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Abstract: This paper proposes an artificial neural network for monitoring and detecting the eccentric error of synchronous reluctance motors. Firstly, a 15 kW synchronous reluctance motor is introduced and took as a case study to investigate the effects of eccentric rotor. Then, the equivalent magnetic circuits of the studied motor are analyzed and developed, in cases of dynamic eccentric rotor and static eccentric rotor condition, respectively. After that, the analytical equations of the studied motor are derived, in terms of its air-gap flux density, electromagnetic torque, and electromagnetic force, followed by the electromagnetic finite element analyses. Then, the modal analyses of the stator and the whole motor are performed, respectively, to explore the natural frequency and the modal shape of the motor, by which the further vibrational analysis is possible to be conducted. The vibration level of the housing is furtherly studied to investigate its relationship with the rotor eccentricity, which is validated by the prototype test. Furthermore, an artificial neural network, which has 3 layers, is proposed. By taking the air-gap flux density, the electromagnetic force, and the vibrational level as inputs, and taking the eccentric distance as output, the proposed neural network is trained till the error smaller than 5%. Therefore, this neural network is obtaining the input parameters of the tested motor, based on which it is automatically monitoring and reporting the eccentric error to the upper-level control center.
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1  Introduction

Synchronous reluctance (SynRel) motor is attracting an increasing interest due to its wide speed range, low cost, and robust structure [1]. However, this type of machine presents some drawbacks, such as low power factor [2] and high torque ripple [3], which limits the application of SynRel motor to some areas. As for the power factor, it could be significantly improved by inserting ferrite permanent magnet (PM) into the flux barrier of the rotor lamination, leading the SynRel motor to permanent magnet assisted synchronous reluctance (PMaSynRel) motor [4]. Whilst the mitigation of torque ripple always demands a rather complex rotor geometry and a narrow air-gap [5], which leads to obvious noise, vibration, and harshness (NVH) phenomenon [6]. Specifically compared to induction motor and permanent magnet synchronous motor, the SynRel motor is more sensitive in terms of the vibrational level [7].

During the manufacturing process of a motor, there is a possible eccentric rotor allowed by the manufacturing tolerance. However, a slight shift of the rotor position may have a significant effect on the motor performance [8], especially a more serious vibration [9]. Specifically, for the SynRel motor which is usually having a relatively small air-gap length [10], the vibration level would be higher with respect to other type of motors [11]. Therefore, it is critical and essential to find out the rotor eccentricity at the very early stage of manufacturing processing.

Moreover, due to the daily use of the motor, the abrasion of the rotor also causes the eccentricity [12], which needs to be paid more attention especially in some critical application, such as aerial craft, precise instrument, and high-tech industry [13]. Therefore, it is foremost important to monitor the eccentric error of the motor not only in the manufacturing process, but also in the general usage.

Hence, this paper applies the vibrational level as a measuring tool to validate the rotor eccentricity of SynRel motor. It starts with an equivalent asymmetric magnetic circuit deducing from the analytical model of the 15 kW SynRel motor. Then, the electrical performance, particularly the electromagnetic torque and force, under both the concentric and eccentric conditions are analyzed. After that, the eccentric SynRel motor is investigated for its vibrational level, which is compared to it of concentric SynRel motor to explore the difference between concentric and eccentric motors. Finally, a neural network based on artificial intelligence algorithm is proposed to realize monitoring the eccentric error automatically.

2  Analytical Modelling of SynRel Motor

In this section, an analytical model of a SynRel motor is developed based on its equivalent magnetic circuit. Then, according to the eccentric cases, the proposed equivalent magnetic circuit is extended to an asymmetric magnetic circuit for a better understanding on the eccentric SynRel motor.

According to Maxwell stress tensor, the electromagnetic force is determined by the radial air-gap flux density and tangential air-gap flux density. The electromagnetic force is the main excitation of the vibration. Therefore, the air-gap flux density and electromagnetic force are mainly focused as they are two key parameters in the vibration analysis.

