value in fuzzy s&' of input flux valuey, 17 (4)

Due to its suitability to practical applications (fast, simpleis the membership value in fuzzy sEtof input current value

and accuratefhe table-look-up schenfé5] was used for the 4, andWe, (6) is the membership value in fuzzy get of input
training phase of the rotor position estimation system in ordangle value?.

to derive a fuzzy logic based SR motor model in the form of a Step B: Generating Fuzzy Rules from Input Data of Flux, Cur-
fuzzy rule base. rent, and Angle: During the training phase, each input—output

Furthermore, it should be emphasized here that the fuzasta pair, which consists of a crisp numerical value of measured
model, which was implemented here, is not equivalent to a lofikx linkage, current, and angle, is used to generate the fuzzy
up table with a linear interpolation, and has many advantageses which model the system. To determine a fuzzy rule from
over look up tables: robustness to input noise [22], non lineaach input—output data pair, the first step is to find the degree
model [17], much lower memory storage [16], and triggeringf each data value (flux, current, angle) in every membership
multiple non linear rules for each numeric input (not just oneegion of its corresponding fuzzy domain. The variable is then
rule as in a look up table). assigned to the region with the maximum degree.

Although the fuzzy rule generation techniques are well It should be mentioned here that each training data set pro-
known, the rule generation for this specific application iduces a corresponding fuzzy rule, which is stored in the fuzzy
briefly explained below to emphasize the practical issues. rule base. However, it can be seen that with a large amount of

The motor characteristics are defined as a two input (flureasured training data there will normally be rules produced
linkage and current)—one output (rotor angle) function. They different training data which are identical, and therefore the
training task involves creating a fuzzy model of this functionumber of stored rules does not necessarily correspond to the
from the training data. The training data is defined as a two-inpatimber of training data sets. In addition there may be rules
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Fig. 1. Fuzzy domain regions for each variable: (a) flux Linkage, (b) current, and (c) rotor position.

generated by different data sets that are contradictory, and Teus for this example, there would be two rules with the same
method for dealing with this case is explained below. precedent but different consequent. If the membership functions

Step C: Assigning Rule DegreedVhen each new rule is gen-for each of the variables was as follows:
erated from the input—output data pairsube degreeor truth is . ) )y )y _
assigned to that rule, where this rule degree is defined as thé) Data Set n: ppig2(i") = 041, ppraa(¥) = 0.73
degree of confidence that the rule does in fact correlate to the %1\47(9(")) =0.79
function relating flux linkages and current to angle. In the deii) Data Set m: NBIGQ(i(m)) =0.92, MBIG4(\I/("’)) —0.76
veloped method a degree is assigned which ipthductof the (m)y _

: , ) e ) psne(67) = 0.80.

membership function degree of each variable in it's respective

region. For example Then the rule: will have degre®.41 x 0.73 x 0.79 = 0.236,
whilst rule m will have degree).92 x 0.76 x 0.80 = 0.559.
“Rule): If i is BIG2 and¥ is BIG5 Then 6 is SM6&’ Therefore, only the rule with the highest degree) (will be

placed into the fuzzy rule base.

will have a degree .
g Step D: Create the Fuzzy Rule BasAs it can be seen from

“Degree (Rule}= yisica(é)-psras (V). psne(6)” Step C, every training data set produces a corresponding fuzzy
rule that is stored in the fuzzy rule base (except if an identical
where rule exists on the rule base already, or the generated rule is elimi-

peice(i)  membership degree of current in region BIG2; nated due to a lower degree of truth than an existing rule with the
psrcs(¢) membership degree of flux in region BIG5; ~ same antecedent but different consequent). Therefore, as each
d’_nput—output data pair is processed, and the rules are generated,

] i a fuzzy rule or knowledge base is in the form of a two dimen-
The purpose of the above assignment is to choose betweghh ) taple, which can be looked up by the fuzzy reasoning

data sets that produce the same antecedents but different CORs&shanism. The current and flux linkage fuzzy sets, which are
quents. This would arise because when there is a large amoyala htecedents, are the axes of a two dimensional look-up table,

of measured data, some data pairs will produce rules that haygy the stored table values are the rotor position output sets.
the same antecedent but a different consequent (due to errors

or noise in the measured data). This would mean that there Breimplementation of Training Scheme
conflicting rules in the system, which are resolved by choosing
the conflicting rule that has the highest degree. This rule is tla
one that is placed in the fuzzy rule base.

For example, let us consider two input—output data pairs
andm, which produced the rules

usme(6)  membership degree of angle in the region SM

A flow-chart showing the logical flow of the training proce-
fire software routine is given in Fig. 2 [23], which is the same
for both phases of training (using the static training data and the
dynamic real time training data). The training algorithm learns
the motor model from the two sets of measured motor data: the
) ] . static magnetization curves and the real time dynamic operation
Rule(n): If iis BIG2 and¥ is BIG4 Then ¢ is SM7 data. After training the system with all the points on the static
Rule(m): If <is BIG2 and¥ is BIG4 Then 6 is SM9. flux linkage curves, the rule table is generated.
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START

Initialisation
Reset 2D array of rules or load previous rules

2

Read Data
Read new values of current, flux and angle

Find Fuzzy Regions
Find which fuzzy regions input data has non zero membership

Calculate Membership Value
Get the membership value for all fuzzy sets data is in
For each variable determine fuzzy set with highest
membership (for rule)

4

Make Rule
Make IF-THEN from the fuzzy sets

v

Place Rule on Rule Base
Calculate degree of rule
Lookup rule base 2D array
If no current rule or degree is higher, store rule

Fig. 2. Flow chart for theraining algorithm.

