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- Abstract: This paper introduces a new sensorless rotor position
detection technique for switched reluctance motor drives. Two unexcited
phases are probed simultaneously with fixed length current pulses from the
main converter and the resultant current magnitudes are used to determine
the rotor position, independent of motor parameters. The operation of the
new technique is explained and the drive system is detailed. The technique
is applicable to SR motors of phase number of four and greater. The sensing
circuit is modelled, and theoretical and experimental results are presented.
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1. Introduction
Recent interest in doubly salient switched reluctance motor (SRM)
drives has involved many researches because of the drives cost advantages
and ruggedness, which make it suitable for variable speed applications. The
principles of operation for the drive are established (e.g. [1]-[2]). The
torque developed by the motor is proportional to the rate of change of stator
phase inductance which varies from a maximum, La, when a rotor pole is
aligned with the corresponding stator pole and is a minimum, Lu, when the
same poles are unaligned. For optimal torque production, the phase current
is switched on at the start of the rising inductance period and is switched off
before the decreasing inductance period. Such control requires accurate
measurement of rotor position. The rotor position can be measured directly
by using mechanical devices such as Hall sensors or opto-interrupters and a
slotted disk. For better resolution, a more accurate but expensive shaft
encoder can be used. However if the rotor position is measured indirectly,
termed sensorless, a cheap and accurate drive can be obtained. A new
method of using phase inductance in the estimation of SRM rotor position is
presented and investigated in this paper. The method is based on using the

main converter to inject short, fixed-length, diagnostic current pulses
simultaneously in two unexcited quadrature phases and the position is
derived from the current magnitudes. An aspect of most of the previous
sensorless techniques is that they required knowledge of the phase
inductance values whereas this method is totally independent of motor
parameters. Some of this previous sensorless SRM control work is
reviewed. The principle of operation of the new method is explained and a
mathematical expression of rotor position as a function of unexcited phase
currents is derived. The drive system is detailed with emphasis on the
electronic detection circuitry. A software model is presented to simulate the
sensing circuit. Experimental and theoretical results are presented and
factors affecting the performance are discussed.
2. Previous work
Earlier researches have detected the rotor position in a number of indirect
ways [3]-[14]. Some methods are suitable at low speeds while others are
only suitable at high speeds. Generally, the research can be classified into
three groups as follows:
2.1 Unexcited phase measurement techniques
Unexcited phase measurement methods estimate the position from a nonexcited phase. Difficulties are due to magnetic saturation, converter voltage
ripple, magnetic coupling between on-phases producing torque and offphases sensing the position and quantisation introduced by a digital
implementation.
(1) In [3] the peak current resulting from the application of fixed
duration voltage pulses to a non-active phase is measured. A state
observer is used to filter the measured position dependent data and
estimate the shaft velocity.
(2) An estimator which applies short duration pulses to two unexcited
phases is explained in [4]. The current of each phase is processed
individually to calculate the corresponding phase inductance. A pair
of angles for one such unexcited phase inductance is shifted by a
value equal to the phase displacement between the two unexcited
phases and shifted angles are then compared to the angles of the
second phase to determine which angles match. The matching angle
is the estimated rotor position.
(3) The phase winding in [5] is connected to an oscillator designed to
measure the inductance of a non-conducting phase by using a linear
frequency modulated (FM) converter whose output is decoded to get
the shaft position signal. The advantage of this method is the nonsensitivity of speed upon the corresponding demodulated signal.
(4) In [6], phase modulation (PM) and amplitude modulation (AM)
techniques are used to extract the phase and amplitude variations
respectively of the phase current, due to time varying inductance
when a sinusoidal voltage is applied to a non-conducting coil in
series with a resistor. The variations are then converted to indicate
rotor position.
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The main disadvantage of injecting current is the negative torque produced.
However, excitation of 10% the rated current can limit the negative torque
to approximately 2% of rated torque [3].
2.2 Current/Voltage sensing techniques
With electrical sensing techniques the position is estimated from the
excited phase producing torque.
(1) In [7], the modulating effect of the motional emf on the current
waveform which is dependent on rotor position is observed. The
low cost of this method is an advantage but it is unable to operate at
low speeds where the motional emf approaches zero.
(2) A sophisticated method based on state observers was presented in
[8]. A powerful processor is needed for real time computation.
(3) Flux estimation by means of voltage integration and inductance
calculation with a simple phase model is presented in [9]. The
problems are model accuracy and integration accuracy.
(4) In [10], synchronous demodulation is used to extract the reactive
component of the motor phase current at the PWM frequency. The
amplitude of this component is a direct measure of the angle
dependent phase inductance.
(5) Rotor position information is achieved in [11] by differentiating the
current or voltage signal of an excited phase when the rotor moves
from the unaligned position into the overlap region and as a result,
the current or voltage gradient will decrease significantly indicating
the rotor position.
2.3 Robust control techniques
Robust control strategies do not need information about the rotor
position because they assume that the motor is synchronised.
(1) The scheme presented in [12] permits the motor to run in the steady
state with a narrow conduction angle. Under transient or overload
conditions, the conduction pulse is increased in response to a
change in the dc link current. The method is apparently aimed to
operate at fixed rather than variable speed.
3. New principle of rotor position detection
The method introduced in this paper injects from the main converter
short fixed length diagnostic current pulses simultaneously in two unexcited
phases.In a 4-ph SRM (8/6), if the inductance of each phase is approximated
as a sinusoidal waveform, neglecting magnetic saturation and mutual
inductance between phases which is practically valid for small current
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pulses, then L1 and L2, the inductance of phase 1 and 2 respectively shown
in figure 1, can be expressed by:
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 : rotor position with reference to the unaligned position of phase 1, and
Lu ,La : unaligned and aligned phase inductances, respectively.
Differentiating (1) w.r.t. position, , yields:
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Dividing the two parts of (2) gives:
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For a small signal model, the L.H.S of (3) can be approximated as:
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where L1 and L2 are the inductance changes of phase 1 and phase 2
respectively and  is the increase in rotor position in one sample step.
Therefore from (3) and (4):
L1
tan6 
(5)