2.1 Equivalent Asymmetric Magnetic Circuit

In Fig. 1, it presents a 15 kW SynRel motor which is designed for this case study. It is illustrated that this motor has 48 slots, 4 poles, and 3 layers of flux barrier.

Tabs. 1 and 2 introduce the geometrical parameters and the technical specifications of the proposed 15 kW SynRel motor, respectively.

For analytically analyzing the studied SynRel motor, it firstly starts with the stator magnetic potential which is described as [14]
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Figure 1: 2D cross section of 15 kW SynRel motor
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Us(θse,t)=−D2∑v=1+∞Kvpvcos⁡(vθse−ωmet−αie)(1)

where Us(θse, t) represents the stator magnetic potential, θse is the electric degree of rotor position on stator reference frame, ωme is the electric angular speed, D is the rotor diameter, p is the pole pair number, αie is the electric current angle, v is a coefficient defined by the Fourier function of Eq. (1), from where v = 2k + 1 (k = 1, 2, 3…), Kv is the coefficient of stator electric loading [15] which is expressed by Eq. (2).

Kv=3NsI^kwvπDsin⁡vπ2(2)

where Ns is the number of windings on one phase, kwv is the distribution factor defined by the physic parameters of the slots and windings, I is the current amplitude given in Tab. 2.

After deriving the stator magnetic potential, it goes to the rotor magnetic potential in order to analytically perform the electrical features of the studied SynRel motor, which is mainly symbolized by the air-gap flux density, the electromagnetic torque, and the electromagnetic force. As it is aforesaid that the rotor geometry of SynRel motor is presenting a rather complex structure for obtaining a higher saliency ratio, bigger electromagnetic torque, and better electrical performance, one pole of the rotor core is sampled and divided into 7 zones based on their magnetic reluctance difference, which is presented in Fig. 2.
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Figure 2: Linearized geometry of one single rotor pole

Then, following each island and channel depicted in Fig. 2, the equivalent magnetic circuit of the studied SynRel motor is drafted as shown in Fig. 3.
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Figure 3: Equivalent magnetic circuit of a rotor pole

From where the rotor magnetic potential of the i-th (i = 1, 2, 3) flux barrier is computed by

Uri=φbiRbi(3)

where φbi is the flux flowing in each island or channel, Rbi is the equivalent magnetic reluctance.

It is noted from Figs. 2 and 3 that the rotor magnetic potential of 2nd flux barrier includes the effects of 1st flux barrier, while the rotor magnetic potential of 3rd flux barrier is influenced by them from both the 1st and 2nd flux barriers. Therefore, the rotor magnetic potential can be computed starting from the 1st single flux barrier, then, by substituting the rotor magnetic potential of 1st and 2nd flux barrier into the equation of 3rd flux barrier accordingly, the final rotor magnetic potential is resultedin

Ur3=−∑v,k+∞KvD(vp)2cosλvρ3Ur2=−∑v,k+∞KvD(vp)2cosλvρ2Ur1=−∑v,k+∞KvD(vp)2cosλvρ1
(4)

In Eq. (4), ρ1, ρ2, and ρ3 are the processing coefficient of Ur1, Ur2, and Ur3, respectively, which are cited in [16]. Then, according to Fig. 4, which illustrates the relations between the stator magnetic potential, the rotor magnetic potential, and the air-gap, the air-gap flux density is given by

Bg(θs)=−μ0Us(θs)−Ur(θs)Lg(5)

where Bg(θs) is the air-gap flux density at each circumrenal position on stator reference frame, μ0 is the vacuum relative permeability, and Lg is the air-gap length.
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Figure 4: Distribution of the magnetic potentials of stator and rotor

By considering the air-gap length in case of eccentricity, it includes static eccentricity and dynamic eccentricity. To understand the difference between the concentric, static eccentric and dynamic eccentric rotor position, a brief comparison is shown in Fig. 5.
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Figure 5: Sketches of the rotor center with respect to the stator center (a) Concentricity (b) Static eccentricity (c) Dynamic eccentricity

