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Abstract

Linear switched reluctance motors (LSRMs) have recently gained more popularity for propulsion drives.
This paper contributes a certain design improvement to reduce the force ripple in LSRMs. By affizing a
pole cap in the stator pole, the target is achieved. Finite element analysis has been carried out to predict
the performance of the basic and proposed structures. Motor performances for different load conditions are
simulated. The application of fast Fourier transform has been utilized to envisage the vibration frequencies.

The experimental results are well correlated with the predicted results.
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1. Introduction

The absence of permanent magnets, the presence of windings in either the stator or translator (moving part),
and a high fault tolerance are some of the notable features of linear switched reluctance motors (LSRMs) [1]. In
the recent past, many design concepts, control techniques, and converter structures have been studied to improve
the performance of the LSRM [2-8]. Recently in [9], sensitivity analysis of double-sided LSRM parameters was
presented.

In this paper, a stator structure for a longitudinal flux LSRM is implemented to reduce the force ripple.
Two-dimensional (2D) finite element analysis (FEA) is extensively utilized to envisage the performance of the
basic and proposed structures.

If the frequency of the stimulating force is close or identical to any of the natural frequencies, then
resonance occurs in electrical machines [10]. The fast Fourier transform (FFT) is used to predict the ripple in
the force profile. The sway of load difference on some parameters like velocity, current, and the efficiency of the

motor are studied.
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The organization of this paper is as follows: Section 2 predicts the performance of the 2 stator structures
by means of FEA; for various load conditions, the machine performance is simulated in Section 3; to determine
the resonance frequencies, FFT is used in Section 4; experimental results are presented in Section 5; and

conclusions and upcoming studies are summarized in Section 6.

2. LSRM stator with pole cap

The 2D cross-section view of the basic LSRM is shown in Figure 1. The entire machine specifications are

tabulated in Table 1. In this basic structure, the stator pole is rectangular in nature.

TRANSLATOR WITH WINDINGS

STATOR

Figure 1. 2D cross-sectional view of the conventional LSRM.

Table 1. Specifications and dimensions of the basic LSRM.

ly = 1.5 mm Wsp = 21 mm
Froax = 120 N h., = 30 mm
Lgiger = 40 mm Wsy = 35 mm
Steel type (stator) = M 45 Wss = 31 mm
Steel type (translator) = M 45 wis = 26 mm
Travel length = 2 m hy, = 48 mm
Vrated =120V Wip = 13 mm
Igtea = 10 A Wiy = 30 mm

Npn = 396 Wire size = AWG 18

Electromagnetic field analysis was carried out with the rated current of 10 A. The predicted propulsion
force and inductance profiles for various stator pole widths are shown in Figure 2. Table 2 summarizes the
comparison of the studied configuration.

The aim of this study is to improve the performance of the LSRM by suppressing the force ripple. Pole
caps are introduced on the poles of the stator. Figure 3 shows the difference between the 2 stator poles. The
2D view of the proposed LSRM is shown in Figure 4. Electromagnetic field analysis was repeated to predict
the performance of the proposed structure for various stator pole widths. The predicted profiles are plotted in

Figure 5. Table 4 gives the comparison of the FEA results for both of the structures.
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Figure 2. Force and inductance for various stator pole widths (without pole caps).

Table 2. Comparison of the force ripple for various stator pole widths (without pole caps).

Wy, | Pole pitch | Fuin | Fmax Favg | % force Loin Lnax

(mm) | Pole pitch | (N) (N) (N) ripple L(H) (H)
16 0.308 67.33 | 124.87 | 100.39 60.38 0.02972 | 0.08626
17 0.327 67.91 | 124.70 | 101.07 57.68 0.03019 | 0.08658
18 0.346 68.23 | 124.57 | 101.10 55.88 0.03071 | 0.08683
19 0.365 68.32 | 124.11 | 101.30 53.41 0.03125 0.087
20 0.4 68.28 | 124.34 | 100.86 56.16 0.03184 | 0.08713
21 0.404 67.88 | 123.90 | 100.63 55.67 0.03246 | 0.08725

Table 3. Comparison of the force ripple for various stator pole widths (with pole caps).

Wy, | Pole pitch | Fin | Fmax Favg | % force Loin Lnax

(mm) | Pole pitch | (N) (N) (N) ripple L(H) (H)
16 0.357 69.30 | 123.33 | 100.2 53.97 0.03130 | 0.08681
17 0.368 68.83 | 122.76 | 100.74 53.54 0.03194 | 0.08708
18 0.379 68.84 | 122.18 | 100.72 52.95 0.03260 | 0.08723
19 0.389 68.62 | 121.78 | 100.98 52.64 0.03327 | 0.08730
20 0.4 68.27 | 121.77 | 100.70 53.12 0.03403 | 0.08737
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Figure 3. Difference between the stator poles: a) conventional, b) proposed.