L 2

Each non positive torque producing phase is probed by high frequency
current pulses with a fixed on-time trise as shown in figure 2a. Before the
commencement of the next current probing pulse the phase current should
reduce to zero, such that trise + tfall < . The appropriate phase voltage
equation during probing is given by :
3

V = iR + L

di
dL
+i
dt
dt

(6)

Assuming the iR component is small (since i is small as well as iR being
low in SR motors), and the motional emf is unchanged within a sample
period trise and between consecutive high frequency samples , then equation
(6) becomes:

t
V - k
L  rise
I

(7)

where k() is the motional emf.
Therefore, the inductance change of phase 1 between two consecutive
current probes is given by:
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where I1,1 and I1, are the peak currents at the normalised times  +1 and
 respectively [3].
Similarly, the inductance change in phase 2 is given by:
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1 
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where k() is the same value in equation (8) and (9), since it is the motor
back emf.
Dividing
(8)
by
(9)
and
equating
with
(5)
yields:
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Therefore detecting the peak currents simultaneously in two unexcited
phases results in absolute rotor position within any of the six possible rotor
sextants. This rotor angle is independent of speed and inductance. Figure
2b depicts phase current waveforms where each phase is excited during the
positive inductance rate of change to produce torque and probing diagnostic
pulses are injected during the negative inductance rate of change to sense
position. It is also seen that during each 15 degrees period, two phases are
excited simultaneously to produce torque while the remaining two have
current pulses injected for position sensing. Table 1 summarises the
operation of the four phases over a 60 degrees cycle.
Angle range

0 - 15

15 - 30

30 - 45

45 - 60

Excited phases

2,1

4,1

4,3

2,3

Unexcited phases

4,3

2,3

2,1

4,1

Table 1. Operation of the four phase currents

4. Drive system
Figure 3 shows a schematic diagram for the drive system which consists of :
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(1) a 500 W, 4-ph SRM, the details for which are given in table 2,
(2) asymmetrical half bridge converters where each phase is controlled
by two MOSFET switches and two diodes as shown in figure 4,
(3) gate drive circuits which isolate the high and low voltage sides,
convert the TTL control signals into equivalent CMOS driving
signals and supply the gate of the MOSFETswitches with the
transient current needed for switch on and off,
(4) current transducer circuit which detects the current in each phase
and produces isolated feed back current signals,
(5) multiplexer MUX,
(6) demultiplexer DEMUX,

(a)

(b)
Fig. (2): (a) Inductance, voltage and current during phase injection and (b) current
waveforms of the 4-ph SRM

(7) position detection circuit and
(8) main SR control circuit.
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The demultiplexer feeds the signals from the two excited phases to the
main control circuit and the signals from the two unexcited phases to the
position detection circuit. In the main control circuit, the demand currents

Fig(3) Schematic diagram for the drive system

Fig. (4) Asymmetric half bridge converter per phase
8/6 stator rotor poles

Supply Voltage = 300 V

Rated current = 2.4 A
Outside frame diameter = 125 mm
No. of turns per phase = 710

Phase resistance = 9.6 
Stack length = 47 mm
Bore diameter = 65 mm

Unaligned inductance = 79.6 mH
Aligned inductance = 216.2 mH
Table 2. Motor details

are produced from a look-up table according to the estimated rotor position
and compared with the measured currents. The error signals are pulse width
modulated to generate the torque producing signals. According to the
estimate position, the multiplexer directs to the eight gate drive circuits the
torque producing signals from the main control circuit and the injected pulse
signal train. The two unexcited phase currents are fed to the position
detection circuit and the peak values are sampled and held just before the
end of each fixed length diagnostic period and then fed to low pass input
filters. Sampling occurs just before the fixed pulse length ends in order to
avoid switching noise problems. The two analogue signals are fed to the
A/D converters of an embedded controller which evaluates the mathematical
expression in equation (10) and produces the rotor position in digital form.
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For observation purposes, the digital position information can be converted
to analogue and passed through a low pass filter.
S/H1