It was found out that the static flux linkage curves charathe model developed here evolve avéragemode! by using
terize the motor to a good degree. However, the real time op#re mechanism of maximum degree of truth.
ating effects such as mutual inductances between phases, eddy addition to this, note that fuzzy sets are defined over a
currents, temperature effects and skin effects may be significaiatnge of values, with the membership function of the fuzzy set
It was found that there are some empty rule areas which canwmatying for different values in the range. This means that an
be explained by the rule table obtained as they lie in the regimput data point with error or noise can still be placed, with lower
of flux and current in which the curves lie, and therefore, thmembership function, in the same set as a point with no error or
dynamic testing requirement for the rule base determinationrisise (depending on the amplitude of the error). In other words,
found to be necessary. by the use of fuzzy sets, input data that is corrupted by noise,
To determine the real time operational points of the SR motoan be accepted into the same set as clean data but with a lesser
itis important that data is measured during the real-time trainidggree of truth [24]. The length of range of the membership
phase include a wide range of operating conditions: transidanction will determine the range of values with noise, which
and steady state speeds, step changes in load, and choppingndlihdbe accepted as a part of the fuzzy set. Therefore by the
single pulse mode. fuzzification of the input data, small deviations in the input data
After the real-time running tests, the modifications made o not have significant effect on the output position estimation.
the rule base from the static data training phase are highlighted
(boxes with black background) in Fig. 3. The empty rule areas m
are shown by “XX” in the figure. For example, there is no rule
for the inputs “Current is SMALL16 and Flux is BIG10.”
It should be reported here that the amount of data that is Ae- Position Estimation
quired to be measured in the dynamic tests and used for trainingy pjock diagram of the complete position estimation algo-
data cannot be exactly specified. However, it can be said thtm is shown in Fig. 4. The position estimator essentially op-
the accuracy of the model, up to a point, will increase with agytes as follows: While the motor is running, the phase currents
increase in the data processed during the training phase. Thig{§ yoltages in each of the four phases are measured and the flux

important because if data from a wide rangerel timecon-  |inkages are estimated by using trapezoidal integration (see the
ditions is used for training, then the developed motor modgjyck A in Fig. 4) as given by

will be able to predict the rotor position more accurately from
the real time measurements of current and flux. Furthermore, it _
should be emphasize here that all the measurements in the moté/}r(n 1 =)+ AT' .

are done for a single phase of the four-phase SR motor, and as “[v(n) — Ri(n) + v(n — 1) — Ri(n — 1)]/2
aresult, a single table is produced. Therefore, it can be said that  #(0) =0 (2)

. | MPLEMENTATION OF THE COMPLETE ROTOR ANGLE
DETECTION SCHEME
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Fig. 3. Fuzzy rule bases generated after the real-time test reSuttsall, C: center,B: big.
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Fig. 4. Block diagram of the fuzzy logic based position estimation scheme.

where

n sample number;
AT sampling period;
v winding voltage;

g line current;
R winding resistor.

measurement errors and resistance variation, will not normally
continue for more than one electrical cycle.

It should also be noted here that the maximum integration
error is also proportional to the highest value of the second
derivative of the integrated function [23]. This means that when

trapezoidal integration is applied to the flux linkage estimation,

Note that when no current flows in a SR motor phase, the inhe maximum error is dependent on the second derivative of the
tial flux linkage value at = 0 is zero. Therefore, at the endintegrated current and voltage waveforms.

of each electrical cycle for each phase the flux linkage can belt should be emphasized that, the current and voltage wave-
reset to zero in the integrator. Unlike the other three-phasefaom are simple functions at high motor speeds (in the single
motor drives, this feature of SR drive flux linkage estimatiopulse mode). However due to the commutation seen in the chop-
provides a means of reducing the effect of flux linkage offs@ing mode, the current and voltage waveforms are more com-
error [9]. This is because the accumulation of the large errorsptex and nonlinear. Therefore, for the same conditions, it can be
each phase, such as the effects of currents and voltage dc ofsepected that the error in the integration of flux linkage in the
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chopping mode may be higher than in the single pulse mode ~ %° 30

which the integration intervals is wider and the second deriv  ¢g 4 %

tive is lower). _ [ | -
Inthe above figurey is the flux linkage, 1,2,3 and 4 represen %: 07 s

the phase numbers, afds the rotor anglen, n — 1, andn + % 06 %

1 indicate “present,” “previous” and “next step” values of the€ 5 OPTIMAL SENSING g

parameters respectively. The superscripand the subscripts, 2 REGION

p ande in the terms indicate the weighted values, the predicteE 04 =

values and the estimated values respectively. 03 0 g
In the second stage, the block B, the crisp numeric flu 02 o “

linkage and current values from each phase are then input to |

fuzzy logic rule base (where the fuzzy motor model is locatec  .0.1

These inputs will trigger théf-Then rules in the rule base, ! | } |

which have previously been created from the training phas 0o 2 4 6 38 10 12 14 16 I8

