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Precise estimation of position is essential in the control of switched reluctance motors (SRMs). Traditionally, the intersection of the adjacent inductance can be utilized to estimate the rotor position, however, magnetic saturation brings about variations in the intersection position when the motor is operated at heavy load. To solve this problem, this paper develops a sensorless position estimation strategy considering magnetic saturation and the embrace design. Sensorless control approaches can be chosen interchangeably according to the characteristics of the intersection. Rotor position estimation is achieved by employing six typical inductance positions. No additional position sensor and other detection devices are required. Through simulation and experiment, the feasibility and validity of the proposed position estimation method are verified. The proposed sensorless method is verified for acceleration, constant operated state, and load mutation.
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1 INTRODUCTION
With the development of new energy technology Huang et al. (2021); Zhang et al. (2021), switched reluctance motors (SRMs) have been widely used in manufacturing due to their simplicity, fault tolerance, and low cost, which make them very competitive in the market Hu et al. (2015); Elmas et al. (1996); Sato et al. (2016).
The stable operation of switched reluctance motors relies on accurate rotor position information in which the commutation should be made at a proper position to operate the motor efficiently Bateman et al. (2010); Wang and Fahimi (2014); Afjei and Nezamabadi (2016). Traditionally, position sensors such as hall-effect, resolvers, and other mechanical sensors are required, and additional circuitry is also applied to commutate which endows the motor with a fast dynamic response Ma et al. (1998); Chang et al. (2015). However, traditional position sensors are susceptible to harsh environments. Meanwhile, installation accuracy is also an important factor which should be taken into consideration. These unreliable complications possibly reduce the competitiveness of the motor Mese and Torrey (2002); Xu and Wang (2002); Krishnamurthy et al. (2006). Therefore, the development of reliable sensorless position technology is of great significance to the application of switched reluctance motors Torkaman and Afjei (2013); Khalil et al. (2005).
Recently, domestic and foreign scholars have conducted extensive research on sensorless position technology. A few instances of sensorless schemes such as high-frequency injectionYu and Chen (2006) and intelligence techniques such as ANN, MARS observers, and fuzzy logics have beenreported in the literature Cheok and Ertugrul (2000); De et al. (2011); Hudson et al. (2008).
Accurately estimated position is obtained and low-speed performance is improved when using the fuzzy logic-based scheme described in Cheok and Ertugrul (2000); De et al. (2011). With neuro fuzzy learning by training the phase voltage and current signal using a backpropagation algorithm, the rotor position is estimated successfully under high noise conditions. However, the application of intelligent techniques studied by many researchers is only suitable for low-speed operation in SRM drives.
Based on the injection method, one prime idea behind these approaches comes from the fact that the inherent characteristics of SRM, such as back-EMF, phase inductance, flux linkage, etc., are a function of rotor position Cai and Deng (2015); Gao et al. (2004). By measuring the phase current and voltage of the terminal, the electromagnetic characteristics are obtained, thus, rotor position information is able to be extracted.
High-frequency signals are injected in the non-energized phase during the interval, and by extracting the information of the rate of change of the current with the slope difference strategy, full-cycle phase inductance corresponding to the position is identified Cai and Deng (2013). High-frequency voltage pulses are injected, vectors are defined, and the composed vector is combined by the decomposition method, therefore the position is estimated Cai and Deng (2012). Only one current sensor is applied to detect the position online Cao et al. (2016), the excitation current is separated from the bus current, and the rotor information is extracted by current-rise-time at low speed and the current-gradient method at the high-speed condition. High-frequency pulses are hard to inject when the motor is operated at the high-speed condition, a single pulse is injected to determine the position for the high-speed condition in Ofori et al. (2015), and the injection method is extended to the high-speed condition.
With the previous injection method, an inductance calculation or current threshold is required, the inductance is able to be obtained by using look-up tables or employing analytical methods taking up the space of DSP.
Recently, some intelligent algorithms have been applied to the sensorless position control strategy. The idea of adopting an ANN algorithm as a position estimation method was suitable for low-speed conditions in Barnard et al. (2014); Jakobsen et al. (2015); Kuai et al. (2017).
