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Abstract:  - This paper presents a complete and novel method which is designed to detect the rotor position at standstill and also low speeds in switched reluctance motor. The method applies a high frequency sine wave signal to the three successive stator pole windings and then looks at the induced signals on the opposite pole windings to detect the rotor position at standstill. It then continues to sense the rotor position while the motor running by applying the same signal to the half of the un-energized phase winding and sensing the rotor position from the induced signal in the opposite half of that phase winding. The results obtained demonstrate the feasibility and practicability of the method. 

Key words: Switch Reluctance motor, Sensorless operation of SRM, Indirect rotor
                   position sensing in SRM
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 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 traditionally has been achieved by utilizing a discrete shaft position sensor. Due to more ruggedness and reliability of the motor especially in harsh environment, the trends for the past decades have been to eliminate the direct shaft position sensor. In this regards, many different indirect position sensing techniques for the SRM drive have been proposed and presented by different researchers. In all of the methods utilized the instantaneous phase inductance variation information has been used in some way to detect the rotor position indirectly. In general, the indirect rotor position sensing can be obtained from terminal measurements of the voltages and 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 are as the followings:
A-Current magnitude and current waveform detection methods 
As the motor turns, the inductance of each phase varies with the rotor position. Voltage pulses are placed on the non-energized phase windings and the resulting current magnitudes are measured and compared to detect the rotor position. As in the current waveform detection, the shape of the current or in another 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 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]

C- Flux-Current method

 
One the simplest scheme is to measure the flux-linkage (λ) together with the phase current of the motor. Using these two information and also the non-linear static magnetization curve (λ, i, θ) of the motor to estimate the rotor position. Flux can be obtained by the following integration
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Since current goes to zero in every cycle then λ0=0 can be used [4].
d - Observer based method

In this method, the state of the motor on the basis of known system inputs are re-constructed and modeled in state space, the developed mathematical model is then run 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 un-aligned position to the full alignment. The mutually induced voltage in an adjacent pole is given by
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where M(θ) is the mutual inductance and i is the phase current [6]. 
Of course other methods such as resonant scheme, neural networks, and fuzzy logic techniques have been cited in the literature [7-9], also different methods for proper phase detection are mentioned by different researchers in [10]
2 The Novel method

In order to run a SRM, two modes of operation must be considered namely, at standstill and running conditions. A cross section of the actual motor windings and rotor poles is shown in Fig. 1
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Fig. 1 Motor cross section

The motor is a three phase with six stator poles. Each phase consists of two windings wrapped over the opposite stator poles. In this study, one coil is the transmitter and the opposite coil is the receiver for each phase.  The general block diagram of the controller circuit is shown in Fig. 2
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Fig. 2 Block Diagram of the Controller
A 5 KHz sine wave signal is generated and applied to each of the stator pole windings (i.e. the transmitter) sequentially via the phase selector unit and the resulting induced signal is obtained in the opposite corresponding pole winding (i.e. the receiver) respectively, as shown in Fig. 3
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Fig. 3 Transmitted and received signals
The amplitude of the induced signal depends on the rotor poles positions with respect to the stator poles. The maximum amplitude is obtained when the rotor pole is completely aligned with the corresponding stator pole while the minimum magnitude is achieved when the poles are in full un-alignment. 

In order for the microcontroller to make its measurements at the same instant of time for all three phases, a sync. pulse train has been generated from the input sine wave signal.

Fig. 4 shows the sync. signal and the resulting amplified and then rectified induced voltage for phase A.
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Fig. 4 The sync. signal and the resulting  induced voltage
As shown in Fig. 4 the measurement of the output induced voltage starts at an arbitrary voltage level with respect to the applied input signal. Since the positive part of the induced voltage is going to be used for the detection of the rotor position therefore the negative part of it has been eliminated. Now for detecting the rotor position at standstill, the 5KHz diagnostic sine wave signal is applied sequentially to the consecutive stator poles (i.e. A, B , C) and the resulting induced signal in the opposite stator pole windings are measured and compared to identify the location of the rotor pole. Fig. 5 shows the induced signals in the three stator pole windings, simultaneously plus the sampling pulse train. 
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Fig. 5 The induced signals for all the phases plus sampling pulse train
As seen from Fig. 5 the first signal which belongs to phase A has the highest value of the induced voltage meaning, this phase has the highest rotor and stator overlapping. Considering these signals and the pre-determined direction of rotation a logic circuit has been set to select the proper phase to switch on. After this point, the motor starts to turn and the second mode of operation begins.
It is worth mentioning here that the unit for the analog switches shown in Fig. 2 gets its command from the microcontroller in order to allow one of the rectified signals belonging to the proper phase to pass to the A/D unit.

In the second mode of operation, the diagnostic sine wave is applied to the next un-energized transmitter coil continuously by the phase selector unit and the rate of change for the induced voltage magnitude in the receiver coil is monitored until it reaches a certain pre-set level. At this time the gate signal for the proper motor phase is produced. Fig. 6 shows the gate signal for two of the power transistor used to drive the motor.
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Fig. 6  The gate signal for the power transistors
As seen from Fig. 6 every phase is on for one third of the whole period since the motor is three phase. 
3   Conclusion

This paper has presents a complete and novel method which is designed to detect the rotor position at standstill and also at low speeds for switched reluctance motor. This technique has been tested successfully on a 6 by 4 SRM. The method works fine in conjunction with pulse width modulation used to control the motor speed. The range of speed used for the motor starts at zero and goes to the motor rated speed which is about 7000 RPM. The motor has been also tested under different loads to check the reliability of the method and also if there are any unseen problems. 
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