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Abstract— This paper presents the design of a complete self-tunable method for detecting the rotor
position at low, high, and standstill speeds under different motor power ratings in a switched
reluctance motor (SRM). In this method, high frequency diagnostic pulses with different pulse
widths are applied to the three-stator pole windings and then the proper size pulse width is
determined for that particular motor at standstill. At low speeds, the rotor positions are then sensed
with the selected pulse width by applying the pulse to the un-energized phase winding while
sensing the rotor position from the resulting phase winding current'magnitude. At high speeds
(beyond motor rated speed) the rotor position is detected by the current magnitude produced by the
injected pulse and at the same time advancing the phase on time according to the motor speed. The
designed controller is tested on different motor ratings ranging from 20 W to 2 KW. In order to
demonstrate the feasibility and practicability of the method, this controller is applied in a vacuum
cleaner with a switched reluctance motor.

Keywords— Switch reluctance motor, sensorless operation of SRM, indirect rotor position sensing in SRM, motor
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1. INTRODUCTION

The switched reluctance motor (SRM).is a very attractive and promising candidate in the area of variable
speed drives for different applications used in the industry. The high performance of the SRM drive is
dependent on the timing of the phase excitation in relation to the motor inductance profile, hence the rotor
position information is essential for the proper operation of the motor. This objective has been
traditionally achieved by utilizing a discrete shaft position sensor. Due to more ruggedness and greater
reliability of the motor, especially in harsh environments, the trends for the past decades have been to
eliminate the direct shaft position sensor. In this regard, different researchers have proposed a variety of
indirect position-sensing techniques for the SRM drive. In all of the methods utilized, the information on
the instantaneous phase inductance variation was used in some way or another to detect the rotor position
indirectly. In general, the indirect rotor position sensing is obtained from the terminal measurements of the
voltages, currents, and associated derivatives or, by injecting low-level high frequency signals into the
non-energized phase inductance and then measuring the related outcomes [1]. Some of the indirect
positions sensing methods cited in the literature are as follows:

a) Current magnitude and current waveform detection methods

As the motor turns, the inductance of each phase varies with the rotor position. The voltage pulses are
placed on the non-energized phase windings and the resulting current magnitudes are measured and
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compared to detect the rotor position. As in the current waveform detection method, the shape of the
current or in other words, the gradient of the current is monitored to determine the rotor position [2].

b) Modulation techniques

In this technique, a high frequency carrier signal is injected to the non-energized phase. The signal
containing the phase inductance information has a smaller frequency variation compared to the carrier
signal and can be decoded using a demodulation technique to yield the rotor position. Some of the
modulation techniques are AM, FM, and PM [3].

¢) Flux-Current method

One of the simplest schemes is to measure the flux-linkage (L), together with the phase current of the
motor. Using these two formations and the non-linear static magnetization curve (A, i, 6) of the motor,
rotor position can be estimated. Flux is obtained by the following integration

A= j (v, —Ri, e 0

Since the current goes to zero in every cycle, A;=0 can be used [4].
d) Observer based method

In this method, the state of the motor based on known system inputs are re-constructed and modeled
in state space. The developed mathematical model tuns in parallel with the real motor. Now, using the
same inputs for both systems, the differences between the'calculated and measured outputs are minimized.
The position information produced by the mathematical model is used for the commutation of the actual
motor [5].

e) Mutual voltage scheme

The principle of this technique.is based on measuring the mutually induced voltage in an un-energized
phase winding either adjacent or opposite to the energized phase. The magnitude of the induced voltage
varies significantly as the rotor belonging to the energized phase moves from an un-aligned position to the
full alignment. The mutually induced voltage in an adjacent pole is

_dA, _dM(©O)) _

di M
MO)—+i—w
L dt O 8 2)

where M(0) is the mutual inductance and i is the phase current [6].
P Intelligent-based estimation

There are different ways in the intelligent control methods such as artificial neural networks (ANN)
[7-8] and fuzzy control [9-10] that have found applications in the detection of the rotor position in a
switched reluctance motor. Neural networks have the inherent capability for identification. Rotor position
estimation can be viewed as an identification process given the set of current and flux linkages from the
three dimensional relationships that exist between them. Such an approach is used in the ANN-based rotor
position estimator.