This paper proposes a new sensorless position control strategy for SRM drives, based on magnetic saturation and the embrace design. The relationship between the embrace value and the intersection position is fully investigated, it is found that in the low inductance region, the intersection position is not sensitive to the saturation current when the embrace is small. Thus, the typical specific position can be used as an update point for position estimation. Obviously, the intersection position is influenced to a great extent when the embrace is larger; the relationship between the saturation current and the intersection position needs to be explored. In the high inductance region, the intersection position is a function of the saturation current. Firstly, an identification of full-cycle phase inductance of the SRM based on the current slope difference method is performed. Secondly, the relationship between the embrace value and the intersection position is fully investigated. The result shows that the intersection position in the low inductance region is not sensitive to the saturation current when the embrace is set to a small region, thus, the typical specific position can be used as an update point for position estimation. Apparently, the intersection position is greatly influenced when the embrace is marginally larger, the intersection position must be compensated, thus the relationship between the saturation current and the intersection position must be explored, and the function of the saturation current and intersection position is obtained. Consequently, these sensorless control approaches can be chosen interchangeably according to the characteristics of the intersection defined by the embrace.
Compared with the inductance-based method mentioned above, the proposed scheme possesses the following main contributions:
(1) The rotor estimation is achieved by employing typical intersections without a requirement of an additional position sensor and other detection devices, meanwhile the relationship between the inductance and position is unnecessary, which releases the DSP memory. Furthermore, a priori magnetic characteristic knowledge of SRM is not required and the computation process is simple.
(2) The special intersections adopted for the sensorless scheme can be chosen according to the embrace, when the embrace is small, the intersections at the low inductance region are insensitive to the saturation effect, and by utilizing these intersections, the estimation performance is not affected by saturation. When the embrace is marginally larger, six compensated intersections are implemented. The estimated accuracy is also guaranteed even if the motor is operated at a saturation condition.
(3) The estimation of speed and position can be updated six times per 360 °electrical angle, there is no accumulated error, and the accuracy of speed and position estimation can be guaranteed whenever the motor is operated in the acceleration state, at high speed and heavy load. The organization of this paper is as follows.
Section 2 shows the mathematic analysis of acquiring the phase inductance in real time, and the relationship between the embrace and the intersections are analyzed. Issues related to phase intersections based on the embrace of the SRM are demonstrated in Section 3. The evaluation of the proposed estimation approach for a 5.5 kW SRM is presented in Section 4. And a comparative analysis between the proposed and inductance-based position estimations is given in Section 5.
2 ACQUISITION OF INCREMENTAL INDUCTANCE
2.1 Nonlinear Characteristics of the SRM
For the 12 stators/6 rotor poles in the SRM, the relationship between the phase inductance and the current rotor position is shown in Figure 1. Traditionally, the motor is operated at the saturated magnetic condition to obtain a large torque, thus the highly saturated magnetic circuit of the motor needs to be designed. As a result, the interdependence between inductance with position and current is highly nonlinear.
[image: Figure 1]FIGURE 1 | phase inductance-current-angle characteristic of SRM.
2.2 Acquirement of Inductance Profile
The SRM phase voltage equation is as follows:
[image: image]
The partial derivative is rewritten as:
[image: image]
Considering the mutual inductance, the flux linkage is deduced by the expression:
[image: image]
Where Lk,k is the k-phase self-inductance and Mk,k−1 is the mutual inductance between the k-phase and k-1 phase, and the k-phase voltage equation is shown as:
[image: image]
The k-1 phase flux linkage is expressed as:
[image: image]
Then the k-1 phase voltage equation can be presented as:
[image: image]
Where the k-phase incremental inductance can be obtained by formula (7), and the k-phase incremental mutual inductance can be obtained by formula (8).