Since the crisp values of current and flux linkage will normally Low MEDIUM HIGH Current (A)

be members of two fuzzy sets, four rules will normally b
triggered per phase measurement. Therefore, composition 8f
multiple fuzzy rules is required, using t@ggregation of Rules
procedure. The aggregate of the fuzzy rules triggered by taegle regions. The reason that each phase will be operating in a
inputs of each phase will produce an output fuzzy set in titéfferent phase region at any point in time is that at every phys-
rotor position fuzzy domain. A single crisp numeric value oical rotor position, the rotor to stator phase angle will lie in a
estimated rotor position is obtained by using defuzzification. gifferent region in each motor phase. Therefore, for implemen-
this paper, the Max-Product and center average defuzzificati@tion in a practical drive, the estimated rotor position from the
methods are chosen due to the simple calculations of th¢dwse in the rotor angle that lies in the optimal region should be
methods [15]. given the most weighting. The optimal sensing region in Fig. 5

It should be noted here that, in practice, drive environmerggan be found from an analysis of the flux linkage curves [25].
are electromagnetically noisy, due to the proximity of power Note also that the region shown in Fig. 5 is only approximate,
electronic devices, which have high amplitude voltage and cus it is difficult to exactly define in an exact manner. It can gener-
rent switching transient waveforms, with low power computailly be said from the magnetization curves, that when the angle
tion circuits. In addition, leakage inductances and coupling da-near the unaligned position (ie. femallrelative angles) and
pacitances, which are always finite in such systems, can leadhe current idow, that the curves are very tightly bunched up.
noise voltages being induced in measurement circuits. Thefdierefore under this condition, small errors in the flux linkage
fore, the reliability and robustness of the algorithm was highstimation or current measurement will result in large errors in
important if it is designed to operate in the practical drive. Tdne position estimate. Additionally, when the angle is close to
achieve this additional performance enhancement features halignment (i.e.|arge relative angles) the curves are also tightly
been added so that the sensorless angle estimation algorithmched up, and therefore a small error in current measurement
copes better with measurement errors and inaccuracies fowad produce large errors in rotor angle. Therefore, the optimal
in real motor drives. sensing positions, where the best resolution is offered, is for
mediumangles between alignment and unalignment.

However, the optimal sensing region in fact does not stop
or start abruptly but has a transition region, or in other words

Fuzzy Optimal Phase Selectothe knowledge based op-it contains smooth edges. In addition, the tersmsall, low,
timal phase selector is added (the block C in Fig. 4) to pick theedium and large used above to describe the regions, are
most desirable phase for estimating angle in order to maximileeguistic terms. Furthermore it can be seen that the above
accuracy. This sub-system is used because in the SR motor thiEscriptions in the previous paragraph describing the optimal
may be more than one phase that conducts excitation curreansing regions were in fact heuristic knowledge based rules.
at any instant of time. For example, if three phases were con-Thus due to the imprecise regions, the ability to describe them
ducting current at a given instant in time, this would normallysing linguistic terms, and the availability of heuristic rules, a
consist of two phases being turned on, with one previously exizzy logic rule base can be employed. Hence, to decide whether
cited phase having a decaying current component. Therefaienotor phase measurement is in the optimal sensing region, a
any of these current carrying phases may be used for rotor fazzy rule based optimal phase selector (Block C) is placed after
sition estimation. Theoretically, the same position should likee fuzzy logic based motor model (Block B) seen in Fig. 4. The
output by each of the excited phase rotor position estimationfecision block encapsulates the general heuristic rules that were
However in practice, each phase may produce a slightly difientioned above, which describe the optimal sensing regions of
ferent estimated angle result. the motor phases.

Itis important to note that each phase has rotor angle regiongo perform the weighting of each of the position estimations
of optimal sensing. In some rotor angle regions the rotor pogiem each phase, based on the heuristic rules described above,
tion estimation will be more affected by errors than at other rottiie optimal phase selector, uses a two input-single output fuzzy

5. Approximate optimal sensing region of the magnetization curves.

B. Performance Enhancement Features
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ufi) TABLE |
Fuzzy RULE BASE FOROPTIMAL DECISION BLOCK (S = SMALL, M =
MEDIUM, L = LARGE, H = HIGH)
LOW MEDIUM HIGH

Current M M H S

1 3 5 7 9 10
Current (A) | v L M H S

Confidence /

Hd6)

SMALL MEDIUM LARGE

Angle

Another advantage of using the fuzzy system is that the fuzzy
linguistic rules of the optimal phase selector can remain un-
changed even when a differentmotoris used. Thisis because only

5 10 15 20 25 the definitions of the fuzzy membership functions in the input
Angle (degrees) domains of current and angle are required to be changed if there
is a change in the motor with different optimal phase sensing
Heonfd©) regions. For example, the membership function®W current
seeninFig. 6 could be modified to lie over a different range of the
SMALL MEDIUM HIGH currentdomain. However, the fuzzy rule base does not need to be
! changed, and this allows the modification of the Optimal Phase
Selector Block for another motor to be easily achieved.