Fuzzy control uses a linguistic-based, approximated human reasoning to provide the solution to the
problem of identification. The inputs are the estimated flux linkages and measured currents, and the output
is the rotor position from which the speed is derived.
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2. THE NOVEL METHOD

In order to come up with a technique to completely detect the rotor positions for the switched reluctance
motor drives in all regions or modes of operation, the control scheme based on the motor torque-speed
characteristics is used. Different researchers have also utilized the motor torque speed characteristics for
the detection of the rotor position [11-13]. In this method, different motor ratings are connected to the
same converter/controller circuit without any changes. Fig. 1 shows general torque-speed characteristics of
a switched reluctance motor.
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Fig. 1. General torque-speed characteristics and regions of SRM

In general, three regions of operation exist. The first region is known as the constant torque region, where
the supply of voltage and commutation angles is fixed and is located below the rated speed, w, The
second region identified as the constant power region, starts from the rated speed wy. In this region applied
voltage remains at its rated value and as the rated speed is increased, the maximum torque is sustained by
advancing the turn on angle with a fixed commutation angle. In this region, the torque falls inversely to the
motor speed, 1/o. Finally, there is a practical limitation to advancing the turn on angle, which, lets say,
begins at some speed called o, At this point, the third region starts and the torque decreases as 1/ o”. This
mode is known as the natural mode and is usually neglected for most motor technology.

In order to control andrun/a SRM completely, three modes of operation, namely, standstill, low and
high speeds are considered. The range of low speed begins at the motor start and ends at the rated speed
wp, while the high speed commence at rated speed, oy, and goes up as much as the advancement of the turn
on angle permits. Fig. 2 shows the control block diagram of the whole control system, which produces a
self-tunable diagnostic pulse train for detecting the rotor position in the three modes of operation, as well
as the automatic control of the motor speed in these regions.

The control block diagram can be explained briefly in the following manner. First is the 89C51 type
microcontroller which receives and analyzes the input signals and makes the proper decisions for the
correct motor phase selection. The second part is the receiving and processing section which consists of
analog switches, an A/D converter and amplifiers. The analog switches get the information from each
phase and then, by the use of multiplexing, sends the signals to the amplifier and then to A/D converter to
be used by the microcontroller. Third is the PWM generator, which gets its input from the motor speed
and generates the proper pulse-width. Fourth is the logic gate unit, which combines the microcontroller
output signals and the PWM generator to produce the proper signals for the power switches. Finally, there
is the two per phase switches power converter to deliver the necessary power to the motor. This system
goes from one mode to the other mode of operation automatically according to the rated speed and vise
versa. The user must set the rated and final speeds. The general voltage equation governing the phase
winding is expressed as [11]:
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2i.do , od di
00 dt 0Oi dt

V =Ri+ 3)
in which V, R, A, and 6, denote phase voltage, phase resistance, flux linkage, and rotor position,
respectively. The dynamic voltage equation for each region of torque speed characteristics is deduced
from equation (3). It is important to notice that, the dynamic characteristics of the motor changes for every
mode of operation, therefore the appropriate pulse width for that mode is generated.
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Fig. 2. The block diagram for the motor control
At this point, the different modes. of operation are explained in which the first mode of operation

starts at standstill.
The switched reluctance motor used for the vacuum cleaner has the following

specifications:
stator core outer diameter =72 mm
stator core inner diameter =62 mm
rotor pole arc =32°
stator polearc =28°
stack length =35 mm
airgap =0.25 mm
rotor core outer diameter =395 mm
rotor shaft diameter =10 mm
number of turns per pole =65

In the numerical part, the magnetic field analysis is performed using a commercial finite element package
[14], which is based on the variational energy minimization technique to solve for the magnetic vector
potential. This simulation directly yields the prediction of flux linkages. The so-called “effective”
inductance has been defined as the ratio of each phase flux linkages to the exciting current (A /I ). Values
based on this definition are presented in Fig. 3 for the motor under investigation. In the analysis, the rotor
moves from unaligned (i.e. 0°) to aligned (i.e. 28°) positions, and all “effective” inductance values for
points in between are computed.
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Fig. 3. Terminal inductance vs. rotor position

a) First mode of operation

At this point, the diagnostic pulses with proper widths are produced. In-erder to do this task, we start
with the minimum pulse width generated by the microcontroller. These pulses are applied to the three
motor phases and then the resulting currents are measured and added together. The phase voltage Eq. (1),

in the absence of motional back EMF and saturation, are represented by the following equation:

dL(0) di
V,=[R+——=0i,+ L (O)—=* 4
4= & li, +Ly(0) i 4)
Where, V4, ia are phase A voltage pulse and the resulting current.