[image: image]
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The k phase and k-1 phase voltage expressions are derived as:
[image: image]
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Where the k-1 phase incremental inductance Linck−1 can be obtained by formula (11), and the k-1 phase incremental mutual inductance can be obtained by formula (12):
[image: image]
[image: image]
As shown in Figure 2, phase A, phase B, and phase C inductance profiles are consistent. The difference is a determined angle between the inductance profiles, which is related to the number of stator and rotor poles. For ideal SR motor model, inductance La, Lb, and Lc should be a perfectly symmetrical waveform. Actually, in the manufacturing process, process deviation, material deviation, or air gap inequality will cause inductance deviation. Lc is just an example of asymmetry, which is illustrated and added in the paper in Figure 2 When the motor is operated at an unsaturated state, the junction position of the inductance is not related to the current. When the motor is operated at a saturated state, the inductance junction is related to the magnitude of the current. Generally, a high-frequency injection is injected at the unsaturated operating state with the same amplitude and equal frequency. In the unsaturated operating region, the current response is notable and the features are able to obtain the inductance profile. In the high-frequency voltage injection method, the fixed and equal amplitude frequency voltage pulses are excited on the phase, and the current response is varied with the inductance, which is shown in Figure 3.
[image: Figure 2]FIGURE 2 | Illustration of process of obtaining full-cycle inductance file.
[image: Figure 3]FIGURE 3 | (A) High-frequency voltage injection method in unsaturated region (B) high-frequency voltage injection method in saturated region, and (C) high-frequency voltage injection method in high-speed region.
For Figures 2, 3 it is relevant to include some discussion about the impact of the SRM load (due to saturation) and speed (due to back-EMF) in the effectiveness of the injected voltage pulse method.
1) Running in the unsaturated region.
When the motor is operated in the unsaturated region, the distinction of the current response is significant in the injected voltage pulse method.
2) Running in the saturated region.
When the motor is operated in the saturated region, the distinction of the current response is small in the injected voltage pulse method.
3) Running in the high-speed region.
When the motor is operated in the high-speed region, the distinction of the current response is small due to back-EMF, and fewer pulses are able to be injected due to the short interval. So the injected voltage pulse method is not applicable.
The inductances of the ideal phase and the energized phase should be calculated in real time by using the excited current and injection response current. The equations of energized mode, freewheel mode, and demagnetization are shown in (13-15), respectively.
[image: image]
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Formula (16) can be obtained after two formula (13), formula 15 are subtracted Cai and Deng (2015):
[image: image]
Mutual inductance is a prominent factor to the precision of the proposed sensorless control approach, but is not present concretely in this paper. Mutual inductance will be taken into consideration in the following research. In this paper, mutual inductances are neglected, as shown in (16) and 17.
[image: image]
According to the expression (7), the inductance can be further expressed as:
[image: image]
Assuming that the bus voltage is constant, the inductance curve with different currents is shown in Figure 4:
[image: Figure 4]FIGURE 4 | Diagram of the inductance profile with different currents and angles.
3 PRINCIPLE OF PROPOSED ESTIMATION POSITION METHOD
3.1 Analysis of the Relationship Between the Embrace and Inductance Intersections
The characteristics of the intersection will be significantly distinctive when choosing different embrace designs. The embrace is defined as the ratio of the polar arc width to the polar distance. The polar arc width refers to the arc length, the polar distance refers to the arc length, and the ratio of the arc length on two identical circles is also the ratio of their angles, as shown in Figure 5. At the same time, the embrace also reflects the distribution of the air gap magnetic density. Assuming the embrace is small, it is found that the intersection position in the low inductance region is almost coincidental and insensitive to the magnetic saturation. On the contrary, these intersection positions are greatly different when the embrace is marginally larger.
[image: Figure 5]FIGURE 5 | Embrace definition.
The Ansoft modes of the 12/8-pole SRM with different embrace designs are demonstrated in Figure 6, and the specific structure parameters of the 12/8 motor is listed in Table 1. Obviously, when the embrace design is set to 0.4, the intersection between inductance A and inductance C profiles is approximately 7.5°, which is insensitive to the saturation current. And the disparity is too large for the intersections in the high inductance region.
[image: Figure 6]FIGURE 6 | (A) A variety of SRM designs with 12/8 (B) the intersection position is located in the low inductance region in 12/8 (C) the intersection position is located in the high inductance region in 12/8.