As it was mentioned above, each of the four motor phases
produces an estimated value of position, and each of them will
be given a confidence weighting by the fuzzy phase selector,

s 50 s0 100 based on the estimated position and the phase current. This final
Confidence (percent) weighted value is based on the weighting or confidence, C, of
o 6. Optimal o ector domai _ . bershi each of the rotor position estimates corresponding to which re-
fulg.ctio.ns oFf) (I:rﬂlier?tyags((;)sie?ugrzy r?w??wlgz;sqéi)p fu_nctlijgrﬁz OT(:g:ofrasncllFl)e.glon th_e estimated rotor position I_|es !n each phase. In es_sence’
teon r(C') = fuzzy membership functions of confidence.] the optimal phase selector block in Fig. 4 decides the optimum
phase for angle measurements, and gives this phase the greatest
system. The input fuzzy domain @irrentandangleand the Weightingif more than one phase is used in producing a rotor po-
output isconfidencelt gives a weighting or confidence valueSition estimate. Hence. (n)1, 2,3, 4 outputs one final weighted
ranging from zero to 100% of each phase’s rotor position est@lue off. (”)_- _ _
mate. The membership functions of the input and output fuzzy 10 determine the final angle valug (), each estimated
domains used in the optimal phase selector are shown beIovF’)Fhase angle is multiplied by its respective confidence value
Fig. 6. found from the Optimal Phase Selector, and the total is divided

A fuzzy rule base defines the linguistic rules that are usdly the addition of all the confidence factors. For example, if
by the optimal phase selector. This is shown in the two-dimel1ere are two phases that produce an angle estimate, then the
sional array of rules relating the inputs of current and angle &gorithm computes the position by

the output confidence value in Table I. It can be seen from the 01.C + 05.Cs
rule table that an example rule in this system is b = T O +C (4)
where
IfcurrentisSM ALL (S) and angle iISM ALL (S) 0. final angle estimate;
Then confidence isSM ALL (S). ©) #, and 8, phase angle estimates of phase 1 and phase 2,
respectively;
As it was discussed above, these rules are based on heuristi€; and C>; confidence values of phase 1 and phase 2, respec-
knowledge about the optimal sensing regions in the flux linkage tively.

curves. The ability of fuzzy logic to model this heuristic knowl- It should also be noted here that (4) is given only for two
edge allows a simple and easy to understand linguistic bageshducting phases. If three, or in some cases, four phases have
system to be easily developed. This is achieved without the smme current (for example, trail currents, at high-speed opera-
quirement of analytically defining the optimal regions of positions), the equation should be modified to take these operating
tion sensing. conditions into account.
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This rule can then modify the fuzzy rule base so that the fuzzy
x(k) & rules which predict the next values from the previous four values
L x(k-5)  is continuously adapted with each new measurement.
— x(k-1) After the Rule Learning Block in Fig. 7, the prediction routine
Rule Learning Block xk-2) s executed, which estimates the next iteration vai(ie+ 1)
x(’]z'z) (and z(k + 2) for the angle prediction), from the values of
Fuzzy rule created from input- * M k), @k —1), 2(k — 2), and(k - 3).
output data pair Furthermore, as shown in Fig. 4, the predicted values of rotor
Prediction Fuzzy Rule Base positioné,(n), and flux linkagey,(n) are used in conjunction
L 7 with the estimated values of flux linkagk (») and rotor posi-

tion 8.(n). In the ideal case, the predicted and estimated values
should be exactly the same. However, due to errors the values
Prediction Block are not equal. In this case either the predicted values or the es-
timated values may be used, and a decision must be made as
to which value should be chosen. In this system a knowledge
x(k+1) * * a2 (For rotor position  pased, heuristic decision maker (Fuzzy Chooser) was imple-
X(k+2)  prediction only) mented, which places a weighting on both the predicted and
estimated values (the blocks E and G in Fig. 4). The decision
blocks of the flux linkage and angle produce a final weighted

Fuzzy Flux Linkage and Angle Predictors with Fuzzyaluew*(”)andef@) respactively. i . .
Choosers: The flux linkage and rotor angle predictors (the It can .be mtumveiy said that the confidenca in predicted
blocks D and F in Fig. 4) are included in the algorithm. Thgaiue_s will behigh understead_y_speeds and conditlor_is. Under_
purpose of the predictors is to forecast future values of fii@nsient speeds and conditions, however, confidence will
linkage and rotor position during the operation of the sensorlddg 0w In addition, it can be said that the confidence in the
algorithm. The predictors are implemented using a fuzzy |ogp(gedicted values \_NiII baigherfor low acceleration values than
rule based system, with the rules of the fuzzy prediction systéﬂi high acceleration v.alues.. .
being adapted during run time. Frpm the above tdiscussmr_l it may seem that some con-

The predictors are used to minimize errors by using a coﬁ‘i@nt'_onal mathematical function relating corifidence in _the
bination of the estimated and predicted rotor position and flugredicted values to the actual motor acceleration can easily be
To achieve this, a comparison between estimated and predic&fned. However some practical considerations make the use
rotor position and flux values are made during each iteratio?f & fuzzy system advantageous. _ , _
Then some combination of these is chosen in order to lessen thEirStlY it can be seen from the above discussion, that high,
effect of errors. low, and steady are linguistic terms that contain a certain amount

The problem of predicting the flux linkage and angle in futur_@f ft_iz_ziness. With conventional mathematical logic funct_ions it
steps of time is a problem difne seriesprediction. It should be 'S difficult to adequately represent hei_iristic knpwledge directly.
noted that in this fuzzy predictor, both learning and predictidioWever, fuzzy systems can deal with situations where sharp
occurs simultaneously, unlike the previously described trainifstinctions between the boundaries of application of rules do

method. A flow-chart of the prediction algorithm is given if10t Occur.