As for those two eccentric cases, their equivalent magnetic circuits are accordingly changed due to the uneven air-gap distribution. Fig. 6 presents the diagram of static eccentric SynRel motor that the air-gap length at each position is fixed with rotating rotor, which means the air-gap length is not influenced by the rotor position.
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Figure 6: Air-gap length variation with rotor position in case of static eccentricity

In Fig. 6, δ represents the eccentric distance between the stator axial center and the rotor axial center; θs represents the rotating angle of the rotor. Then, according to Fig. 6, the airgap length at each circumferential position based on d-axis is expressed as,

Lg(θs)=Lg−δcos⁡(θs)(6)

Then, as for the dynamic eccentric SynRel motor, its air-gap length distribution varying on the rotor position is shown in Fig. 7, from where the circumferential air-gap length in case of dynamic eccentricity changes with the rotating rotor.
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Figure 7: Air-gap length variation with rotor position in case of dynamic eccentricity (a) at θm = 0° (b) at θm = 90°

In Fig. 7a, the shortest air-gap length appears aligning with x-axis, while it aligns with y-axis in Fig. 7b after the rotor rotates 90 mechanical degrees anti-clockwise comparing to Fig. 7a. Hence, the air-gap length variation of dynamic eccentric SynRel motor can be derived as a function of θs in the stator reference frame, which is

Lg(θs)=Lg−δcos⁡(θs−θm)(7)

2.2 Computation of Air-gap Flux Density

According to eccentric case, by accordingly substituting Eqs. (6) or (7) into Eq. (5), it results in the air-gap flux density distribution under static eccentric case or dynamic eccentric case, respectively.

Bg(θS)=−μ0US(θS)−Ur(θS)Lg(θS)(8)

Also, based on Eqs. (6) and (7), it is noted that the air-gap flux density distribution of static eccentric SynRel motor is the same as it of dynamic eccentric SynRel motor at the initial position, where θm = 0°. Fig. 8 presents the comparison of air-gap flux density distribution of both concentric (healthy), static eccentric and dynamic eccentric SynRel motor at θm = 0° in which both the static eccentricity and dynamic eccentricity are presenting a same rotor positon and air-gap length distribution according to Figs. 5 and 6. Therefore, the air-gap flux density distribution of both static eccentricity and dynamic eccentricity are performing a same waveform. Then, by simulating the concentric case and eccentric cases using electromagnetic finite element tool, Fig. 8 illustrates that the trends of the air-gap flux density distribution are well aligning with each other. However, the amplitude of the air-gap flux density under eccentric case is more fluctuating compared to it under concentric case, which is mainly caused by the inconstant air-gap length variation. By taking rotor position θm = 270° as example, from where the air-gap length of eccentric rotor is closer than designed value, its corresponding air-gap flux density is bigger than usual based on Eq. (8). Similarily, at the rotor position θm = 90°, it presents a totally opposite feature.

[image: images]

Figure 8: Comparison of the air-gap flux density distribution when θm = 0°

Then, by anticlockwise rotating the concentric, static eccentric, and dynamic eccentric motor, respectively, in 90 mechanical degrees (θm = 90°), which makes Figs. 8 and 9 as shown. The rotor position of static eccentricity and dynamic eccentricity are performed as shown in Fig. 7, that the shortest air-gap length of static eccentricity is still aligning with the x-axis, while the shortest air-gap length of dynamic eccentricity rotates with the rotor, and aligns with the y-axis. Therefore, Fig. 9 presents the air-gap flux densities of concentric, static eccentric and dynamic eccentric rotor, respectively.
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Figure 9: Comparison of the air-gap flux density distribution when θm = 90°

In this case, it describes that the air-gap flux density distributions under both three cases are keeping the same trend. However, the peak values of concentric, static eccentric, and dynamic eccentric case are appearing different amplitudes, respectively. Moreover, the air-gap flux density distribution of both static eccentric and dynamic eccentric SynRel motor are performing an asymmetric distribution.