TABLE 1 | Base structure parameters of the SRM.
[image: Table 1]However, the position of the inductance profile intersection reaches 10.5°when the embrace is set to 0.5, about a 2°mechanical angle transformation compared with that using the small embrace parameter. The feature of inductance profile is able to contribute to the development of the sensorless strategy as well as form good guidance for motor design.
This typical position is applied in the position estimation.
The unsaturation inductance profiles are represented in Figure 7. It is notable that the six intersection positions are specific and almost no variation is achieved, these intersections ought to be in the ideal position for the sensorless scheme. Nevertheless, the motor is almost operated at the saturation state and these typical intersections are not suitable anymore. Another investigation is made to test the saturation accommodation method.
[image: Figure 7]FIGURE 7 | Distribution of intersections under the unsaturation current.
Compared with the simulation results exhibited in Figure 8, the following indications are achieved. It can be seen that the feature of the intersection in the low inductance region is quite different to that in the high inductance region. The position of the intersection between inductance profiles Lb and La is insignificantly different to the C of the saturation current. By employing the determined angle of the intersections, which are 11.6°and 14.8°, respectively, the corresponding unsaturation current is 5A and the saturation current is 20A. The maximum difference is about 2.8°(mechanical angle), and the case will be deteriorated as the saturation current increases. Based on the above analysis, the possibility of employing the intersection of the low inductance region in sensorless control will be investigated in this paper.
[image: Figure 8]FIGURE 8 | (A) The angle of the intersection between inductance profile B and inductance profile C with difference embrace designs (B) The angle of the intersection between inductance profile A and inductance profile B with difference embrace designs.
Sensorless control schemes are chosen with the embrace parameter; a detailed description will be introduced in the following section.
3.2 Sensorless Control Scheme Considering Saturation When the Embrace Is Set Below the Design Threshold
For embrace designs under 0.43, the intersections of the inductance profiles in the low inductance region are demonstrated in the diagram in Figure 9. Point A, point C, and point E corresponding to 7.5°, 22.5°, and 37.5°are utilized to estimate the speed in the proposed sensorless scheme.
[image: Figure 9]FIGURE 9 | Distribution of intersections when the embrace is set to below 0.43.
The flow chart of the sensorless method using the three typical intersections is shown in Figure 10. When the motor is operated inthe forward direction, the intersections can be identified by judging the relationship of the adjacent inductance profile. Taking intersection A for example, at k instant, the inductance La is judged to be larger than Lb, meanwhile, the inductance Lc is larger than Lb at the following sampling instant, and the unique identification for the position of intersection A is, once the instant of intersection A and intersection B is confirmed, the average speed between the intersections is able to be calculated by using the counter of DSP.
[image: Figure 10]FIGURE 10 | Estimation of position under the inertia operation of the motor.
The motor rotor position estimation at any instant is then rewritten as follows:
[image: image]
where θk stands for the rotor update position point, △θ represents the partial angle spacing between adjacent typical intersection points, which is considered a constant value of 15°, △tk is the rotor rotation time from one typical position to the other, tk is the kth moment of the updated point, and t1 represents any moment when the rotor rotates between two typical points, the related formulas are revealed in Table 2.
TABLE 2 | Three typical estimation scheme-based intersections.
[image: Table 2]3.3 Sensorless Scheme When the Embrace Is Above the Threshold
Another condition is necessary to be studied in the proposed sensorless approach. The characteristic of intersections at low inductance is homologous to that of high inductance when the embrace is set over 0.43, which is highly different to that when the embrace is set to less than 0.43. Thus the sensorless strategy should be reconsidered with the aforementioned difference. The relationship between the position of the intersection and the saturation current is revealed in Figure 11.
[image: Figure 11]FIGURE 11 | General block diagram of inductance intersection under saturation inductance.
Obviously, it can be concluded that the position of the intersection is greatly sensitive to the saturation effect whenever theintersections are in the low or high inductance regions. It is necessary to study the relationship between the position of intersections and the saturation current.