Fig. 7, where the values of(k) represent either flux linkage Furthermore, a major advantage of using a fuzzy system is
or rotor position. that it can cope with inherent uncertainty in the input signals.

When a new value of flux linkage or rotor position idn this system the input variable is acceleration, which cannot

estimated by the integrator or fuzzy model respectively, it he directly measured _bya mechanical sensor in this application,
first passed into the rule learning block in Fig. 7, togethé}ecause the system is sensorless. Another method is to calcu-

with previous iteration values. For the flux linkage predictior|ate acceleration from speed values. Successful techniques have
the rule learning block creates a new rule and modifies tleen recently developed to estimate acceleration from measured

rule table, from the new input-output data pair consistir%oeedv such as by using predictive polynomial differentiators or
of the present valuer(k) and the previous four valuesPY model based state observation [27]. However in this case no

w(k — 1), o(k — 2), o(k — 3), and 2(k — 4). For the fuzzy direct measurement of position or speed is possible. If the posi-

rules of the rotor predictor, however, two output predicte@o” estimates are useq instead, the errors in the estimates may
valuesz(k) andz(k — 1) are created from four previous inputs?€ 100 high for calculation of acceleration. o
z(k — 2), z(k — 3), z(k — 4), and z(k — 5). For the flux Therefore a fuzzy system was developed to relate prediction
prediction and the rotor position prediction, the input—outp§nfidence to acceleration, which only requires the acceleration
data pairs can be written, respectively, as feedback to be accurate enough to determine which predefined
fuzzy domain the acceleration belongs to. Thus only imprecise
[w(k —4), (k= 3), x(k - 2), x(k = 1)], — [2(k)] (5) knowledge is required about the motors acceleration.
Hence, instead of acceleration, arceleration factois used

[x(k=235), x(k—4), x(k—3), x(k—2)], — [#(k—1), z(k)]. which gives an approximation of the actual acceleration. As dis-

(6) cussed above, this approximation can be used in this application

Fig. 7. Flow-chart of the prediction algorithms in the blocks D and F.
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Fig. 8. SR motor drive hardware system developed.

because only theelativeacceleration is important (e.dgnighor  IV. 1SSUESRELATED TO START-UP, INITIALIZATION AND NEXT
low), and not the actual numeric value. Therefore an accelera- STEP ANGLE

tion factor Ay, is defined as In the method developed, there are some practical applica-

tion points, which apply in all operations in the drive. This in-
A, = On = Onr bt — 9n7k71' 7 cludes issues such as the starting procedure, the initialization of
kAT kAT the fuzzy predictors in each test, and the use of predicted angle
when the fuzzy logic based predictors do not output a predicted
Here,d,, is the rotor angle at stepand A7’ is the time between angle due to lack of rules in the learning period. These issues
each iteration, anél and! are constants (each chosen to be 5 iare explained below.
this application).

The above equation estimates the average speed over theﬁas?
six iterations (i.e., over iteratiomton — 5 wheren is the lastes- ~ During the start up of the sensorless motor drive, there are two
timated position value), and compares it to a previous estimat@@blems. Firstly, the position is not known, and therefore, the
average speed measured ower 5 to n — 10). Other values controller does not have knowledge of the required initial phase
of k£ and! may be chosen depending on the desired tradeefintrol strategy. Secondly, if only one phase is used initially,
between a longer sampling time of measuring the acceleratitwere will be two solutions to the estimate of rotor position for
factor (which leads to less noisy values) and the delay in deteéach flux linkage and current data pair.
mining the value from the first measuremént_,_;. In the initial starting instant, two phases of the motor are ex-

The difference of these two values provides an estimate @fed using a short pulse of current, to produce two sets of flux
the relative motor speed transient magnitude. However it wiigkage and current pairs. This will produce four possible values
found out in the practical system that, to lessens the effect@fabsolute position (two from each motor phase). Only one
angle estimate noise on the calculation, the acceleration facigle estimate of one phase will agree with one angle estimate of
could be further modified to use the average of the previoud!® other phase. This is the actual absolute rotor position. After
estimated acceleration factors, which is given by this step is performed, the absolute value of rotor position has
been found, and there will be no ambiguity in further measure-
ments. This is because knowledge of the last rotor position, and
the direction of rotation, allows the controller to decide which
of the two possible angles found from a flux linkage and current
The weighted rotor angle from the estimated and predicted vala@ir is in fact the correct position.
is used as an input to the rotor position predictor in Fig.
in order that further predictions are corrected. In addition, t
flux linkage value output from the decision block is used as the The fuzzy predictors of flux linkage and rotor position are
next integration constant for the flux linkage integrator. In thimitialized at the beginning of each of the tests. Therefore, in
manner, the corrected values are used to not only correct #aeh of the graphs that are plotted, at time 0 there are zero
present values of flux linkage and position, but also to correatles in the fuzzy prediction rule base and learning begins with
future values of flux linkage and position. The effectiveness tifie first iteration. This is performed so that every test shown in
the flux linkage and angle prediction with fuzzy choosers in réhe results section has a fair comparison, regardless of whether
ducing the effect of impulsive type noise commonly found ithe motor starts at = 0 (as in the start up tests) or not (as in
motor drives is detailed below. the steady-state speed tests). It should be remembered that, this

tart-Up Procedure

(An + A, 1+ An72)/3 (8)