2.3 Derivation of Electromagnetic Force

Since the electromagnetic force produced in the air-gap plays the main role in the motor vibration, it is critical to investigate the characteristics of the electromagnetic force following the analytical modelling. By using Maxwell Tensor [17], the force density of electromagnetic force can be obtained through

σ=12μ0(Br2−Bθ2)τ=1μ0BrBθ
(9)

where, σ and τ are representing the electromagnetic force density in radial and tangential direction, respectively, Br and Bθ are representing the air-gap flux density in radial and tangential direction, respectively. Furthermore, as the air-gap flux density in the tangential direction is much smallerwith respect to it in the radial direction [18], therefore, the tangential air-gap flux density is neglected from Eq. (9), which leads the electromagnetic force density to

fm=Br22μ0(10)

Due to the symmetric motor geometry, and the number of slots and phases, all the electromagnetic forces acting on the teeth tips are repeating the same as they show on first four teeth tips [19]. Therefore, it is enough to present and analyze the electromagnetic force distribution of the first four teeth tips, as shown in Fig. 10.
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Figure 10: Distribution of electromagnetic force acting on first 4 teeth tips at 1500 rpm

It is illustrated by Fig. 10 that the amplitudes of the electromagnetic force acting on each tooth tip are around 800 N. Besides, their waveforms are performing a similar fluctuating trend. After that, as the armature current is constant, and the magnetic characteristics of the motor under 500 and 1000 rpm conditions are not changing, therefore the distributions of the air-gap flux density and the electromagnetic force under 500 and 1000 rpm are lesser sensitivity to the rotating speed, which means their waveforms are similar to it of under 1500 rpm.

3  Investigation of Vibration of SynRel Motor

As a main part of the vibration investigation, the material applied in the stator core and rotor core is M270-50A of which the properties are listed in Tab. 3.
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The mass density, Young's modulus, and Poisson's ratio are strongly relating to the mechanical performance of the motor, for instance the modal shape, natural frequency, and vibrational level. For investigating the vibrational level of the motor, it is essential to analyze its modal shape and natural frequency at first.

3.1 Modal Analysis

Modal analysis is the foremost important factor to be considered for exploring the intrinsic structural properties of motor. As for the modal analysis results, the most crucial parts are the modal shape and the natural frequency, which are used for predicting the resonance, evaluating the structural characteristics, investigating the vibration resource, and recognizing the designing error.

There are two methods to perform the modal analysis, which are analytical computation and finite element analysis (FEA). The analytical method is based on Newton's Motion Law as shown in Eq. (11).

(K−ω2M){x}=0(11)

where K is the stiffness coefficient matrix, M is the mass matrix, x is the displacement of the motion, ω is the frequency of the motion displacement.

When x = 0, there is no motion displacement, which means no vibration at all. For the other cases, the matrix described in Eq. (11) can be solved as a n-order matrix by using eigenvalues, which deduces the natural frequency and leads Eq. (11) to

{fi}={ω}2π=12πKM(12)

As the structure and the objectives of the SynRel motor is too complex, it is time consuming and lesser accuracy by using analytical method. Therefore, the FEA method is adopted in this paper. Tab. 4 lists and presents the results of modal analysis.

Tab. 4 presents the modal shapes, and their natural frequencies at first six orders. The 1st order natural frequency is very close to it of the 2nd order, which is ignored. From the 3rd order to 6th order, the natural frequency keeps increasing and the structure deforming becomes more obvious.
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As the mass of the stator occupies a huge proportion of the whole motor, it is meaningful to separately analyze the modal shape and natural frequency of single stator. Then, Tab. 5 compares the natural frequency of the stator to it of the whole motor.
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3.2 Vibration Analysis