The solution to the above equation can be easily determined as:

. VA e
lA:R*(1+e M) (5)

. L L,(0
Where, R =R+d (0),and 2':;—(*)

The equations for the other phases have the same general form. The addition of the phase currents yields
the same value for the summation and is independent of the rotor position. This can be readily verified by

summing the three phase currents, which results in the following:

T T T
Vv ; . :
i(r)="A(3-e L/E _, L/K _, L/,

e ©6)
Where, L;, L,, Lz are the phase inductances and t stands for the duration of the diagnostic voltage pulse.
Notice that, at any rotor position, L+ L,+ L; = constant= L,,,x and the L’s have the following general
form, Li= Liin , Lj=M L Lis(1-M) Ly, where, i, j, k are the phase numbers, and,

M= (stator and rotor poles overlapped area) / (full aligned overlapped area),

hence, 0 <M< 1.

Substituting for L’s in (6) will always yield the same value for i(t). A portion of this current, based on
the system hardware, is used as a reference value for the comparison of each phase current for the
detection of the rotor position. Now the pulse-width is increased by a pre-defined value and the same
measurement is repeated as before. This process continues until the produced current from each phase has
reached to a certain value in which the difference in current magnitudes for the phases can be completely

identified by the sensing device, and also the motor has not moved from its starting position. In other
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words, the torque produced by the pulses are insignificant. The rotor movement is verified by applying the
same pulses with the selected pulse width three times to the motor phases and then measuring the
outcomes. If the rotor has not moved, then the resulting current values produced by the tests must remain
the same. If the rotor movement is detected, then the magnitude of the pulse is reduced and the tests are
repeated again. Now, the diagnostic pulse with the proper pulse width is produced. Fig. 4 shows the

diagnostic pulse train (b), and the resulting current pulses (a), from one of the motor phases.

(@)

0.1 v/div

(b)

2 v/div

Fig. 4. a) The resulting current pulses from one of the motor phases.
b) Diagnostic pulses; timing 0.2 msec/div

The diagnostic pulses are applied to the coil windings of‘each phase. In order to detect the proper motor
phase, the resulting current magnitudes of’ the/corresponding phase and the direction of rotation are
considered. It is noteworthy to mention that, the more aligned the rotor pole with respect to the stator
poles, the higher the phase inductance; and therefore the lower the phase current magnitude. Fig. 5 shows

the diagnostic pulse train and the resulting current pulses from the three motor phases.

(a)

0.1 v/div

(b)

2 v/div

Fig. 5. a) The resulting current pulses from the motor 3 phases
b) Diagnostic pulse train, timing at 0.2 msec/div

The different resulting current magnitudes are due to the different motor phase inductances. Fig. 6 shows

the flow chart for the detection of the rotor position.
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Fig. 6. The flow chart for the stand still mode of operation

Now the motor starts turning and the next mode of operation begins.

b) Second mode of operation

In this mode;.the motor begins to turn. Figure 7 shows the front view of a three phase switched
reluctance motor with the coils all marked as AA', BB, and CC’ belonging to phases A, B, and C,
respectively.

F ig 7. The front view of a three phase motor
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As shown in Fig. 7, phase A is in a fully unaligned position, while phases B and C are in almost half
aligned positions. To restate, phase A is off and one of the two remaining phases due to the direction of
rotation is on. If a clockwise direction is considered, then phase C is on at this time and phase A is the one
next in line to be turned on. In this mode, the diagnostic pulses are applied to only one of the un-energized
phases that can provide the most information about the rotor position and has no free wheeling current
flow. In this case, phase A, shown in Fig. 7, is the right one for this job. The simplified version of the
phase A voltage equation in this mode will have the following form:

di
=R+ 02y i, 0+, EO D Q

The solution to Eq. (7) yields the following result for the resulting phase current, i,

.V Vil

lA:_Ii'i'[]o_ /i]er ®)

R R
. . L’
Where, I is the initial current, R = R + a)w, L =L,(9)+i, 52{6’) ,and 7= R—A*.
Ly

As the rotor pole passes from the mid un-aligned position shown in Fig. 5 and gets closer to phase A
of the stator poles, the magnitude of the current pulses resulting from the injection of the diagnostic pulses
on that phase starts from a maximum value at a mid un-aligned position and decreases to a minimum value
at a fully aligned position. This corresponds to a 45 degree rotor movement. Therefore, knowing the
minimum and the maximum values of the current pulses, one can obtain the proper rotor position to turn
on the corresponding motor phase. The motor dynamic characteristics are different than the pervious
mode, therefore the same pulse-width might'not be suitable for this mode of operation, and as the motor
speed changes, the width of the pulse train must be continuously modified. In this mode, the width of the
pulse is reduced according to the motor speed and the input voltage in such a way that the resulting
maximum current magnitude reaches a pre-set value. This value is determined by the system hardware so
that the input to the A/D converter stays.in the specified range. Figure 8 shows the diagnostic pulses, the
resulting current pulses, as well as the gate command for the phase turn on before being shaped and
magnified by the amplifiers.