4
(B Initialization of Fuzzy Predictors
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arbitrarily places a learning period at the initial stages of eac !
test, regardless of the motor operating conditions. 14

In addition, when the predictors cannot make a predicte |
value, due to a lack of developed rules in the learning syster .
the output is set to zero. This signifies that no predictioncant
made at that particular iteration (in addition there is a softwar 2
flag output implemented in the software to differentiate be -
tween no output, and an actual predicted value of zero degree ~ © 05 001 0015 002 0025 003 0035 004 THS 005
If no prediction can be made for the current angle and flu
linkage, then it is not of high consequence. However, if ni
prediction can be made for the next step angle, then this crea-
a problem for the controller, which uses the next step for th
continuous control. Therefore, a backup system is used for ti
prediction of the next angle value.

[alid T T -

C. Use of Next Step Predicted Angle in Fuzzy Predictor

When the predictors can not make a prediction, the outp ~ ° oot 00 003 004 TEE® 005

is set to zero. However, although the fuzzy predictor of flus
linkage and rotor position is only required for error minimiza-
tion, the next step angle is used by the controller. Therefor
in the case when the output of the next step angle is zero, t
prediction reverts to a simpler prediction scheme which is ind¢
pendent and running in parallel to the predicted value.

The independent next step angle prediction acts essentia
as a backup, and normally is not used by the controller, exce *
when the predictor cannot make any prediction. This indepe
dent next step angle predictor performs a linear extrapolatic
of the previous two iteration’s angle rotor position values. Th
value of the predicted angle can be found from the simple rel
tion

0 0.01 0.02 0.03 0.04 Time(s) 0.05

(9n _A;nfl) (9) N

0 ] -

9n+1 = enfl +2

whereé,. 1, 0., 6,,—1 are the predicted angles of the next iter-
ation step, the present iteration step, and the previous iterati 4 s o001 0015 002 0025 003 0035 004 Twds
step, respectively, andT is the iteration period.

The predicted angle using this method is normalized to or
electrical cycle (60 degrees). The new angles are used for p
diction in the next iteration.

0.05

V. HARDWARE DETAILS AND REAL-TIME TESTRESULTS

To test the method described in this paper, a switched relu
tance motor drive system was designed and constructed w
a controller. The drive consists of several distinct sub systen ™, (s oo oois
as illustrated in Fig. 8: 4-phase IGBT inverter (two switch pe
phase type), 8/6 SR motor (4kW, 415V, 9A, 1500 rpm, fou 7o
phase), the DSP board, A/D converters, and the interfaces 1 -
signal input and output (currents, voltages, position and gate si ig
nals for IGBT'’S). 30

The controller consists of a high-speed DSP chi| ?g’
(ADSP-21020) with on board memory. The DSP perform: |
the fuzzy logic based rotor position estimation in additior -10
for providing full control of the motor via the power inverter. 000 oot 002 003 004 Time(s) 0.05
Inputs to the digital signal processor include the current arﬂ%. 9. Measured current, voltage, estimated flux linkage, predicted flux
the voltage of each phase. To sample four phase voltagesage of phase A, measured and estimated position, respectively, from the
and currents simultaneously, eight A/D converters were us&p: 810 rom.
and in order to provide greater digital conversion accuracy,oéthe voltage signal. A shaft encoder was used to provide a
programmable gain amplifier was utilized to adjust the gaeference for checking the estimated position.

002 0025 003 0035 004 TS 005
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Fig. 10. Predicted and next step ahead predicted angles (in degrees).

The actual operating effects of the SR motor drive includeeriod with these flux linkage waveforms. This learning period
mutual inductance between motor phases, parameter variaticas less than 200 iterations, corresponding to 46% of one rev-
of motor inductances and resistances, asymmetrical inductantgion.
variation in the motor phases, variation in the magnetization The reference position measured by the encoder had an 8-bit
curvesin each of the phases, and effects on the motor wavefolngput, which means that 256 discrete positions per revolution
of eddy currents (which can distort the phase current, especialpn be measured, which correspond2i6/6 = 43 discrete
during current transients). points per electrical cycle. Therefore, in calculating the position

Therefore, experimental waveforms, which will be affectedrror in the test results, the encoder measurement will normally
by all the above effects, should be used to verify the ability dfave some quantization error, and thus not provide a very ac-
the sensorless scheme to operate with a real SR motor. Usingdbieate reference. Nevertheless, it was taken to be the true rotor
experimental hardware, a wide range of operating modes antfle when comparisons were made between the estimated and
conditions were applied to the test motor. A few distinct opethe measured angle.
ating results are presented in this paper: single pulse operation &the predicted and next step ahead predicted angles for the test
steady-state speed, acceleration from zero speed, and zero/ahdwg. 9 is given in Fig. 10. It was found that approximately 240
speed operation. iterations were needed for the initial learning period. This was

1) Single Pulse Mode Operationn Fig. 9, the test results equivalent to 52% of one revolution of the rotor. In comparison
are given for the single pulse mode of the motor with a steadyith the flux linkage prediction of this test, it is seen that the
state speed of 810 rpm. At high speeds, the back emf during plearning period is slightly longer, due to the higher estimation
overlap will become higher than the dc supply voltage. Therefror of position in comparison to the estimation error of flux
fore, the current does not reach the chopping mode current leMekage in this test.