By setting the eccentric error as 0.15 mm for all the eccentric cases and applying the electromagnetic force onto the housing of the motor, a harmonic response analysis is conducted in this section to investigate the vibrational level of the studied SynRel motor in cases of concentricity, static eccentricity, and dynamic eccentricity, which is shown in Fig. 11 (g = 9.8 m/s2).
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Figure 11: Comparison on vibration level of SynRel motor

Due to the uneven distribution of air-gap length in case of static eccentricity, dynamic eccentricity and concentricity, their air-gap flux densities are performing different waveforms with varying amplitudes and trends. Therefore, their radial air-gap flux densities and tangential air-gap flux densities are changing according to the air-gap flux density at each position. Consequently, the electromagnetic force in each eccentric case presents different amplitude, respectively, therefore the corresponding vibration level achieves different amplitude.

From Fig. 11, it is illustrated that the peak vibrations are occurred around 13500 Hz, which is a natural frequency. Among these three cases, the peak vibration of static eccentricity is the highest, which is at 2.26 g, whilst the peak vibration of concentricity and dynamic eccentricity are at 1.23 and 1.77 g, respectively. Hence, the peak vibration of static eccentric case is 83.74% higher than health motor, and the peak vibration of dynamic eccentric case is 43.9% higher than health motor. Also, it can also be validated by the electromagnetic force distribution, that the static eccentric motor produces bigger and more fluctuant electromagnetic forces. Furthermore, the vibration analysis provides a possible solution for identifying the eccentric status of the manufactured SynRel motors.

4  Experimental Validation

In this section, the proposed analytical model and the vibrational analyzing method are validated by a prototype test. The protype of the studied SynRel motor is manufactured for characterizing and testing its operation, which intends to get the motor performance when driven by a commercial driver, but mainly focuses on the vibration characteristics under various operating conditions. The test specifications and the needed equipment are presented in Figs. 12 and 13, which introduces the test bench and vibrating sensor.
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Figure 12: Test bench and the SynRel prototype motor
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Figure 13: Connections of vibration test

By running the prototype under 15 kW condition, it is tested on various speed. The housing acceleration is taken as the symbol of the vibration level. Tab. 6 presents the experimental results.
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The peak resonance vibration under 1500 rpm is 0.03 g higher than the FEA result. However, the tested power, torque, and efficiency are both higher than the designed value listed in Tabs. 1 and 2, therefore, it is reasonable there is more vibration with respect to the FEA results. Hence, it is validated by Tab. 6 that the proposed model is effective, and the analyzing method is feasible, which can be used for further analysis and study.

5  Neural Network for Monitoring Eccentricity

5.1 Neural Network Modelling

During the daily usage of the SynRel motor, it is nearly impossible to monitor the eccentric error at full-time range manually. Hence, a neural network model is developed in this section to realize the function that automatically monitoring and reporting the eccentric error by using artificial intelligence [20]. Fig. 14 shows the multilayer feed-forward artificial neural network with one hidden layer [21].
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Figure 14: Multilayer feed-forward artificial neural network

There are three inputs with this neural network, which are the air-gap flux density distribution, the electromagnetic force waveform, and the vibration level, as three nodes on the input layer [22]. Besides, they are denoted by x1, x2, and x3, respectively. One hidden layer is utilized to perform the processing, which is with any number of possible nodes [23]. Finally, the output layer has only one output, which is the eccentric displacement between the real rotor center and the rotating center of the SynRel motor. The output is denoted by w1.

Then, the activation of a neuron i in the layer k, is defined as

vki=fsik(uki)(13)

where, fs is the sigmoid function, that is fs(x) = 1/(1 + e−x). Besides, uik is defined by

uki=∑jwki(k−1)jv(k−1)j(14)

In this case, the backpropagation learning algorithm is utilized for training the neural networks [24,25], which is employed to use the gradient descent algorithm to estimate the interconnected weights [26,27]. Then, the connected weights are varying by

wki(k−1)j=wki(k−1)j−Δwki(k−1)j(15)

From where it meets with

Δwki(k−1)j=Δvkifs'(uki)v(k−1)jΔvNi=ε(vNi−y^i)Δvki=∑jΔv(k+1)jfs'(u(k+1)j)w(k+1)jki  (k=N−1,...,1)
(16)

where y is target value, and ε is smaller integer.