The Gaussian fitting mathematical expression is established to describe the relationship between the saturation current and the intersection position. The discrete data containing the information of the saturation current and intersection position are obtained by experiment. Obviously, the more discrete the data obtained, the more accurate the fitting. The price to pay is that more storage space is taken. Suitable data are selected as the fitting data. Multiple sets of discrete experimental data are disposed with Gaussian fitting in matlab. The relevant information of coefficients a1, a2, b1, b2, c1, and c2 is obtained. The coefficients are substituted in formula (20). Finally, when the saturation current is sampled, the corresponding intersection position information f(10) is able to be obtained using the formula.
[image: image]
The simulation results based on Ansoft are taken into the expression and the coefficients are obtained as demonstrated in Table 3.
Similarly, the expression is suitable for calculating the rotor position. The estimation scheme based on six typical intersections isshown in Table 4.
Where, w12, w23, w34, w45, w56, and w61 are the estimated angular velocities between different intersections, T12, T23, T34, T45, T56, and T61 stand for the interval taken when the rotor rotates from one intersection to another, and t denotes the random instant when the rotor rotates between two adjacent intersections.
TABLE 3 | Gaussian fitting coefficients of position and current.
[image: Table 3]TABLE 4 | Estimation scheme based on six typical intersections.
[image: Table 4]The flow chart of position estimation considering the saturation magnet at the driving mode is exhibited in Figure 12. Similarly to the estimated method aforementioned in Section 3, the six intersections are able to be decided by judging the logic of the adjacent phase inductance, then the position of the specific intersection is acquired by employing the Gaussian fitting mathematical expression.
[image: Figure 12]FIGURE 12 | Flow chart of position estimation considering the saturation magnet at the driving mode.
4 SIMULATION AND EXPERIMENT
To evaluate the performance of the proposed approach, a simulation and experiment are developed. As shown in Figure 13A, the given current is set as 5A, the embrace is about 0.48, and the motor is operated in the unsaturation state. It is notable that the estimated speed can track the actual speed exactly; the maximum position estimation error is about 0.8°. The experiment result is shown in Figure 13B, the estimated position curve almost coincides with the actual position curve, in which the estimated error is about 1.1°.
[image: Figure 13]FIGURE 13 | (A)The simulation of the inductance and position of the motor in the constant speed state (B) experimental results of position estimation under magnetic unsaturation inductance.
Position estimation is affected obviously in the case of variable speed and low speed. The position estimation error slightly increases under these conditions due to the average estimated speed applied in the predictive technology. The simulation and experimental waveforms of the current and estimated position profile are shown in Figure 14. When the motor is running under the magnetic saturation state, the error between the actual position and the calculated position in the simulation is about 3.8°. The improvement is 1.3°compared with the traditional method without considering the saturation effect; the results are very consistent.
[image: Figure 14]FIGURE 14 | (A)The simulation of the inductance and position of the motor in the acceleration state (B) experimental results of position estimation under magnetic saturation inductance.
[image: Figure 15]FIGURE 15 | 12/8 SRM experimental platform.
At the same time, the experiment is accomplished and the motor is operated with 15A, which is within the saturation state, the estimated position coincides with the actual position, of which the maximum error is 1.4°. The conclusion is that the estimated results of speed and position are insensitive to magnetic saturation. The accuracy of the estimated position is improved compared with the traditional method without considering magnetic saturation.
5 CONCLUSION
The estimation approach encounters implementation issues in the embrace and magnetic saturation operations. This paper proposes a sensorless position estimation strategy considering the embrace and magnetic saturation effect. With a small embrace, three typical intersection of inductance profiles, which are insensitive to the magnetic effect, are employed for sensorless control. Obviously, the position of these intersections is greatly different with that of a large embrace when the motor is operated at the saturation load condition. In this case, the relationship of the intersection position and the saturation current is investigated and presented with the saturation load condition. High accuracy of the estimated rotor position is achieved with the simulation and experimental results. According to the above analysis, the prominent contribution in this paper is that the suitable sensorless strategy is able to be selected according to the embrace value and the estimated position which is guaranteed even if the motor is operated at the saturation condition.
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