(but is greater than the rated current) during the phase conduc2) Chopping Mode Transient OperatiorTo verify the op-

tion period. Note that justification of “high” or “low” speed op-eration of the method during transient operation, another set
eration depends upon the machine details. For the motor usedfirexperimental results is given in Fig. 11 during a transient
this paper, low, base and high speeds correspond to the chopsitagt-up from zero speed to 346 rpm. As can be seen inthe figure,
mode, the changeover speed of 650 rpm and the single pulse phase A motor current increases during the starting period
mode, respectively. and exceeds the rated current of 9A. However, when the motor

It can also be seen in the figure that, in the single pulse moa@dgproaches to the steady state speed of 346 rpm, the currents
the current waveform is regular and the flux linkage has a simgdecome significantly lower due to the decreased acceleration
profile, a quasitriangular wave-shape. Therefore, it was foutaque. This operation presents a more difficult problem for the
that the fuzzy predictors of flux linkage have a short learningosition estimation due to following two main reasons.
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Fig. 11.
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Results of the transient start up with hysteresis current control: current, voltage, measured position, estimated position, andgposition e

1) Not all the components of the waveforms are captured 2) The predictors of flux linkage and rotor position, which

by the A/D converter at the specified constant sampling

frequency of 6 kHz.

are used to lessen errors in the flux linkage and position
estimation, are not as effective during transient modes of
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Fig. 12. Zerol/low speed test.

operation as stated in Section IlI-A. This is because of tleecelerated with a low acceleration rate, and the rotor position
learning period always required when the motor wavegain gradually increases.
forms vary. Therefore, the confidence in the predicted It can be seen in the phase current waveforms of Fig. 12 that
values will not be as high in the transient mode of opthere are oscillations in the current hysteresis level even during
eration. zero and low speed. This is due to the bandwidth limitation of
) ) the hysteresis current controller. Furthermore it can be seen that
~ In the transient mode of operation, the average angle erfgg fiux linkage changes when the rotor begins to accelerate
is somewhat higher. The performance has suffered due 10 {igm zero speed due to the change in incremental inductance
higher flux linkage estimation errors, and the trajectory of rotQy;in position.
position continuously changes in contrast to the linear variationTpe estimated angle thatis seen in these results can be seen to
of the previous steady-state speed tests. However, the estim@qg\ﬂays have some error, even though the rotor position is con-
angle follows the measured position closely throughout the tegfant. This can be explained by the fact that the current is not
3) Zero/Low Speed Operationin this test the motor is congstant but has variations due to the hysteresis control. This
initially stalled with a high inertial mechanical load that ishigh frequency variation will not be completely captured by
thereafter slowly accelerated. The conditions of this test allye A/D converters, leading to measurement errors. Furthermore
the sensorless position estimation algorithm to be tested fiise and modeling errors that are always present will lead to the
a number of important conditions. This includes zero spe@@or seen in the rotor position.
operation (seen from= 0.3s tot = 0.35s), slow acceleration, A |arge amount of other experimental tests were performed on
and low speed (seen from= 0.35s onwards). the motor to vigorously prove the performance and reliability of
The plot of the phase current, phase voltage, phase flthe fuzzy logic sensorless rotor position detection scheme under
linkage, as well as measured and estimated rotor position, atleconditions. Although two sets of the tests (steady state and
shown together for one motor phase in Fig. 12.tAt 0.3s transient) were presented above, Table Il is provided to show
the rotor is stalled, and it can thus be seen that the rotor antiie comparison of other distinctive test results, average of the
remains constant. However at= 0.35s the rotor is again absolute value of the position errors, maximum errors and cor-
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TABLE I
SUMMARY OF TEST RESULTS ON THEERRORANALYSIS

. Average of the Max. Error Learning
OPERATION MODE absolute value of (degrees Period
error (degrees) electrical) (no of iteration)

STEADY-STATE OPERATION

Low speed chopping mode test (command
current level of 8A, 24A hysteresis), 162 0.48 1.55 ~400
rpm, sampling frequency of 6000Hz.
Mid-speed chopping mode test (command
current level of 10A, £2A hysteresis), 326 0.36 2.64 <400
rpm, sampling frequency of 6000Hz. )
High-speed chopping mode test (maximum
current level of 10A, +4A hysteresis), 606 0.79 2.80 ~420
rpm, sampling frequency of 6000Hz.
High-speed single pulse mode test (peak

current level of 17A), 810 rpm, sampling 0.52 1.92 200-250
frequency of 6000Hz.