5.2 Neural Network Training

The proposed neural network is learning the training data generated from FEA simulation, including the air-gap flux density distribution, electromagnetic force waveform, and vibration level, in case of static eccentric and dynamic eccentric SynRel motor. Some of the training data are collected and presented in Tab. 7 for a generic approach to the neural network training.
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At the beginning of the training process, the connection weights are assigned as a random value. Then, by generating more training data through FEA simulation, the proposed neural network continues learning till the learning error smaller than 5%. In Tab. 8, it presents the outputs of trained neural network.
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6  Conclusion

In this paper, a 15 kW SynRel motor is designed as a case study for its vibration test. Firstly, the analytical model of the studied SynRel motor is developed to compute the key parameters, such as the magnetic potentials, air-gap flux density and electromagnetic force density. Then, the modal analysis is conducted to realize the mechanical characteristics of the studied SynRel motor, followed by a harmonic response FEA simulation for investigating the vibration features. After that, a protype test is performed to prove the developed analytical model and the determined analyzing method. Finally, a neural network focusing on the eccentric error prediction is proposed.

From the results, it proves that the novel neural network is predicting the eccentric error efficiently and accurately, by which it is possible to artificially monitor the eccentric error of the SynRel motor at full-time range. However, from the obtained results so far, it is still challenging to recognize and distinguish the type of eccentricity, including the static and dynamic eccentricity.
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Table 3: Material properties of M270-50A

Property Value
Mass density 7600 kg/m3
Young’s modulus 175GPa
Poisson’s ratio 0.27
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Table 8: Outputs of trained neural network

Order Inputs Outputs
x1(T) x2 (N) x3(g) wl (mm)

1 24 880 2.24 0.052

Err. (%) 4%

2 2.3 850 2.01 0.103

Err. (%) 3%

3 1.9 800 1.77 0.146

Err. (%) 2.7%

4 1.7 780 1.16 0.193

Err. (%) 3.5%

5 1.6 770 0.97 0.25

Err. (%) 2.8%
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Table 4: Modal analysis results of the stator core

Mode number Mode shapes Natural frequency (Hz)

2 1274
3 3363
4 5883
5 8331
6 10098
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Table 7: Some of the training data for neural network

Order Inputs Preset outputs
x1 (T) x2 (N) x3(g) wl (mm)

1 24 880 2.24 0.05

2 2.3 850 2.01 0.1

3 1.9 800 1.77 0.15

4 1.7 780 1.16 0.2

5 1.6 770 0.97 0.25
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Table 1: Geometrical parameters of the 15 kW SynRel motor

Parameter Value
Outer diameter 260 mm
Inner stator diameter 170 mm
Number of slots 48

Slot opening width 3.5mm
Slot opening height 0.82mm
Slot height 20.3mm

Back-iron thickness 23 mm
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Table 6: Experimental results of prototype SynRel motor

Parameter Measuring value

Speed (rpm) 500 1000 1500 2000 2500
Power (W) 5.67 10.81 15.92 16.13 16.3
Torque (N-m) 95.32 95.33 95.33 71.81 57.34
Efficiency (%) 87.83 92.31 94.28 93.23 92.09
Peak resonance 1.17 1.22 1.26 1.97 2.18

vibration (g)
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Table 2: Technical specifications of the 15 kW SynRel motor

Parameter Value
Line-line voltage 380V
Rated power 15kW
Rated torque 95 N-m
Rated speed 1500 rpm
Phase current 75 A

Rated efficiency 94%
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Table 5: Comparison of natural frequency between stator and the whole motor

Orders Natural frequency (Hz)
Stator Whole motor
2 1274 2140
3 3363 5724
4 5883 9218
5 8331 11763
6 10098 13741
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