TRANSLATOR WITH WINDINGS

STATOR WITH POLE CAPS

Figure 4. 2D cross-sectional view of the proposed LSRM.
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Figure 5. Force and inductance for various stator pole widths (with pole caps).
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Table 4. Comparison of the volume, mass and force ripple.

Wsp (mm) Volume (m?) Mass (kg) % of force ripple | Force ripple
Without | With | Without | With | Basic | Proposed ripple
caps caps caps caps reduction (%)
16 0.00243 | 0.00238 18.68 18.37 | 60.38 53.97 10.62
17 0.00245 | 0.00242 18.88 18.64 | 57.68 53.54 7.18
18 0.00247 | 0.00245 19.1 18.92 | 55.88 52.95 5.24
19 0.0025 | 0.00249 19.28 19.19 | 53.41 52.64 1.44
20 0.00253 | 0.00252 19.48 19.46 | 56.16 53.12 5.41
21 0.00255 NA 19.67 NA | 55.67 NA NA

3. Prediction of motor performance for variable load circumstances

The cause of load variation on parameters like velocity, current, mechanical power, and the efficiency of the

motor were studied. The results are tabulated in Table 5.

Table 5. Influence of the load on motor performance.

Fr (N) [ I(A) | V (m/s) | Input power (W) | Output power (W) | Efficiency (%)

2 2.09 10.42 57.85 26.12 45.15
5 3.28 8.03 65.84 31.46 47.78
10 4.72 6.40 91.39 39 42.67
20 5.31 4.02 114.61 46.99 41

40 6.19 3.35 151.36 57.70 38.12
60 7.87 2.65 181.32 63.66 35.11
80 8.29 1.28 196.36 67 34.12
100 9.79 0.5 214.45 71.11 33.16
120 10.5 0.15 255.84 77.8 30.41

Figure 6a shows the velocity and current profiles for various load conditions. The velocity decreases with
an increase in the load. Figure 6b demonstrates the feature of mechanical power, P,,, and efficiency. It can
be seen that initially, as the load increases, the efficiency increases, and when the load is further increased,
the efficiency starts to decrease. Figure 6c illustrates the feature of the efficiency with an alteration in the

mechanical power P, .

4. Application of fast Fourier transform

It is first necssary to find the force versus the translator position from the 2D FEA. The FFT is then applied
to the force profile. The available force versus the translator position profile was converted into the force versus
time profile. Figure 7 shows the results of the FFT for the case of a stator with and without pole caps. The
frequency corresponding to these dB peaks can be identified from the design. Table 6 provides the dominant
frequencies in Hz and amplitudes in dB for both structures. It is observed that the dB peaks occur at certain

similar frequencies (without pole caps), but the magnitude of the dB peaks is reduced in the proposed structure.
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Figure 6. a) Variation of the current and velocity with a load; b) variation of P, and efficiency with a load; c¢) variation

of efficiency with P, .
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Figure 7. FFT output: a) without pole cap, b) with pole cap.

Experimental results

Figure 8 shows the experimental system for the LSRM with the stator pole cap. The stator is 2 m in length.

The

translator has a mass of 12 kg. Figure 9 shows the voltage, current, and inductance waveforms of the

LSRM. The inductance values are closely correlated with the predicted values.
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Table 6. Ripple frequencies and their amplitudes for the stator, with and without pole caps.

Predominant ripple frequencies (Hz) Amplitude (dB)
Stator without Stator with Stator without | Stator with
pole caps pole caps pole caps pole caps
10,050 10,050 35.85 28.68
13,100 14,620 20.8 16.64
14,910 19,260 8.29 7.348
19,260 22,420 9.185 7.21

(@ (b) ()

Figure 8. Experimental setup of: a) the LSRM and converter, b) the driver circuit, ¢) the PC along with measuring
instruments.
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Figure 9. Experimental waveforms during single pulse operation: a) actual phase voltage of the LSRM, b) actual phase

current of the LSRM, c) inductance profile.
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Conclusion

A design variation to mitigate the force ripple by the provision of stator pole caps has been presented.

A prototype LSRM was simulated and experimentally validated. The following conclusions were observed

compared to the basic machine: a) the force ripple was decreased by 5%, b) the volume of the stator was
decreased by 3%, c) the mass of the stator was reduced by 2.5%, and d) from the FFT analysis, the peak
amplitude (dB) was 20% less.

Nomenclature 1, Air gap length (m)

V,ateda Rated voltage (V)
Width of the stator pole (m) I.atea  Rated current (A)
Width of the stator slot (m) Fmax  Maximum force (N)
Stator back iron thickness (m) Fuin Minimum force (N)
Stator pole height (m) Faug Average force (N)
Width of the translator pole (m) Fr Load force (N)
Width of the translator slot (m) P Mechanical power output (W)
Translator back iron thickness (m) Non No. of turns per phase
Translator pole height (m) Lstack  Stack length (m)
Width stator pole tip (m) L min Minimum inductance (H)

Kspw  Width stator pole width (m) L max Maximum inductance (H)

(1]
2l

3l

(4]

(6]

(7l

(8]

(9]

(10]
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