TRANSIENT OPERATION

Start-up from standstill to 346 rpm 0.82 2.87

Change in load while running in chopping - 1.11 293 280
mode at 454 rpm

responding learning periods in each test [22], [23]. When tipailses occur in both the estimated flux linkage waveform and
guantization error in the measured position is taken into ate estimated rotor position waveform.

count, the position error presented in the previous graphs andn Fig. 13(a), the waveform of the flux linkage estimated from
in Table Il are not high. The operation of the motor has not beéime measured current and voltages are shown, with a triangle rep-
effected due to the small error in the position estimation. Howesenting each point where the flux is estimated from the current
ever, it should be emphasize here that the position estimatemd voltage measurements. In the figure, a flux linkage wave-
error can be reduced further if the sampling frequency andf@rm with high noise error can also be seen. The estimated flux
number of fuzzy-regions are increased. In addition to this, lihkage waveform with error is input to the flux linkage predictor
should be remembered that measured reference position rimsgead of the actual estimated flux. It can be seen that the points

also be in error. with high-level noise have effectively been replaced by predicted
) ) _ ) _ values. It should be noted that if the predictor could not remove

A. Effectiveness of Fuzzy Predictors in Practical Drive the erroneous value, then due to the operation of integration, all

Operation future values of the estimated flux linkage would carry this error.

The practical SR motor drive often has the problem of high Fig. 13(b), the waveforms are shown of the measured encoder
amplitude impulsive type noise caused by switching or corangle and the estimated angle with impulsive type noise (at dif-
mutation of high amplitude currents in the inverter circuit. Théerent test times, but with the same conditions as the flux linkage
commutated current waveforms have short rise and fall timégst). In the results, a triangular point shows the measured en-
and thus contain significant amounts of energy at high frequersder positions at each sample time. In this test, the estimated
cies. This radiated energy can be transmitted through parasitigle that has been corrupted with high amplitude noise pulses
stray capacitances to the control, interface, and measurenierinput to the angle predictor. It can be seen that the noise in
circuitry. the estimated angle is effectively removed in the filtered angle

The characteristic feature of this generated noise is thawitlue. The filtered value can thus be used instead of the esti-
can have high amplitude during the switching of a power deaated value to reduce the effect of switching noise.
vice. However, this noise is only seen during the switching in- The results above have shown that when the fuzzy logic based
stant. Therefore, the coupled noise in the control and currgmedictive filters of flux linkage and angle are used, the high
and voltage measurement circuits may have high amplitude, leator pulses from sources such as switching noise are effectively
be transient in nature. This type of high amplitude impulsiveliminated, which leads to a more robust and stable motor drive
type noise is difficult to suppress efficiently [26]. However, theperation.
fuzzy predictive filters of flux linkage and angle as described
above were developed to successfully lower the effect of impul-
sive noise for the practical operation of the sensorless position
estimation scheme. A novel fuzzy logic based rotor position detection technique

In Fig. 13, a demonstration of the fuzzy predictive filter's efis explained and implementation details are given, which
fectiveness is shown. Firstly, these figures show estimated flprovides an alternative way of measuring the rotor position in
linkage and angle derived from experimentally measured wav&R motor drives. The experimental tests verified that the new
forms of current and voltage with the motor drive running acheme can successfully and vigorously predict the rotor angle
670 rpm. It can be seen in the figures, that high amplitude errair the practical SR motor under the real operating conditions.

VI. CONCLUSION
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Fig. 13. Error elimination ability of fuzzy logic-based predictors: (a) flux linkage and (b) rotor position. The points with arrows highlightatiengevhere
the predicted value can be used instead of the estimated angle to lessen the effect of switching noise.

TABLE Il
PRINCIPAL IMPROVEMENTS OF THENEW SCHEME OVER THE MOST SOPHISTICATED METHODS TODATE: THE MODEL BASED SCHEMES

Parameter New Fuzzy Logic Based Scheme Model Based Schemes

Speeds All including stall and start-up Not demonstrated for stall and
start-up

High Robustness and Demonstrated Not demonstrated

Reliability

Mathematical model None required Accurate state space model
required

Includes non-linear Yes No

saturation

Includes all real time Yes No

operating effects

Requires test signals No No

Can be used under all Yes No

current control

conditions

Since there is no starting difficulty in the motor drive and npulse mode. The predictors of flux linkage and angle were
difficulty at zero speed operation, the motor drive can be opetso shown to be effective. The learning period became longer
ated in four-quadrants. It was shown that in general, the fuziyr highly nonlinear waveforms, such as the flux linkage in
logic based prediction algorithm had a fast learning period ohopping mode.

approximately 200-250 iterations for simpler waveforms, such The position estimator implemented in this research does not
as the rotor angle trajectory and the flux linkage in the singleave restrictions seen in other schemes, as it can be used under
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all operating speeds and conditions, including transients, stan-7] J. L. Castro, “Fuzzy logic controllers are universal approximators,”
still, and start-up. It also does not require any external testin%B]
circuitry or test signals.

The tests shown were taken with the A/D converter sampling
frequency limited to 6000 Hz. This demonstrates the ability ofl1]
the scheme to work with a relatively long iteration time of 166.7
1S. The average processing time of the position estimation royz0]
tine is approximately 33:s (the cycle time varies slightly ac-
cording to which particular subroutines are used in the fuzzy,,,
prediction and fuzzy rule processing routines). The processing
time can be further reduced by optimization of code and full
assembly programming. The advantages made available by tfhzsz]
scheme are summarized in Table IlI.
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