Filter1

A/D1
D/A

I13

O/P filter
Estimated
Angle

P

I24
Motor
S/H2

Filter2

Scope

Mux

A/D2

Reference
Angle

Fig. (5) Schematic diagram for the position detection circuit simulation

5. Simulation
The performance of the rotor position detection circuit is dependent on
parameters such as the current injection frequency, the input and output
filter characteristics and the algorithm frequency. Software simulation is
used to investigate the effect of these parameters on circuit performance.
The circuit is simulated using SIMULINK software as shown in figure 5
where the MOTOR block generates the current signals of the two unexcited
phases. Since the currents in phase 1 and phase 3 are 180 electrically
separated, they
are seen as a periodical current I13. The same applies to the currents in
phases 2 and 4, which are seen as I24. The two signals pass through
synchronised zero order sample and hold circuits to detect current values at
trise, low pass input filters to remove the injection frequency component and
A/D converters. The PROCESSOR block calculates rotor position
according to equation (10). The digital data is processed at a sampling
frequency much higher than the current injection frequency. An output low
pass filter is used to remove the processing frequency component from the
position signal. To compare the angle estimated by the sensing circuit with
the actual angle, a reference saw tooth signal is generated from an absolute
position shaft encoder.
6. Results
The negative torque developed by the sensing current pulses is
inversely proportional to injection frequency. Maximum probing current, Im,
of 10% the rated current takes place at the unaligned position and limits the
negative torque to approximately 2% of the rated torque [3]. With reference
to equation (7), assuming trise = tfall = /2 (since only V loops are used), the
current injection frequency, f, can be approximated by:

f =

V
2 I mLu

(11)

For this motor, see table 2, trise is 50s and the maximum current probing
frequency is 12kHz, after which the current pulses begin to merge and
become too small, hence noisy. The injection frequency is set to 10kHz.
The PWM frequency for chopping the current producing torque is limited by
the type of the power switch. For the BUZ384 MOSFETs, a chopping
frequency of 40kHz is used. The higher the sampling frequency, the smaller
7

the angle change per sampling step and consequently the more accurate the
angle estimation. The processing cycle frequency is set much higher than
the current injection frequency and limited by the speed of the processor,
A/D and D/A converters. The processing frequency is 80kHz which gives
eight times over sampling. The phase delay between the actual and
estimated angles due to the input and output filters is speed dependent.
Figure 6 shows the relationship between the phase delay and speed for
BUTTERWORTH 4th order and CHEBY-CHEV I 4th order, 0.1 dB ripple
in the pass band, filters at different cut-off frequencies. It is seen that the
CHEBY-CHEV I filter has less phase delay than the BUTTERWORTH
filter. It is also seen that the higher the cut off frequencies, the lower the
phase delay in the frequency range of interest but the higher the distortion in
the estimated angle waveform. The phase delay is directly proportional to
the motor speed. However setting the input and output cut-off frequencies
to 2kHz
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Fig. (6): The relationship between phase delay and the speed with (a) I/P, (b) O/P and (c)
both filters (phase and group delay)

and 16kHz respectively results in a good estimated angle waveform with
minimal phase delay (1.06 degrees = 3.5% at 1500rpm). Figure 7 shows the
theoretical waveforms in the different parts of the position detection circuit
and figures 8 and 9 show the experimental current waveform in two adjacent
phases at 1000 rpm and the estimated angle waveform for different speeds
respectively. No motor load or mutual inductance effects were observed.
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Fig. (7): Theoretical waveforms from the (a) S/H, (b) I/P filters and (c) O/P filter

Fig. (8): Experimental current waveforms in two adjacent phases at 1000 rpm
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determined by A/D accuracy and no valid position information results
at standstill. Figure 9 shows good results for a 15:1 speed range. With
the system 8-bit

Fig. (10): Current waveforms of the 3-ph SRM

A/D’s a usable 50:1 speed range is possible, while 10-bit A/D’s extend the
range to over 100:1. The linearity of the estimator deteriorates at low speeds
but linearity can be improved by decreasing the sampling frequency and
increasing the length of the probing pulse. The input filter cut-off frequency
should be correspondingly decreased.
8. Conclusion
A new sensorless SRM rotor position detection technique has been
introduced based on probing two unexcited phases simultaneously with
short fixed length voltage pulses from the main converter and evaluating the
resulting currents to determine rotor position. The technique requires no
knowledge of motor parameters, is not sensitive to supply voltage variations
and can be applied to SRM of phase number of four or greater. Using the
proposed method on a three phase motor decreases rated torque. The drive
system has been detailed and a software model for the sensing circuit was
presented. Experimental and theoretical results have been presented with a
study of the effects of input and output filters cut-off frequency on
performance. A motor starting method was discussed.
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