(a)
0 .5 v/div
(b)

2 v/div

Fig. 8. a) The resulting current pulses, b) The gate
commands, timing at 0.5 msec/div

As seen from Fig. 8, the magnitudes of the resulting current pulses decrease as the rotor pole gets
closer to the stator pole of the corresponding phase. When the current magnitude reaches a certain pre-
determined range, the gate command to energize the proper phase is activated. In order to get proper and
sharp gate signals for the converter power transistors, the current signals are shaped and magnified as
shown in Fig. 9.
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(@

1 v/div

(b)

2 v/div

Fig. 9. a) Resulting shaped and magnified current signals,
b)The gate commands, timing at .5 msec/div

As shown in Fig. 9, the magnitude of the current pulses are clearly increasing and then decreasing as the
rotor poles align themselves with the corresponding stator poles.

In this mode of operation, the motor speed is varied by the PWM technique. When the duty cycle of
the PWM reaches 100 percent, the next mode of operation begins. Fig. 10 shows the complete flow chart

for the constant torque mode.
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Fig. 10. The flow chart for the constant torque mode of operation
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¢) Third mode of operation

This mode corresponds to the second and third parts of the torque-speed characteristics of the motor
shown in Fig. 1 known as constant power and natural regions.

As motor speed increases, the shape of the current waveform changes in such way that the production
of the motoring torque is limited. At high speeds, it is possible for the phase current to never reach the
desired value due to the self-e.m.f. of the motor, therefore the torque falls off. In order to remedy this
problem and produce high speeds, the phase turn on angle is advanced in such a way that the phase
commutation begins sooner. Advancing the commutation angle offers the advantages of getting the current
into the phase winding while the inductance of the phase is low, and also of having a little more time to
get the current out of the phase winding before the rotor reaches the negative torque region. Since the
SRM drive is a variable speed motor, the amount of advancing for the turn on angle should be
accomplished automatically according to the speed of the motor, meaning, as the motor speed increases,
so should the turn on angle and vice versa.

In this mode, again diagnostic pulses are applied to the phase which is in an off state and also, its coils
are not in discharging (free wheeling) mode. In this mode, the width of the pulse train is continuously
monitored and modified, like in the previous mode.

The resulting current pulses flowing in phase A are deduced from the following voltage equation:

dL(6)
de

where, V, and i, are phase A voltage and current, respectively R and L are resistance and inductance of
the phase  is the motor speed. The solution to Eq. (9) yields the following result for the current, i

VA =R‘iA+L(0)Z_;+iA (7] (9)

4 dL 0 dL
R+ w R+—w
do do
. oy o L(6)
Where, I is the initial current at the beginning of each step, and 7 = Tw) .
R+——w
do

It is possible to find the solution:to Eq. (10) numerically for different time steps within the width of
the pulse. A feedback from the motor speed is fed into the microcontroller to generate proper
advancement. Using the information from the magnitude of the resulting current pulses and the amount of
advancement, the phase turn.on command is generated. This process continues until the speed reaches the
set value. Figure 11<shows the diagnostic pulses and the resulting current pulses, as well as the command
for the phase turn on after being shaped and magnified.

Finally, Fig 12 shows the gate signals for the two consecutive phases. In this figure, the diagnostic
pulses are also clearly shown just before the gate is turned on.

Fig. 11. a) The resulting shaped and magnified current signals,
b) The gate commands timing at 0.2 msec/div

Iranian Journal of Science & Technology, Volume 31, Number B3 June 2007



A self-tunable sensorless method for...

327

Due to the high speed of the motor, there are two pulse samples shown in Fig. 12. Since the motor is

three phase, each gate pulse is on for one third of the whole period. Fig. 13 shows the complete flow chart

for the constant power mode.
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3. CONCLUSION

This paper has presented a complete self-tunable method designed to detect the rotor position at standstill,
low, and high speeds in switched reluctance motors for different motor power ratings.

This technique has been tested successfully on a 6 by 4 SRM used as the driving force for a vacuum
cleaner. The speed of the motor starts from zero and goes up to 20000 rpm. A pulse train is produced in
the first mode of operation. It is continuously monitored in the different modes of operation for possible
correction and modification of the pulse-width for the proper and quick detection of the rotor position. The
method works fine in conjunction with the pulse width modulation used to control the motor speed in the
constant torque region. The constant power region starts at 5000 rpm from this point on the turn on angle,
begining the advancement according to the motor speed. The maximum advancement is about 15 degrees
for the motor. The controller and drive circuit have also been tested on different.switched reluctance motor
power ratings (20 W- 2 KW) to check the reliability of the method and to ensure there are no unseen
problems. The robust performance obtained from this method makes it an attractive candidate for
industrial and domestic applications.
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